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1. Introduction 

After the early closing of Kozloduy NPP Units 1 
and 2 on 31.12.2002 a large number of low-
burnup fuel assemblies were moved to the stor-
age pools of the respective units. According to 
the instructions for use of the VSPOT transport 
cask available at the NPP site [1], these assem-
blies had to be kept in the pools for at least 3 
years before their subsequent transportation to 
the still operating Units 3 and 4. Mainly because 
of economic reasons, and also with a view to the 
increased risk of deterioration of the condition of 
otherwise still usable fuel assemblies, the above 
mentioned restriction was found not practicable 
and it was decided to investigate the possibilities 
for using the VSPOT cask for safe transportation 
of irradiated fuel assemblies within the NPP site 
after a cooling time not longer than 180 days.  

In order to estimate the number and arrange-
ment of irradiated assemblies in the VSPOT bas-
ket (Figures 1 and 2) which would satisfy the appli-
cable safety requirements, the radiation character-
istics (decay heat power, activity, neutron and pho-
ton sources) of the irradiated fuel assemblies en-
visaged for transportation to the Unit 3/4 pools af-
ter at least 120 days of storage in the Unit 1/2 
pools were computed and analysed. 

Because of the large decay heat power (1.0-
2.4 kW per assembly [2,3]) it was decided not to 
follow the standard procedure of replacing the 
pool solution in the cask by purified condensate 
in order to reduce the hydrogen release due to 
the radiolysis of water. Thus, accounting for all 
safety criteria and as a result of the performed 
quantitative analysis it was found that in the case 
of short decay times the chief limiting factor for 
the choice of a loading pattern for the VSPOT 
cask, which is not equipped with a hydrogen re-
moval device, are the photon source characteris-
tics of the irradiated fuel assemblies. 

In order to verify the analytical conclusions, an 
experimental survey of a basket loaded with 6 irra-
diated fuel assemblies after a cooling time of 120 
days (further denoted as Reference basket №1 
was performed. For planning of the experimental 
survey, and in particular with respect to the radia-
tion protection of the personnel involved, it was 
important to estimate the expected maximum dose 
rates on the surface of the VSPOT cask (especially 

on the surface of the top lid below which a consid-
erable volume filled with pressurized nitrogen is 
left). 

 
 

2. Analysis of Radiation Characteristics 

The radiation characteristics presented in this sec-
tion were computed using the ORIGEN module of 
the SCALE-4.4a code system [4]. 

For the experimentally studied Reference bas-
ket №1 a loading pattern of six irradiated fuel as-
semblies (Table 1 and Figure 1) ensuring maxi-
mum decay heat power and activity values was 
chosen, so that the respective measurement re-
sults would provide a conservative estimate for the 
next 8 baskets needed for transportation of fuel 
assemblies from Unit 2 to Unit 4 pool (the transfer 
from Unit 1 to Unit 3 pool was scheduled for a 
somewhat later period of time). The cooling time 
prior to the 24-hour measurement sequence was 
116 days.  

Since, in addition, it was needed to replace a 
damaged assembly in Unit 4 with a burnup of 25.8 
MWd/kgU after 2 cycles of irradiation with a similar 
one from Unit 2 (25.55 MWd/kgU after 3 cycles of 
irradiation) a loading pattern consisting of 7 as-
semblies, further denoted as Reference basket 
№2 (Table 2 and Figure 2), was also analysed.  

 
2.1. Neutron Sources 

The irradiated fuel assemblies scheduled for 
transportation are of low burnup, i.e. the accu-
mulated quantities of isotopes of Pu, Am, Cm 
and other actinides are much less than in a typi-
cal depleted WWER-440 fuel assembly. Conse-
quently, the neutron source ((α,n) + spontaneous 
fission) generated in the six assemblies in 
Reference basket №1 after a cooling time of 120 
days was evaluated to be more than 100 times 
smaller than in the case of a standard loading 
Standard basket (Std) with 30 assemblies irradi-
ated during 3 or 4 fuel cycles and after a cooling 
time of at least 3 years (Table 3). 

 
2.2. Decay Heat Power 

In order to verify the compliance with the loading 
pattern limitations imposed by the VSPOT cask 



 128 

usage instructions, a standard loading pattern fur-
ther denoted as Standard basket №1 (Std №1) 
was modelled numerically and was compared with 
the above mentioned Reference basket №1. The 
standard loading pattern consists of 30 assem-
blies: 20 assemblies with radiation characteristics 
corresponding to those of a 3.6% assembly with a 
burnup of 36.86 MWd/kgU and a cooling time of 3 
years and 2 months, plus 10 assemblies with ra-
diation characteristics corresponding to those of a 
3.6% assembly with a burnup of 41.86 MWd/kgU 
after 4 fuel cycles and a cooling time of 3 years. 

Under the specified conditions the decay heat 
power of a single assembly with a burnup of 36.86 
MWd/kgU is 0.346 kW, and of an assembly with a 
burnup of 41.86 MWd/kgU is 0.402 kW. Thus, the 
total decay heat power in Standard basket №1 is: 
20×0.346 + 10×0.402 = 10.94 kW. Comparing with 
the 8.4 kW of Reference basket №1 it is seen that 
in both cases the VSPOT limitation of 15 kW is 
satisfied with a large safety margin.  

2.3. Photon Sources 

From the above stated results it follows that in the 
case of low-burnup assemblies with a short cooling 
time the most restrictive factor with respect to the 
radiolysis of the storage pool water solution filled in 
the cask, as well as to the radiation protection, 
would be the photon source strength. 

Therefore, a comparison between the photon 
spectra of the experimentally studied Reference 
basket №1, the hypothetical Standard basket №1 
and of an actual loading according to the standard 
VSPOT pattern with typical spent fuel assemblies 
after a cooling time of at least 3 years (further de-
noted as Standard basket) was made. Compari-
sons were made also between Reference basket 
№2 after a cooling time of 120 days and the above 
mentioned Standard basket which was already 
used for transportation of spent WWER-440 fuel 
assemblies. The results are presented in Table 4 
and Figure 3. Based on the performed compari-

Table 1. Assemblies in the experimentally studied 
Reference basket №1 

Enrichment, 
[%] 

Burnup, 
[MWd/kgU] 

Fuel type 
(Unit 2,  

Cycle 24) 

3.60 7.0 1G 

3.60 7.0 1G 

3.60 7.0 1G 

3.60 4.7 1G 

3.60 4.7 1G 

3.60 4.7 1G 

 
 
 

 
Figure 1. Reference basket №1. Decay heat power 

8.4 kW on 01 May 2003 

Table 2. Assemblies in Reference basket №2 
 

Enrichment, 
[%] 

Burnup, 
[MWd/kgU] 

Fuel type 
(Unit 2, Cycle 

24) 

3.60 5.7 1G 

3.60 5.7 1G 

3.60 5.7 1G 

3.60 5.7 1G 

3.60 4.9 1G 

3.60 4.9 1G 

3.60 25.55 3G 

 

 
Figure 2. Reference basket №2. Decay heat power 

10.22 kW on 01 May 2003 
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sons, it was concluded that the loading patterns of 
Reference baskets №1 and №2 will satisfy all re-
lated safety requirements. 

The conclusion for Reference basket №1 was 
confirmed experimentally [5], and more specifically 
it was established that during the 24-hour test the 
concentrations of hydrogen and oxygen in the ni-
trogen volume of the VSPOT cask filled with stor-
age pool solution instead of pure condensate were 
below the limiting values.  

Thus, on the basis of predictions and meas-
urements, in addition to the requirement not to ex-
ceed the limiting decay heat power values it was 
decided to adopt the following additional safety 
criterion for the modified transportation technology 
using a VSPOT cask, i.e. without replacement of 
the pool solution by pure condensate: by the date 
of transportation, the total computed photon spec-
trum of the set of irradiated fuel assemblies in each 
individual basket (loading pattern) must not be sig-
nificantly above the respective values obtained for 
Reference basket №1 and Reference basket №2 
(Figure 3). 

The application of the above formulated addi-
tional safety criterion for the subsequent transpor-
tation of irradiated fuel assemblies between the 

pools of Unit 1 and Unit 3 is illustrated in Figures  
4 -7 below.  

 
 

3. Shielding Analysis 

As mentioned in Section 1, it was necessary to 
compute and verify experimentally the surface 
dose rates for the studied cases of loading a 
VSPOT cask with low-burnup fuel assemblies after 
cooling times much shorter than those prescribed 
in the instructions [1]. Since, as it was shown in 
Section 2.1, the neutron sources are negligible in 
comparison with those from the standard loading 
pattern, and also because in the studied loading 
patterns the fuel assemblies are surrounded by 
sufficiently thick water layers, only the photon 
doses were accounted for. 

The shielding analysis was performed in paral-
lel according to two computational approaches. 
The first one involved only the SCALE 4.4a code 
system: generation of source terms from ORIGEN-
S results and solution of the photon transport 
equation solution using the SAS4 sequence. The 
second approach consisted of the same method of 
source generation as in the first one, followed by  

Table 3a. (alpha,n) neutron source, [neutrons/sec] 

Nuclide 120.2 kg metallic uranuim enrichment 3.6% 
Bu = 39.68 MWd/kgU 
cooling time 3 years 

120.2 kg metallic uranuim enrichment 3.6% 
Bu = 7.57 MWd/kgU 

cooling time 120 days 
238Pu 5.22E+05 6.27E+03 
239Pu 3.49E+04 1.65E+04 
240Pu 5.34E+04 7.43E+03 
241Am 1.09E+05 1.12E+03 
243Am 2.95E+03 - 
242Cm 1.11E+05 1.76E+04 
243Cm 5.77E+03 - 
244Cm 5.45E+05 1.20E+02 

 

Table 3b. Spontaneous fission neutron source, [neutrons/sec] 

Nuclide 120.2 kg metallic uranium enrichment 3.6% 
Bu = 39.68 MWd/kgU 
cooling time 3 years 

120.2 kg metallic uranuim enrichment 3.6% 
Bu = 7.57 MWd/kgU 

cooling time 120 days 
238Pu 8.51E+04 1.02E+03 
240Pu 2.81E+05 3.92E+04 
242Pu 1.17E+05 1.31E+03 
242Cm 5.37E+05 8.55E+04 
244Cm 6.56E+07 1.44E+04 
246Cm 3.27E+05 - 

TOTALS 6.84E+07 1.92E+05 
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Figure 3. Photon spectra for baskets Std, Ref. №1 and Ref. №2 

 

 

 
 

Table 4. Photon spectra for selected VSPOT loading patterns 

№ 
group 

Mean 
group energy, 

[MeV] 

Standard basket №1:  
20 assemblies with 

Bu=36.86 MWd/kgU + 
10 assemblies with 

Bu=41.86 MWd/kgU 

Standard basket 
(Std) 

Reference basket 
№1:  

6 low burnup 
assemblies 

Reference basket 
№2:  

6 low-burnup + 
1 high-burnup 

assemblies 

  Photon source  
[photons/s] 

Photon source 
[photons/s] 

Photon source 
[photons/s] 

Photon source 
[photons/s] 

1 1.00E-02 2.085E+16 1.364E+16 1.60E+16 1.23E+16 

2 2.50E-02 4.860E+15 3.180E+15 3.59E+15 2.77E+15 

3 3.75E-02 5.010E+15 3.381E+15 3.80E+15 2.90E+15 

4 5.75E-02 4.236E+15 2.741E+15 3.10E+15 2.42E+15 

5 8.50E-02 2.854E+15 1.791E+15 2.10E+15 1.66E+15 

6 1.25E-01 2.983E+15 1.800E+15 4.13E+15 2.96E+15 

7 2.25E-01 2.445E+15 1.507E+15 1.74E+15 1.40E+15 

8 3.75E-01 1.420E+15 8.738E+14 8.51E+14 7.08E+14 

9 5.75E-01 2.793E+16 2.150E+16 4.58E+15 4.33E+15 

10 8.50E-01 7.969E+15 5.155E+15 2.58E+16 1.60E+16 

11 1.25E+00 1.362E+15 9.456E+14 1.71E+14 1.93E+14 

12 1.75E+00 6.307E+13 3.581E+13 8.12E+13 5.87E+13 

13 2.25E+00 5.856E+13 2.353E+13 7.88E+13 6.43E+13 

14 2.75E+00 1.574E+12 7.235E+11 2.81E+12 1.98E+12 

15 3.50E+00 2.002E+11 9.236E+10 6.36E+10 7.40E+10 

16 5.00E+00 8.753E+07 6.490E+07 2.34E+04 1.20E+06 

17 7.00E+00 1.010E+07 7.483E+06 2.67E+03 1.38E+05 

18 9.50E+00 1.160E+06 8.597E+05 3.06E+02 1.59E+04 
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Figure 4. Basket №4 used for transportation of 

assemblies between the pools of Unit 1 
and Unit 3. Decay heat power 7.3 kW  
on 16 June 2003 

Figure 6. Basket №5 used for transportation of 
assemblies between the pools of Unit 1 
and Unit 3. Decay heat power 6.4 kW  
on 16 June 2003 
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Figure 5. Photon spectrum for Basket №4 on 16.06.2003 compared with the additional safety criterion 
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Figure 7. Photon spectrum for Basket №5 on 16.06.2003 compared with the additional safety criterion 
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solving the transport problem by the method of 
discrete ordinates in P3S8 approximation using the 
TORT code [6]. The macroscopic cross-sections 
were evaluated on the basis of the BUGLE-96 
cross-sections library [7]. 

With a view to the experimental verification the 
second approach, i.e. application of the method of 
discrete ordinates for three-dimensional modelling 
of the neutron and photon transport, was found 
especially useful because of its capabilities to pro-
duce at a reasonable cost the spatial distributions 
needed for direct comparison between measured 
and computed values at any point on the cask sur-
face. 

The computational results for a loading pattern 
similar to Reference basket №1 are presented in 
Table 5. It is seen that the average surface dose 
rate values obtained according to the two above 
mentioned fairly independent approaches are mu-
tually consistent. 

The comparison between the measured and 
computed values of the maximum dose rate on the 
top surface of the cask showed a very good 
agreement: 0.055 mSv/h computed vs. 0.05-0.07 
mSv/h measured. 

Thus, it was both computationally and experi-
mentally confirmed that for the studied loading pat-
terns the dose rates outside the VSPOT cask are 
well within the safety limits. 

 
 

4. Conclusion 

The presented results from the computation and 
analysis of the radiation characteristics of the irra-
diated fuel assemblies by the date of their trans-
portation according to the selected loading pat-

terns of the VSPOT cask and following the modi-
fied technology of transportation, i.e. without re-
placement of the pool solution by pure conden-
sate, as well as the corresponding experimental 
results, confirm the applicability of the newly intro-
duced safety criterion for the selection of a loading 
pattern of the cask with irradiated fuel assemblies 
after a short cooling time. 

The comparison between measured and com-
puted surface dose rates shows that during the 
procedure of transfer of irradiated fuel assemblies 
from the pools of Units 1 and 2 to the pools of Ko-
zloduy NPP Units 3 and 4 all safety limits, incl. the 
radiation protection requirements, were met.  
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Table 5. Computed photon dose rates on the 
VSPOT outer surface for a loading pattern 
similar to Reference basket №1 

 TORT SCALE 

 max, 
[mSv/h] 

average, 
[mSv/h] 

average, 
[mSv/h] 

top surface 0.055 0.009 0.011 

side wall 0.035 0.016 0.021 

bottom surface 0.037 0.005 - 

 
 


