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ABSTRACT 

This paper is focused on the detailed look on the radionuclide inventory determination 

as an essential part of the decommissioning strategy selection process and as a prerequisite for 

the radioactive waste management. Based on the radionuclide inventory calculation, it is 

possible to optimize the time frame and to choose the appropriate dismantling procedure 

during the disposal of reactor internal and external components in the decommissioning phase 

of a nuclear power plant (NPP). MCNPX code enables precise three-dimensional modelling 

of these components. Due to high technological and financial demands in the case of in situ 

measurements or sampling, it is important to use validated code systems to precisely estimate 

the radionuclide inventory. The required precision of modelling depends on the expected 

decommissioning method. The essential part of a correct calculation is the collection of 

reactor operation data. In this paper, the ability of the MCNPX code in this field is presented 

by the example of calculation for the reactor internal components used in a VVER-440 

reactor. As parts next-to the reactor core these are the most radioactive components besides 

the spent nuclear fuel. 

1 INTRODUCTION 

Increasing number of reactors reaching their designed lifetime poses challenges on 

decommissioning scenario planning. One of the tasks preceding the radioactive waste 

treatment is the determination of its radionuclide inventory. The experimental determination 

of the radionuclide inventory is technologically and financially demanding. Therefore, it is 

convenient to perform proper calculations by validated computer codes. A realistic estimate 

of the radionuclide inventory of a reactor is supposed to lead to cost reduction of the 

decommissioning process as well as to increased radiation safety of the workers. In this work, 

MCNPX calculation will be performed for a Slovak pressurized water reactor VVER-440/V-

230 of Russian origin. Pressurized water reactors represent a significant share in the world 

reactor fleet. 
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2 RADIOLOGICAL CHARACTERIZATION AND DECOMMISSIONING 

The objective of radiological characterisation is to provide a reliable database of 

information on the quantity and type of radionuclides, their distribution and their physical and 

chemical states [1]. It is  an  essential  step  at  the  beginning of  the  decommissioning  

process  and  may  need  to  be  repeated  at different  stages  during  the  decommissioning. 

The results will be used to plan the methods used to dismantle the facility and manage the 

radioactive waste. It is also needed to determine the hazards to which workers and the general 

public will be exposed.  It is important to have access to detailed historical records. The 

characterisation needs to be carefully defined and executed, particularly with regard to choice 

of methods, instruments, sampling procedures, etc.  The methods used and results obtained 

must be well documented. The first step in carrying out a radiological characterisation is to 

review the existing historical information [2]. 

The highest radioactivity in a nuclear reactor is contained in the irradiated nuclear fuel. 

After fuel removal, the radionuclide inventory consists of activation and contamination 

products. In a reactor, where no nuclear accident occurred, the activation products represent 

approximately 99% of the radionuclide inventory [1], therefore in the following text, only the 

radionuclide inventory originating in neutron activation will be considered. The activation 

products are localized and bound in the material surrounding the nuclear fuel irradiated by the 

neutrons. Neutron activated materials are therefore structural materials inside the reactor 

pressure vessel (RPV), but also in the areas of the reactor thermal and biological shield 

consisting of reinforced concrete as well as in the spent fuel pool and in the interim spent fuel 

storage baskets for SNF [1]. 

3 RADIONUCLIDE INVENTORY CALCULATION 

High demands on technology and resources in the sampling and measurement process, 

increase the importance of having validated computer codes and methodologies in order to 

determine the induced activity in the reactor and its immediate surroundings. 

The calculation of neutron induced activities requires, as a first step, knowledge of the 

spatial and energy distributions of the neutron flux throughout the system. The neutron flux is 

then used to determine the individual reaction rates of the parent radionuclides whose 

daughters give rise to the ionizing radiations. These reaction rates are then used to obtain the 

level of activity per unit mass of parent element according to the reactor irradiation history 

and the subsequent decay time. The final stage is the calculation of the component activity 

from the ‘known’ concentration of the parent elements in the material from which the 

component is manufactured, together with the mass of the components. ‘Known’ means 

averaged value obtained in the course of the composition sampling programme or inferred 

from other relevant information (e.g. from the reactor builders) [1]. 

The first comprehensive radionuclide inventory calculations for VVER-440 reactors 

were performed in the late 1980´s in Finland for the Loviisa nuclear power plant. They were 

carried out at VTT Energy (then Nuclear Engineering Laboratory of the Technical Research 

Centre of Finland) [3], [4] [5] and [6]. Further calculation´s results (not only) for VVER 

reactors can be found in [1], [7], [8], [9] and others. 
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3.1 Calculation Code 

The calculation was performed using MCNPX (Monte Carlo N-Particle eXtended) 

version 2.7.0 [10]. MCNP is a general-purpose Monte Carlo radiation transport code for 

modelling the interaction of particles (neutrons) with matter. Its greatest advantage is the 

ability to model three-dimensionally the core and the reactor structures. Further it uses 

continuous neutron energy spectra in the neutron transport calculation [11]. For reaction 

calculations, established evaluated data files (continuous energy neutron cross-section 

libraries ENDF/B–VII.0) are used. This code enables calculations of neutron flux per unit 

area or volume element in criticality or fix source mode, but also neutron activation 

calculations utilizing the burn-up/activation feature accessed via the BURN card (in criticality 

calculation mode). 

3.2 VVER Calculation 

The core is made of hexagonal fuel elements with different 235U enrichment. It is 

contained in the core basket (35 mm thick) inside the reactor shroud (60 mm). The core is 

cooled and moderated by water. The coolant includes boric acid added in order to regulate the 

reactivity reserve in the reactor and hence control the chain reaction. The RPV is designed to 

sustain higher pressure than in the BWR which reflects to the weld pad thickness of 9 mm and 

wall thickness of 140 mm.  

Material data were determined for the mean coolant temperature 280°C. The chemical 

composition of the fuel was taken from the calculations for the 3.82% 235U-enriched fuel 

assemblies. The mean position of the 6th control assembly group was based on the technical 

documentation from a Slovak NPP determined at 175 cm. The last part of the preparation of 

the input file for the criticality calculation consisted in the determination of the boric acid 

critical concentration. The concentration was calculated by the MCNP5 code [11]. Based on 

the technical documentation, it was possible to design a VVER-440/V-230 reactor model, 

which can be used for further calculations (see Figure 1). 

 

 
 

Figure 1: Horizontal cross-section of the VVER core model: 1 – RPV, 2 – austenitic and 

reinforcing RPV weld pad, 3 – coolant, 4 – reactor shroud, 5 – core basket, 6 – dummy 

element, 7 – fuel assembly, 8 – control assembly, 9 – 6th control assembly group. 
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4 RESULTS 

The calculation of dummy element’s radionuclide inventory was performed for 15 

campaigns after installation of the dummy elements into the core. The mean burn-up value 

per campaign considered for the fuel was 16 MWd/kgU. The uncertainty of the MCNPX 

calculation is estimated not to exceed 5%. Figure 2 represents the course of the total activity 

of selected radionuclides (see Table 1) in all 36 dummy elements after installation into the 

NPP’s core before the 13th campaign. 

 

 

Figure 2: Course of the total activity of selected radionuclides in dummy elements during first 

15 campaigns after installation. 

After irradiation in the core during the reactor operation, the radioactive decay will take 

place. The activity of the short-lived radionuclides (e.g. 58Co half-life 70.86 days, 59Fe half-

life 44.503 days) falls sharp, which is why only radionuclides with half-life more than 250 

days were taken into account. The long-lived radionuclides will dominate the total activity. 

According to the results, 55Fe (half-life 2.73 years) will be the most important activation 

product in the first 14 years after reactor shutdown. However, with considering of longer 

irradiation time (30+ years), this period should fall towards 10 years. In the next years 60Co 

and 63Ni will be mostly responsible for the total activity of the dummy elements. To present 

the results for activity in a reasonable time frame, Table 1 shows the activities of the selected 

radionuclides in the dummy element after 10 years of cooling time. The course of decay of 

the selected radionuclides is presented in Figure 3 in logarithmic scale. 

Table 1: Total activity of selected radionuclides in one dummy element after 15 campaigns in 

core and 10 years of cooling. 

Radionuclide T1/2 
Radiation 

type 
Ai [Bq] 

55Fe 2.73 y EC (X) 3.70E+14 
60Co 5.2714 y β- (γ) 2.26E+14 
63Ni 100.1 y β- 1.82E+14 
59Ni 7.6E04 y EC (X) 1.18E+12 
54Mn 312.3 d EC (γ) 1.08E+11 
93Mo 4.0E03 y EC (X) 2.54E+10 
57Co 271.79 d EC 3.53E+08 
94Nb 2.03E04 y β- (γ) 6.14E+06 

Total activity of selected radionuclides: 7.79E+14 
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Figure 3: The course of activity of selected radionuclides in dummy element during first 50 

years after reactor shutdown. 

5 CONCLUSIONS 

The paper is engaged in the methodology of radioactive inventory calculation using 

MCNP transport code. It was applied to a Slovak VVER-440/V-230. The data from the first 

fifteen campaigns were processed, after dummy elements installation (reduction of the core 

and change of the loading pattern). The results confirm, that the most important radionuclides 

in the reactor components dismantling process are 55Fe (1st decade), 60Co (10 - 50y) and 63Ni 

(practically during the whole process). Further calculations are required in order to achieve 

results properly comparable to the calculations performed in the world and also to be able to 

validate them against the already performed measurements. MCNP appears to be a powerful 

tool for the radionuclide inventory calculation and will be also employed in next calculations. 
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