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ABSTRACT 

 This paper presents the results of a statistical analysis to get an indication of the 
radiological impact on the Italian territory of a severe nuclear accident at the Krško Nuclear 
Power Plant (NPP). Preliminarily, the Source Term values adopted in the statistical analysis 
have been evaluated by means of the fast-running code RASCAL 4.3. Afterward, using codes 
specifically developed by IRSN, the statistical results in the form of Cs-137 total ground 
deposition threshold trespassing probability maps are given. A preliminary RASCAL 4.3 
standard calculation of I-131 integrated air concetration was also performed. The obtained 
values were used to evaluate the thyroid equivalent dose and the effective inhalation dose, 
then compared to that obtained by the Italian Civil Protection in the context of the national 
plan of protective measures in case of radiological emergencies. An analysis of the time-
distribution of I-131 air concentration on the Trieste district is also presented. 

1 INTRODUCTION 

Italy’s four nuclear power plants (NPPs) are presently under decommissioning, but on 
its territory, four research reactors are still in operation; moreover, Italy is surrounded, at less 
than 200 km from the borders, by several foreign NPPs in operation. This particular situation 
implies the need of having some level of anticipated preparedness in order to have a 
preliminary idea of the degree of the radiological impact, and its geographical distribution 
over the Italian regions, of a severe accident. ENEA, in order to implement an Emergency 
Preparedness and Response (EP&R) methodology, has recently adopted the latest approach 
developed in this field which consists of a series of statistical studies of the radiological 
impact by simulating several hundreds or thousands of identical accidents happening at 
different times ‒ making recourse to real meteorological data from the past years ‒ and then 
getting an average outcome of their consequences. This approach cannot give a precise 
answer to a real-time accident, nonetheless it is, at the present, the most powerful one in 
giving indications on the type of fixed and permanent countermeasures (i.e. number and 
location of radiation measurement stations, location and number of infrastructures for 
response) and for preparing the long-term recovery phase (i.e. preparation of sampling 
strategies, food ban prescriptions, decontamination procedures). The aforementioned 
statistical approach has been, therefore, adopted to carry out a statistical analysis on the 
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probability of trespassing a pre-defined Cs-137 threshold limit on the Italian territory due to a 
postulated severe accident at Krško which is one of the closest NPPs to the Italian borders. An 
assessment with RASCAL 4.3 of the radiological impact has also been performed to evaluate 
the total effective dose equivalent (TEDE), the thyroid dose and the effective inhalation dose. 

2 METHODS 

This section describes the tools used to perform the Cs-137 total ground deposition 
statistical maps and the I-131 air integrated concentration map used to evaluated the I-131 
thyroid equivalent dose and the effective inhalation dose. 

2.1  ldX  

The code used to implement the statistical study is ldX, a long-range, 3D, Eulerian 
atmospheric dispersion code specifically developed by the French IRSN, for which the 
ENEA-FSN-SICNUC Division has signed a bilateral cooperation agreement. For a 
preliminary evaluation of the possible consequences over Italy of a severe nuclear accident at 
Krško, a simplified Source Term (ST) consisting of only one isotope, namely Cs-137, has 
been used. The spatial resolution adopted in the code for the evaluation of the average 
volumetric concentration of the Cs-137 isotope is 50 km (s.c. “Arpege” domain). A complete 
meteorological data set of ten years (2002-2011: Meteo France data source) has been 
available to allow the simulation of 600 emission times per year; therefore, a total of 6000 
simulations per accident have been employed to get the final average statistical impact. The 
code is capable of taking into account the radioactive filiation and decay during transport, the 
wet scavenging and the dry deposition [1]. The ST dynamics used in this study is of the 
“Puff” and “Unit” type, which respectively correspond to a Cs-137 release concentrated in 1 
and 72 hours of homogeneous emission. The duration of the atmospheric transport, starting 
from the beginning of the release, has been set to 4 days. The model implemented in ldX is  
similar to that of Polair3D of the Polyphemus platform and has been validated against the 
European Tracer Experiment (ETEX), the Algeciras accident, and the Chernobyl accident [2]. 
For the present study, it was decided to use the concentration values to evaluate the ground 
deposition [Bq/m2] of Cs-137 cumulated at the end of the simulation. The statistical 
calculation of ground deposition from the raw ldx data together with the production of 
geographical maps of the results was done using specific scripts realized in the Python 
language in a post-processing phase [3]. Table 1 summaries the abovementioned values set in 
ldX to perform the transport analysis.  

Table 1: Parameters used for the ldX code transport calculation 
Parameters Values Notes 

Spatial resolution 50 km Arpege domain 
Meteorological data set 2002-2011 Meteo France Data 

ST dynamics 1 or 72 hours of emission Puff or Unit type 
Atmospheric transport time 4 days Enough to study the impact over Italy

 
2.2 RASCAL  

The RASCAL 4.3 code has been used to perform a standard, single calculation of I-131 
integrated air concentration map. RASCAL 4.3 is a fast-running code developed by the U.S. 
Nuclear Regulatory Commission as an emergency response consequence assessment tool [4]. 
The “Source Term to Dose” primary tool has been used to evaluate the Krško severe accident 
radiological impact. The tool requires the specifications of some parameters in order to 
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calculate the dose to the population; these parameters are given as input to the following sub-
tools: Event Type, Event Location, Source Term, Release Path, Meteorology. 

The “Event Type” sub-module allows to define the source (NPP, Spent Fuel, Fuel 
Cycle/UF6/Criticality Event, Other types of Release) of the radioactive emission; in the case 
of a Krško accident, the choice has been set to NPP.  

The “Event Location” sub-module has the specific function to locate in space the NPP 
for the subsequent dose calculations and to define all the necessary plant data in order to 
evaluate the Activity Inventory. The procedure adopted in this study to estimate the Event 
Location involves the use of the s.c. surrogate NPP (plant already available in RASCAL 4.3 
database of U.S. plants which differs from the real plant only with regard to actual power and 
actual core average burnup) [5]. In practice, this means to find among the U.S. fleet some 
PWR Westinghouse 2-loop plants which can be used to mock-up the Krško NPP. The severe 
accident analysis has been realized with the Unit One of Point Beach NPP (PB-U1) which is 
the youngest U.S. Westinghouse 2-loop NPP currently in operation. Table 2 gives the PB-U1 
main technical specifications. 

  Table 2: Point Beach U1 data 
Parameters Data 
Reactor Type PWR 

Licensed thermal power limit (MWth) 1800 
Reactor vendor Westinghouse 2-loop 
Containment  

Containment type PWR, Dry Ambient 
Containment volume 28317 m3

Design pressure 4.137E+05 Pa 
Steam Generator  

SG type U-Tube 
SG water mass 42184 kg 

Fuel  
Number of fuel assemblies 121 

Number of fuel rods per assembly 235 (16x16) 
Krško-like parameters  

Power (MWth) 1994 
Core average burn-up (MWd/MTU) 22014 

The “Source Term” module allows to characterize the time-dependent ST value for NPP 
accidents. The sub-module chosen for this RASCAL’s method is LOCA which is based on 
reactor conditions and on the procedures and results described in the NUREG-1228 [6] and its 
subsequent modifications (NUREG-1465) [7]. LOCA lets to specify the core uncovery time 
and the methods used for core damage estimation (Core recovered or Specific damage 
amount); in the present analysis, the core recovered option has not been adopted. 

The “Release path” module defines the release pathway (i.e. Containment 
leakage/failure, Steam Generator rupture, Containment by-pass) of the radionuclide inventory 
to the environment and the time-dependent emission events; the Krško accident has been 
modeled with a Containment leakage/failure sequence (Figure 1).  

Table 3 reports the timetable of the emission events sequence. The sequence of 
emission events chosen can be considered one of the most severe hypothetical accident 
scenarios (i.e. high-level ST) because it foresees a total containment failure after only 12 
hours since SCRAM.  
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In Table 3 “Design” (0.40%/d means the leak of 0.40% of the total radionuclide 
inventory into the primary containment in a day) and “Total failure” (100%/d means the leak 
of 100% of the total radionuclide inventory into the primary containment in a day) are two 
different containment average leakage values used for the ST analysis with RASCAL 4.3. 
Sprays have been assumed to be active for three hours.  

The last step has been the setting of the RASCAL “Metereology” module  necessary to carry 
out the atmospheric transport calculation. RASCAL 4.3 uses special Gaussian-based modules 
to describe the atmospheric dispersion of radioactive and chemical effluents from nuclear 
facilities. In detail, a straight-line Gaussian plume model, TADPLUME, is used near the 
release point where travel times are short; a Lagrangian-trajectory Gaussian puff model, 
TADPUFF, is used instead at longer distance for which temporal or spatial variations in 
meteorological conditions may be significant [4]. The radionuclide atmospheric transport time 
on the environment has been set to 96 hours. Table 4 reports the values of the standard 
meteorological (non-site specific) dataset adopted in this study.  

Table 4: Krško – Standard metereological dataset 
Type Name Description 

Predefined 
data 

Standard 
Class 

Stability 
Wind speed 

[m/s] 
Precipitation 

Temperature 
[°C] 

Relative 
humidity 

[%] 
D 2.9 No 21 50 

The Standard dataset of the meteorological data can be considered a good approximation of 
the average one-year Krško site wheater conditions. 

3 RESULTS 

This section reports the numerical results obtained with the tools described in the 
previous paragraphs. In detail, RASCAL 4.3 has been used to evaluate the Krsko ST value 
and the I-131 air integrated concentration map in a narrow geographical area that includes the 
Trieste district; ldX has been employed to perform a statistical analysis on the whole 
“Arpege” domain to evaluate the Cs-137 total ground deposition statistical maps. 

 
3.1 RASCAL 4.3 results 

Preliminarily, the numerical evaluation of the ST released from the Krško has been 
achieved. Using the aforementioned NPP surrogate plant and time-dependent emission events, 
the ST values of I-131 and Cs-137 has been evaluated. Table 5 reports the Cs-137 and I-131 

 

Figure 1: Release pathway for the Krško 
severe accident sequences 

Event 
ΔT since  
SCRAM  
  [h]    [min] 

Notes 

SCRAM 0 00 - 
Core uncovery 6 00 No-recovery 

Leak Rate 
[%Vol] 

6 00 
Design 

(0.40%/d) 
Sprays 6 00 on 
Sprays 9 00 off 

Leak Rate 
[%Vol] 

12 00 
Total failure 

(100%/d) 

Table 3: Krško ‒ Sequence and Modeling
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values with a comparison with those used in the simulation performed by the Italian Civil 
Protection with the ARIES code [8]. 

Table 5: I-131 and Cs-137 ST values – comparison with the ARIES results 
Tool I-131 [Bq] Cs-137 [Bq]

RASCAL 4.3 1.1E+17 1.1E+16 
ARIES 1.0E+17 1.0E+16 

The difference of about 10% between the two code evaluations is widely acceptable 
because the uncertainty of the consequence calculations could be up to a factor 3 or 4. 

The RASCAL analysis for the evaluation of the time-integrated I-131 air concentration 
distribution has been performed with the ST value shown in Table 5. The integration time has 
been set equal to the simulation time adopted to transport radionuclides into the environment 
(i.e. 96 hours). The results were subsequently multiplied by some appropriate dose 
coefficients [9] to obtain the I-131 thyroid equivalent dose (children) and the I-131 effective 
inhalation dose (children) whose distribution maps are plotted in Figure 2 and 3.  

 

Figure 2: I-131 thyroid equivalent dose map (std meteorology at population group: children) 

 

Figure 3: I-131 inhalation effective dose (std. meteorology at population group: children) 

The RASCAL 4.3 transport simulation results have then been compared with those 
obtained with the ARIES code. Table 6 reports the comparison between the maximum values 
on the Italian territory of the I-131 thyroid equivalent dose (children) and of the I-131 
inhalation effective dose (children) as results with RASCAL 4.3 and the ARIES codes.  
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Table 6: Dose comparison between ARIES and RASCAL 4.3 codes 
Population 

group 
Physical quantity 
(I-131 at children) 

ARIES
[mSv] 

RASCAL 4.3
[mSv] 

RASCAL 4.3 
to ARIES ratios

Children 
Thyroid equivalent dose 27 129 4.8 
Inhalation effective dose 1.5 6.8 4.5 

The analysis of the relative importance of the radionuclides to the total effective dose 
equivalent (TEDE) and of the time-dependent relative importance of the possible dose 
pathways (ground shine, submersion, inhalation) has also been performed. Figures 4-6 show 
the obtained results in terms of radionuclide which most significantly affect TEDE over a 
one-week period of time. 

 

Figure 4: Radionuclides 
relative importance to TEDE 

(0 days from emission) 

 

Figure 5: Radionuclides 
relative importance to TEDE 

(1 day from emission) 

 

Figure 6: Radionuclides 
relative importance to TEDE 

(7 days from emission) 

Figure 7 presents the relative importance of pathways to TEDE. It can clearly be seen 
that after about 4 and 14 hours since emission there is an inversion of the relative importance 
of the pathways to TEDE.  

 

Figure 7: Time-dependent relative importance of pathways to TEDE 

A more detailed analysis of the time-dependent I-131 air concentration on the Trieste city 
zone has also been achieved. Figure 8 shows the trend of the average time-dependent I-131 air 
concentration over an area of 8x8 km2 centered around Trieste. 

The vertical yellow dotted line indicates the time at which (26 hrs. since beginning of 
release) the time-integrated I-131 air concentration reaches the value of 2.6E+08 Bq·s/m3 
(horizontal yellow line) which corresponds to an equivalent dose by inhalation to the thyroid 
of 10 mSv [9]. 
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Figure 8: Instantaneous (blue curve) and time-integrated (red curve) I-131 air concentration 

 
3.2 ldX results  

The statistical analysis has been preceded by the assessment of the Cs-137 threshold 
limit. In this regard, the Italian legislation [9], that adheres to the European maximum 
contamination levels, states that the lowest values are those related to leaf vegetables. The 
methodology to quantify the threshold level of “equivalent” Cs-137 surface contamination 
which determines the impossibility of eating leaf vegetables due to the presence of a whole 
mixture of many contributing isotopes for leaf vegetables is extensively reported in the ENEA 
Technical Report [3]. The “equivalent” Cs-137 threshold limit is found to be 220 Bq/m2. 
Figures 9 and 10 report the results of two statistical analysis obtained from two different ST 
values (5.0E+15; 5.0E+16 at PUFF type) which represent the min and max range of all ST 
possible values for a Krško-like PWR system. 

 

Figure 9:  Statistical map Cs-137 threshold 
trespassing probability (%), 5.0E+15 Bq, 
PUFF 

 

Figure 10: Statistical map Cs-137 threshold 
trespassing probability (%), 5.0E+16 Bq, 
PUFF 

Figures 11 and 12 present the statistical maps results for an ST dynamics of UNIT type (72 
hr). 
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As it can be seen from the previous figures comparison, an ST dynamics of UNIT type results 
in a major near-range and a minor far-range total ground deposition with respect to the ST 
dynamics of the PUFF type. Again, it can be observed that on the Italian territory the Cs-137 
total ground deposition exceeds the threshold limit with a probability higher than 50% in the 
northeastern areas (ST 5.0E+15) or in the central and northeastern areas (ST 5.0E+16). 

4 CONCLUSIONS 

In the present study, a statistical analysis of Cs-137 total ground deposition distribution 
for a hypothetical severe accident to Krško NPP has been assessed. The results show that in 
some northeastern and central Italian areas there is a 50% probability of trespassing the 
“equivalent” Cs-137 threshold limit for leaf vegetables. The RASCAL 4.3 analysis, that has 
been used for a deterministic evaluation of the time-integrated I-131 air concentration, 
presents results which are higher by about a factor four if compared with the results provided 
with the ARIES code; this depends on the choice of conservative accidental (highly severe 
hypothetical accident scenario), meteorological (wind direction always towards Trieste) and 
orographic (flat ground) conditions for carrying out the simulation. A detailed analysis of the 
Trieste district has also revealed that, after 26 hours since the release to atmosphere, there is a 
need to take countermeasures (sheltering and iodine prophylaxis pills) because there may be 
an overrunning of the Italian legislation limit (D. Lgs. 241/00 ‒ Table A3.1) over which the 
adoption of protective measures are foreseen. 
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