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Introduction 

The Czech Republic operates four WWER 440 reactors (Dukovany) and two WWER 1000 
reactors (Temelín). The four 440 MW Dukovany units were installed and began operation 
during the period 1985-1988. The two WWER 1000 reactors at Temelín started operation 
in 2002 and 2003. Currently, more than 8 000 SF assemblies from WWER 440 reactors and 
900 spent assemblies from WWER 1000 reactors spent fuel assemblies are stored in dry 
storage facilities located in the area of both NPP in approved casks or in pools at reactor 
sites. More than 4 000 assemblies are expected to be spent by 2025 at Dukovany reactors 
and 4 600 assemblies by 2042 at Temelín reactors. The multi-billion Euro contract to build 
two new nuclear reactors at the current site of Temelín with the option for an additional 
one in Dukovany has recently been launched in the Czech Republic. It is expected that 
more than 8 000 fuel assemblies would be spent in the three new nuclear reactors in the 
Czech Republic during their 60 years of electricity production. The basic reference plan is 
to directly dispose of all of the spent fuel assemblies in a deep geological repository (DGR), 
starting operation not earlier than in 2065. 

The DGR is planned to be located in granite host rock, because no other type of host 
rock in sufficient volume is available in the Czech Republic. Currently seven candidate 
sites for DGR suitable for geological disposal of SF assemblies have been selected, but due 
to negative community attitudes at the notion of have a repository in their backyard, they 
are still awaiting a detailed geological survey. According to proposed reference designs, 
SF assemblies should be in steel-based canisters emplaced in vertical or horizontal 
boreholes in granite host rock at approximately 500 m under the surface and surrounded 
by compacted bentonite. 

The Czech safety concept is based on the KBS-3 concept developed in Sweden. The 
Swedish concept is primarily based on almost thermodynamic stability of copper overpack 
in reducing conditions of granite host rock 500 m under the surface and on almost 
impermeable compacted bentonite surrounding canisters that protect canisters against 
corrosion. It is supposed that the corrosion rate of copper under repository conditions is 
so slow that no canister would fail in 106 years (SKB, 2010). Only under some not very 
probable conditions connected with erosion of the surrounding bentonite canisters, it 
was estimated that corrosion could lead to the penetration of several copper canisters 
within the safety assessment of 106 years. Disadvantages of copper canisters are: difficult 
welding of lids requiring advanced technologies both for welding and welding control and 
a higher price of copper canisters in comparison to canisters based on steel. This was the 
reason why the Czech safety concept proposed cheaper steel-based canisters instead of 
copper-based canisters. It is well known that the steel is not thermodynamically stable 
under reducing conditions, but it is known that under anaerobic conditions its corrosion 
rate can be very slow if microbial corrosion can be excluded (the same condition also 
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applies for copper canisters). This is possible due to the compacted bentonite preventing 
growth of microbes. Contrary to Sweden the Czech Republic lies in geologically more 
favourable conditions with respect to canister corrosion because usually the groundwater 
contains lower concentrations of the chlorides that are the most aggressive agent for 
corroding stainless steels than groundwater at sites near the sea. The reference canister 
design in the Czech DGR concept should be composed of two layers with one outer layer 
from carbon steel corroding very slowly under anaerobic conditions and a second inner 
layer from stainless steel corroding with almost negligible general corrosion rate under 
anaerobic conditions and low tendency to local corrosion under anaerobic conditions. 
The major challenge in the Czech safety concept, otherwise very similar to the Swedish 
one, is therefore to prove that steel-based canisters can meet all the requirements with 
sufficient margin. A comprehensive research and development programme for steel-based 
canisters is under preparation. 

In this contribution the results of the preliminary safety case of the Czech safety 
concept with steel canisters are summarised. 

Methodology and data used for safety case 

Methodology 

After analysis of OECD/NEA FEP database (2000), the following six scenarios of 
possible repository evolution under geological conditions of the Czech Republic were 
derived for more detailed calculations: 

1) Central scenario involving all FEP which can likely occur in the repository system 
(Central). 

2) Scenario initiated by earthquake leading to immediate failure of a various number 
of canisters in one year (Earthquake 1). 

3) Scenario initiated by earthquake leading to immediate failure of a various number 
of canisters in one year and simultaneously to advective flow in bentonite 
surrounding these canisters (Earthquake 2). 

4) Scenario initiated by change of climate leading to reducing by half the outflow of 
water from the repository to the surface (Climate). 

5) Denudation and erosion scenario leading to reducing by half the length of the 
pathway from the repository to the surface (Erosion). 

6) Human intrusion scenario leading to the failure of one canister due to geological 
survey 300 years after repository closure (Intrusion). 

Two approaches have been used for calculations: screening calculations using a 
MS-Excel spreadsheet and calculations with the GoldSim transport code. Details of these 
approaches are included in reports of the project “Update of DGR Reference Design in a 
Hypothetical Site” completed in 2011 (Vokál, 2009, 2010). The screening calculations 
conducted only for the central scenario were used for a comparison of the following 
disposal solutions: 

1) direct disposal of SF assemblies in steel-based canisters in a vertical arrangement 
(A-Fe-V); 

2) direct disposal of SF assemblies in steel-based canisters in a horizontal arrangement 
(A-Fe-H); 

3) direct disposal of SF assemblies in copper-based canisters in a vertical arrangement 
(A-Cu-V); 

4) direct disposal of SF assemblies in copper-based canisters in a horizontal 
arrangement (A-Cu-H); 
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5) disposal of SF assemblies from current reactors directly in steel canisters in a 
vertical arrangement and disposal of remains of SF assemblies from new reactors 
after reprocessing in vitrified form and in the form of MOX fuel (B-Fe-V); 

6) disposal of SF assemblies from current reactors directly in steel canisters in a 
horizontal arrangement and disposal of remains of SF assemblies from new 
reactors after reprocessing in vitrified form and in the form of MOX fuel (B-Fe-H). 

The screening calculations enable to estimate maximal effective doses only, but their 
great advantage is that you can easily follow all the assumptions and simplifications 
accepted in calculations. 

In the second approach, used for calculations of all the scenarios give above, GoldSim 
contaminant transport computer code together with hydrogeological code FLOW 123D 
(Vokál, 2009) was used for calculations. The advantage of this method is that the evolution 
of effective doses can be followed over time, radionuclide ingrowth in radionuclide 
chains can be incorporated, and the modelling of some processes, such as diffusion of 
radionuclides in granite matrix, can be incorporated in more sophisticated way. 

Data summarisation 

Inventory of radionuclides in SF matrix, structure materials and HLW decommissioning 
waste was taken from previous inventory calculations. 1  Inventory of instant release 
fraction was taken from Johnson, et al. (2005). The matrix degradation rate 1 ´ 10–8 yr–1 was 
taken from SKB (2006a) and structure materials and HLW waste degradation rate was 
selected to be 1 ´ 10–5 yr–1 Vokál (2009). 

Data for description of corrosion of steel canisters were estimated on the basis of 
experiments and analyses conducted in ÚJV Rez, a.s. (Dobrev, 2009; Vokál, 2009). In the 
reference calculation case, it was expected that canisters would fail to agree with Weibull 
distribution with a mean lifetime of 110 000 years, a minimum lifetime of 50 000 years 
and a slope of Weibull distribution 1.3. Copper overpack was represented in screening 
calculations by a mean lifetime of 5 million years, a minimum lifetime of 0.6 million 
years, and a Weibull slope parameter 1.3. 

Migration parameters for radionuclides (solubility, sorption, diffusion coefficients) in 
all of the repository components (bentonite, granite, cement) were taken mostly from 
reports (SKB, 2006a; Bradbury, 2003; Duro, 1997). 

For screening calculations the geosphere was represented by three zones: 

1) Impermeable zone with average water flux 0.41 m3/yr and time of flow 4 600 years. 

2) Zone with flux of 756 m3/yr and time of flow 130 years. 

3) Zone with flux of 3 000 m3/yr and time of flow 85 years. 

For a description of a hypothetical site in GoldSim calculations available data from 
geological survey of some granite sites in the Czech Republic (Melechov, Potkucy and 
Príbram sites) were used. The hydrogeological simulation code Flow123D, developed at the 
Technical University of Liberec (Maryška, 2008), was used for hydrogeological description 
of a hypothetical site. It combines two basic approaches for hydrogeological modelling  
in a single model, where the rock block represented by a porous medium contains 
deterministic fractures affecting hydraulically permeable fractures or extensive tectonic 
zones. On the basis of calculations of transport of non-sorbing contaminants from the 
repository to the surface, four of the most probable pathways leading through 2-D or 3-D  
 

                                                           
1. Data provided by CEZ, a.s., and Burien (1997).  
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elements from the repository to the surface were selected (Královcová, 2009). The total 
length, time of flow and total inflow and outflow of water in the selected pathways are 
showed in the Table 1. 

Table 1: Average parameters for selected pathways in geosphere 

 Units G1 G2 G3 G4 

Overall length m 1 803 1 874 862 863 

Flow time yr 7 514 9 554 3 129 5 480 

Total geosphere inflow m3.y-1 52 11 24.4 9.6 

Total geosphere outflow m3.y-1 1 616 914 163 649 23 001 7 901 
 

Similar to screening calculations, it was very conservatively supposed that all 
contaminants released from the whole repository go only along one pathway. For reference 
calculations, the pathway (G4) with lowest outflow (and the lowest dilution) was selected. 
The data for migration of radionuclides into granite matrix were taken from IAEA (2010). 

A stylised resident scenario with an agricultural farm built on the area of radionuclide 
discharge was used for biosphere calculations. Most of the data for biosphere calculations 
were taken from Vieno (1992). Details are given in Vokál (2009). 

Results and discussion 

Maximal annual effective doses of various disposal solutions calculated in screening 
calculations are given in Table 2. 

Table 2: Maximal effective doses of various disposing options 

Notation of  
solution Short description of solution Maximal effective dose 

(mSv/yr) 

A-Fe-V SF assemblies in steel canisters in vertical arrangement 0.140 

A-Fe-H SF assemblies in steel canisters in horizontal arrangement 0.021 

A-Cu-V SF assemblies in copper canisters in vertical arrangement 0.027 

A-Cu-H SF assemblies in copper canisters in horizontal arrangement 0.0034 

B-Fe-V Part of SF assemblies is reprocessed and dispose of in vitrified 
form, otherwise the same as A-Fe-V 0.110 

B-Fe-V Part of SF assemblies is reprocessed and dispose of in vitrified 
form, otherwise the same as A-Fe-H 0.016 

 

The lowest effective doses are obtained with copper canisters in a horizontal 
arrangement, but the effective doses are not much lower in solutions with copper 
canisters than in solutions with steel canisters and are greater than the doses derived in 
safety assessments performed by SKB (2006b). The reason is that the maximal annual 
doses for the solutions with copper canisters are reached much later than 1 million years, 
which is usually the outer limit of safety assessment calculations in SKB. The doses are 
always lower in horizontal arrangement. This is caused by the greater thickness of the 
bentonite layer surrounding the canisters in a horizontal arrangement than in a vertical 
arrangement. The greater the bentonite thickness, the slower the migration of mobile 
radionuclides (129I, 36Cl) into the host rock. 
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In Table 3 the critical radionuclides together with maximal annual effective doses 
from screening and GoldSim calculations are compared for the horizontal arrangement 
with steel canisters (A-Fe-H) (the thickness of the bentonite layer was 0.7 m in GoldSim 
calculations instead of 1 m in screening calculations). For GoldSim calculations the time 
of reaching annual maximal doses is also given. Only radionuclides with annual effective 
dose higher than 1 ´ 10–5 mSv/yr are shown. The calculations were conducted up to 
1 million years. 

Table 3: Critical radionuclides from screening and GoldSim calculations 

Screening calculation GoldSim calculation 

Radionuclide Effective dose 
(mSv/yr) Radionuclide Effective dose 

(mSv/yr) 
Time of peak 

(yr) 
129I 2 ´ 10–2 129I 8 ´ 10–2 8 ´ 104 

36Cl 1 ´ 10–3 36Cl 2 ´ 10–3 8 ´ 104 
135Cs 2 ´ 10–4 79Se 3 ´ 10–3 7 ´ 105 

126Sn 7 ´ 10–5 135Cs 4 ´ 10–5 1 ´ 106 

79Se 2 ´ 10–5 41Ca 3 ´ 10–4 4 ´ 104 

  14C 3 ´ 10–4 4 ´ 104 

 

It can be seen that despite different calculation approaches and also small differences 
in data (e.g. thickness of bentonite, different data for the description of pathway in 
geosphere), the results of calculations are very similar. Only five or six radionuclides are 
important for the long-term safety of a geological repository. The predominant effect of 
129I, with a half-life of 1.57 ´ 107 years, on annual effective doses can also be seen. The 
contribution of 41Ca and 14C from decommissioning waste (calculated only using GoldSim) 
is very small, but not negligible. 

In Table 4, the results of calculations for various scenarios of the repository evolution 
described above are given. 

Table 4: Results of GoldSim calculations for  
difference scenarios of repository evolution 

Notation Short scenario description Effective dose 
(mSv/yr) 

Central Normal evolution scenario with high probability FEP, but not 
considered any low probability event or process 0.08 

Earthquake1 Earthquake leading to the immediate failure of 1 000 canisters in 
one year at time corresponding to mean lifetime of canisters 0.18 

Earthquake2 
Earthquake leading to the immediate failure of 1 000 canisters and 
failure of bentonite buffer causing advective flow in one year at 
time corresponding to mean lifetime of canisters 

0.48 

Climate change The change of dilution effect (to half) due to climate change 0.16 

Erosion The change of length of pathway (to half) due to erosion 0.08 

Intrusion The failure of one canister and bentonite due to geological survey 
300 years after repository closure 0.08 
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Only under a very low probability scenario (Earthquake2) in which 1 000 canisters 
would fail in one year and simultaneously an advective pathway through bentonite was 
formed, did the annual effective dose exceed the regulatory limit of 0.25 mSv/yr. 

The central evolution scenario on which other scenarios are based do not represent the 
normal evolution scenario because, mainly due to limited knowledge, very conservative 
assumptions are accepted. For example, the assumption that all radionuclides will go only 
along one pathway or that radionuclides from all waste packages will find their pathways 
to the surface does not seem very probable, but cannot be excluded by current knowledge. 
Also in the description of corrosion of steel canisters no credit was taken for dry sites in 
which corrosion would be limited by water shortages or by iron transport from canisters 
(Vokál, 2005). 

The greatest uncertainties are related to canister behaviour and geosphere properties. 
The most important parameter concerning geosphere seems to be the outflow of water in 
the pathway from the repository to the surface leading to mixing of contaminated water 
with uncontaminated water on the way to the surface. The effect of change of the outflow 
of water in pathways (affecting dilution) is shown in Figure 1. The greater the outflow of 
water, the greater the dilution and the lower annual effective doses. 

Figure 1: The effect of outflow of water along the  
pathway from the repository to the surface 

 

In most calculations, canisters are represented with a mean lifetime of 110 000 years, 
a minimum lifetime of 50 000 years and a 1.5 slope of Weibull distribution. These properties 
are not, however, substantiated by a sufficient amount of data. The most problematic is 
primarily determination of distribution of canister failure. If immediate failure of all the 
canisters is considered in calculations, the annual effective dose is only moved to the 
right in the timeline, because annual effective dose is governed by 129I with a half-life of 
1.57 ´ 107 years. The corrosion of metals is invariably connected with the spread of results. 
Even if a small number of samples is immersed under the same conditions in water, 
different results are always obtained for individual samples. The same must apply for 
canisters in a repository. One must, however, be very prudent in the selection of canister 
failure distribution, because using too wide a distribution could lead to risk dilution. For 
illustration purposes the dependence of effective doses on the mean lifetime of canisters 
with the same ratio of standard deviation to the mean lifetime of canisters (5.8) in Gauss 
distribution is shown in Figure 2. Under these conditions the effective dose decreases 
rapidly with the increase of mean canister lifetime until values around 100 000 years due 
to the increase of the spread of canister failures. 
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Figure 2: The dependence of effective dose on mean lifetime of canisters 

 

Conclusions 

The steel canister Czech safety concept requires a long-term research programme 
focusing on the determination of canister properties under repository conditions. The 
advantage of this safety concept, contrary to that of copper canisters, is that the disposal 
of spent fuel assemblies in steel canisters can be more economical. Since the start of 
repository operation in the Czech Republic is planned to be in 2065, there seems to be 
sufficient time both to implement this research programme and to return to the more 
expensive copper canister solution in case of failure to prove that disposing of SF 
assemblies in steel canisters in a granite host rock is safe. 

References 

Bradbury, M. and B. Bayens (2003), Near-Field Sorption Data Basis for Compacted MX.80 
Bentonite, PSI Bericht 03-07, PSI, Switzerland. 

Burian, J., J. Hrabánek and J. Rataj, Calculations of Characteristics of SF Assemblies, UJV 
Report HÚ/ZBV/VD/04-97. 

Dobrev, D., P. Bruha and A. Vokál (2009), The Effect of Iron Corrosion on Conditions Inside 
Waste Packages, KIT Report FZKA 7466, p. 93. 

Duro, L., et al. (1997), Determination of Radionuclide Solubility Limits to be Used in SR 97, 
Technical Report TR 97-33, SKB, Stockholm, Sweden. 

International Atomic Energy Agency (IAEA) (2010), Handbook of Parameter Values for the 
Prediction of Radionuclide Transfer in Terrestrial and Freshwater Environment, Technical 
Report No. 472, IAEA, Vienna. 



NEA/RWM/R(2013)9 

318 THE SAFETY CASE FOR DEEP GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE: 2013 STATE OF THE ART 

Johnson, L., et al. (2005), “Spent Fuel Radionuclide Source Term Model for Assessing Spent 
Fuel Performance in Geological Disposal. Part I: Assessment of the Instant Release 
Fraction”, Journal of Nuclear Materials, 346, 56-65. 

Královcová, J., et al. (2009), Calculation of Migration Development Scenarios for Selected 
Radionuclides, DZZ 4.6, Report issued for RAWRA within the “Research on Processes of 
Far Interaction Field” Project. 

Maryška, J., B. Malá and Z. Capeková (2008), Building of Model Network and its Filling with 
Values from GIS SURAO and Specification of Initial Conditions for Various Migration Options, 
DZZ 4.5, Report issued for RAWRA within the “Research on Processes of Far 
Interaction Field” Project. 

Organisation for Economic Co-operation and Development/Nuclear Energy Agency 
(OECD/NEA) (2000), Features, Events and Processes (FEPs) for Geologic Disposal of 
Radioactive Waste, ISBN 9789264187511, OECD/NEA, Paris. 

SKB (Swedish Nuclear Fuel and Waste Management Co.) (2006a), Data Report for the Safety 
Assessment SR-Can, SKB Technical Report TR-06-25, SKB, Stockholm, Sweden. 

SKB (2006b), Long-Term Safety for KBS-3 Repositories at Forsmark and Laxemar – A First 
Evaluation, Main Report of the SR-Can Project, Technical Report TR-06-09, SKB, Stockholm, 
Sweden. 

SKB (2010), Corrosion Calculations Report for the Safety Assessment SR-Site, SKB TR-10-66, SKB, 
Stockholm, Sweden. 

Vieno, T., et al. (1992), TVO Safety Analysis of Spent Fuel Disposal, Report YJT.92-33 E. 

Vokál, A., D. Lukin and Vopálka (2005), “Carbon Steel Canister Performance Assessment: 
Iron Transfer Study”, Scientific Basis for Nuclear Waste Management XXIX, MRS 
Proceedings, Vol. 932, 111. 

Vokál, A., et al. (2009), Update of DGR Reference Design, Analysis of Input Parameters, Safety 
Aspects and Screening Calculations, EGP-5014-F-090425. 

Vokál, A., et al. (2010), Update of DGR Reference Design, Initial Safety Report, C2 Long-Term Safety 
Evaluation of DGR, EGP 5014-F-101420. 


