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1. INTRODUCTION
In the last few years many nuclear installations in the world have been stopped either

because they reached the end of production lifetime, or for operation problems or, like in
Italy, for political decisions. This stop started the decommissioning procedure. It consists in
the dismantling of the nuclear installation with appropriate controls and limitations of
environmental and radiological impact which arises from these operations. The evaluation of
risk and the actions needed for the population safeguard are generally inspired to the
recommendations of the International Commission on Radiological Protection (ICRP), but
each country faces the problem with different evaluation methodologies and calculations.
That is due to different laws and environmental, social and economical context where nuclear
installations are located. For this, the decommissioning operations must be separately
evaluated for each nuclear installation. 

In this paper, we present the work carried out so far about the decommissioning of the
Nuclear Power Plant of Garigliano (Caserta, Italy), which is managed by SoGIN (Società di
Gestione degli Impianti Nucleari). This Nuclear Power Plant began its activity in 1964 by
using a boiling water reactor with a production of 160 MW electric power. In 1979 this
nuclear installation was stopped for maintenance and operation has not been resumed until the
referendum in 1986, after which all Italian nuclear plants were stopped. Now, the Nuclear
Power Plant of Garigliano has the reactor isolated respect to the remaining part and all
components and  pipes have been drained and  sealed. The underground tanks of radioactive
wastes have been evacuated and decontaminated. The radioactive wastes have been
completely conditioned with cementification in drums suitable to prevent outside release.
About 1800 drums have been produced and kept in a controlled area of the nuclear installation
[ ref 1;  ref 2]. 

The planned objectives for the decommissioning are:
� 2000-2008: Preparation of nuclear area for the dismantling and activities outside the

nuclear area;
� January 2009: Start of dismantling activity of nuclear area;
� 2010-2015: Transport of wastes to the national deposit;
� December 2011: Completion of dismantling of sphere components;
� December 2016: Release of the area without radiological bonds.
Such decommissioning activities imply radionuclide releases. The released activities will

be lower than during the operation of the plant but, in any case, the radioactive impact has to



be evaluated and controlled. The calculation tools must be based on the effective release of
the plant and on the characteristics of the surrounding environment. For this calculation
SoGIN used VADOSCA codes for liquid and gases releases [ref 3]. These codes needed an
update, outlined in the following:

1. Social and economical investigation on the area to identify reference groups,
behavior habits, diets, production rate, etc.;

2. Upgrade of VADOSCA codes on the basis of the Italian laws in force [ref 4]
and update of social and economical situation around the plant;

3. Selection and study of internationally validated codes to estimate the impact of
the decommissioning operations and to perform  a comparison with the results
of VADOSCA codes.

2. METHODOLOGY
2.1 Social and economical investigation
To perform this study we divided the area inside a circle centered in the Plant with 10 km

radius using 16 sectors, 22.5° large, and 20 concentric circles with a radius increment of 0.5
km. 

By using the questionnaire, appropriately formulated for this work, we made a
reconstruction of social and feeding habits of the population in the area to individuate the
reference groups. Also, with the collaboration of the local authorities, we derived a map of
agricultural and zootechnical  activities.

To proceed to the statistic sampling of the population in the radius of 10 km from the plant
we used the data of the ISTAT [ref 5]. The update of such data was made:

1. Within the first kilometer and half from the plant we counted all the inhabitants per
part. 

2. In the area from 2 to 3 km, because are present shed houses and small built-up areas,
we counted the inhabitants of all shed houses, while in the other areas we made a
sampling proportional to the  estimated population on the basis of the density of the
whole area in examination.

3. In the area from 3 to 10 km we used the value of estimated population by ISTAT.

2.2 Model of the site
The Nuclear Power Plant is situated in the Garigliano river valley (Sessa Aurunca,

Caserta), about 7 km from the Tyrrhene sea. The Plant is located in a handle of the river,
about 10 km upstream the sea; in this part the river has an average width of 60 m and an
average annual flow of 120 m3/s, which is regulated from the activity of the hydro electrical
power plant of Suio dam. The possible radionuclide releases of may take place at the chimney
and in the river; therefore two types of releases were taken into account: gaseous and liquid.
To evaluate the possible impact on the population, models of the river and of atmospheric
dispersion have to be implemented. The Garigliano river has been broadly studied and data to
model the river course form drainage canal to the mouth are available (Table 1). 



Length Average flow rate Minimum flow rate Maximum flow rate 

9.2 km 121 m3/s 50 m3/s 300 m3/s

Table 1 Data of  Garigliano river from drainage canal to the sea

The course of the river was divided in 8 sections (Table 2), delimited by 9 survey stations.

Section 1 2 3 4 5 6 7 8 9
Average depth (m) 5.0 5.4 4.8 5.3 7.5 6.3 4.9 4.9 4.8
Width (m) 69.4 44.9 56.0 59.1 50.1 56.5 68.0 68.2 79
Length (m) --- 1.93 3.73 1.63 0.18 0.55 0.25 0.55 0.40

Table 2 Compartmental description of Garigliano river course (from drainage canal
tothe sea)

 
To describe the dispersion of radionuclides in the sea a system of interlinked

compartments, each representing a Mediterranian Sea region, is used. The environmental
conditions in the area near the discharge point are important to determine the amount of
radionuclides that remain locally. Inside regional compartment (Tirrenian Sea), a local
compartment that maintains the same characteristics (Table 3) is defined.

Volume Average depth Coastline lenght Sedimentation rate
1.32 x 108 m3 80 m 400 x 104 m 7.5 x 10-5 t/m2/y

Suspended sediment
density

Sediment density Bioturbation rate Diffusion rate
Typifying data
of Garigliano’s
river

1.0 x 10-6 t/m3 2.6 t/m3 3.6 x 10-5 m2/y 0.0  m3/y
Table 3 Data of characterization of local marine compartment 

The description of the site from the atmospheric point of view was performed by using the
6 categories of stability of Pasquill (Table 4) and by fixing ranges of the wind speed. In this
way it is possible to represent and characterize the site defining the frequency of each
category of stability during the year and the frequencies of the direction of the wind in the
fixed intervals, in the sixteen sectors in which we divided our site (Table 5) [ref 6].

The data allow to create the files necessary to the implementation  of the Garigliano site in
the Pc-CREAM code [ref 7] and to udate the data of the Vadosca library [ref 3].



Class Description percetage hours / year

Cat A Hard instability conditions typically in summer afternoon
with high sun beaming and low winds 2% 154

Cat B Moderate instability conditions typically in the sunny winter
afternoon and intermediate seasons con moderate winds 17% 1511

Cat C Light instability condition commonly with light sun beaming
and highly winds 5% 421

Cat D Neutral conditions commonly in night’s hours with clouds
and moderate winds 2% 199

Cat E Light stability conditions typically in clear sky nights 19% 1622

Cat F Hard stability conditions typically in clear sky nights with
light winds 55% 4853

Table 4  Atmospheric description of Garigliano site by percentage distribution in the
year of Pasquill’s stability class 

 
Class Wind’s frequency 
Sector 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Cat A 15% 46% 12% 9% 0% 0% 0% 0% 0% 2% 16% 0% 0% 0% 0% 0%
Cat B 6% 29% 28% 10% 2% 0% 0% 0% 0% 6% 10% 3% 2% 1% 1% 1%
Cat C 5% 30% 37% 11% 0% 0% 0% 0% 0% 14% 1% 0% 1% 0% 0% 1%
Cat D 1% 13% 27% 16% 11% 1% 0% 0% 0% 22% 11% 0% 0% 0% 0% 0%
Cat E 2% 7% 10% 5% 3% 0% 1% 0% 2% 37% 25% 3% 1% 1% 1% 0%
Cat F 2% 5% 6% 3% 2% 1% 1% 1% 5% 28% 24% 8% 6% 3% 3% 2%

Table 5  Wind’s frequency in the 16 angular sector to describe winds directions,
normalised on number or the year’s hours in any stability class

2.3 Upgrade of Vadosca codes
The VADOSCA codes was developed by ENEL [ref 3] and later updated by the CISE [ref

8] to evaluate the possible radiological impact of the nuclear Italian sites. The VADOSCA
codes are distinct as: 

1- VADOSCA Liquidi to evaluate doses from planned liquid releases;  
2- VADOSCA Gas to evaluate doses from planned gaseous releases;
3- VADOSCA Fast to evaluate doses from impulsive gaseous releases.
The three codes were used during the plant activity; thus contain the descriptive model of

the nuclear site and environmental, social and economical data of the area under investigation. 

We upgraded the three VADOSCA codes by using results of the social and economical
research: alimentary habits of the population, agricultural productions, amount of product
consumed by the reference groups of the population and local production rate for the different
considered matrixes. The dose factors, expressed in Sv/Bq and used to assess the doses from
ingestion and inhalation, were updated according to the laws in force [rif. 4]. We verified that



the transfer factors between terrestrial and vegetable and animals comply with prescription of
the RG 109 [rif. 9].

We, also, updated radionuclides present during the decommissioning operations in each
code. In Table 6 the radionuclides updating in the three VADOSCA codes are shown. 

Because of the newly introduced ways of release in the decommissioning phase with
respect to the operation phase, we modified some algorithms which calculate the dilution of
the radionuclides from the drainage canal to the Garigliano river. In this modification was also
implemented the possibility of estimating the contamination from releases directly in the sea
as a function of the volume of sea water really contaminated.

Isotopes updating the library files of Vadosca codes

Vadosca
Liquidi

3H, 14C, 32P, 35S, 45Ca, 51Cr, 54Mn, 55Fe, 59Fe, 59Ni, 60Co, 65Zn, 63Ni, 90Sr,
95Nb, 95Zr, 106Ru, 110mAg, 124Sb, 125Sb, 131I, 134Cs, 137Cs, 140Ba, 144Ce, 152Eu,
154Eu, 155Eu, 239Pu 1, 241Am

Vadosca Gas 3H, 14C, 55Fe, 59Ni, 60Co, 63Ni, 90Sr, 95Zr, 95Nb, 125Sb, 134Cs, 137Cs, 152Eu,
154Eu, 155Eu, 239Pu 1, 241Am

Vadosca Fast 3H, 55Fe, 59Ni, 60Co, 63Ni, 90Sr, 137Cs, 239Pu 1

Table 6  Isotopes updated in library files of VADOSCA codes (SoGIN); In  bold
character are marked isotopes contained, at 31-1-2001, into the Garigliano’s Nuclear
Power Plant, the other isotopes have been updated in order to be able to use Vadosca
codes also for the other Italian Nuclear Power Plants

2.4 Site implementation on codes internationally recognized
To perform a verification of results calculated by VADOSCA codes, we considered two

codes internationally recognized: Pc-CREAM and FRAMES. The choice of these codes was
based on the following criteria:

1) easy to obtain and Windows compatible;
2) adaptability to the site under study;
3) accurate modeling of the processes of transport of the radionuclides;
4) validations and international sponsorships;
5) friendly interface.

2.4.1Pc-CREAM code
In 1995 the European Commission promoted the project Consequence of Releases to the

Environment Assessment Methodology (CREAM) [ref 10]; in 1997 the National Radiological
Protection Board (NRPB) UK developed the code Pc-CREAM97  [ref 7]. The simulation
code is set of models and data for the evaluation of the radiological impact due to the
radioactive continuous releases in atmosphere, sea and river.

2.4.2 FRAMES code

                                                
1 The alpha radiation is generated by several radionuclides and only a little part is due to 239Pu. We assumed all
alpha radiation as produced by  239Pu, which is the most dangerous radionuclide. 



In 1997 the Environmental Protection Agency (EPA) published “Concepts of Framework
for Risk Analysis In Multimedia Environmental Systems” [ref 11]. In 1998 the Pacific
Northwest National Laboratory (PNNL) developed the FRAMES code on the base of this
publication. The FRAMES code is not a model of real simulation but a framework, that is a
structure software of support and link for different situations and simulation models.

2.5 Modeling with the Pc-CREAM code
Pc-CREAM was developed in Europe to supply a common tool for dose assessment for all

European nuclear active sites, but it does not contain data for the Italian sites, which are not
active. Hence we wrote the necessary files to model the site.

2.5.1 Dispersion in air
The first step in the site modeling consists of the subdivision of the area under

investigation in circular crowns and in sectors centered in the point in which the release takes
place. We set 5 adjacent crowns with major radius at 1000, 2000, 3000, 5000 and 10000 m
and 16 sectors of  22.5°. 

The individual dose was calculated for each selected reference group and, for this, is
estimated at a fixed distance and angle, by using alimentary habits and local production of the
considered group.
The implementation of site data is made with library files which can be created using the
modules present in the Pc-CREAM code or writing the numerical files through a text editor.
The modules present in the code are: 

PLUME: Calculation of the radionuclides concentration in air due to the release at the
chimney per unit activity released per nuclide in a year.

DORIS: Calculation of the radionuclides dispersion into regional reference compartment
and the other regional compartment interlinked.  

RESUS: Calculation of the radionuclide concentration due to the suspension per unity of
activity deposited in a year.

GRANIS: Calculation of the effective �-dose per unit activity deposited in a year.
FARMLAMD: Calculation of the concentrations in the foods per unity of activity

deposited in a year.
2.5.2 River Dispersion
The simulation of the dispersion through the course of the Garigliano river was made

adopting the simplest model available in the PC-CREAM code: Screening Model. This model
of river requires the average annual flow rate of the river and the amount of sediments
suspended in water.

2.5.3 Sea Dispersion
The dispersion of radionuclides discharged into marine environmental is determined

firstly by the local feature of the environment. Subsequent dispersion is influenced by water
movements and sedimentation on a larger geographical scale. Using the DORIS modules [ref
9], which contains all data about Mediterranean Sea, it is possible to model a reference local
basin interlinked with a reference regional compartment.



3. RESULTS AND DISCUSSION
3.1 Production
The watercourse of the Garigliano river divides the area under our study in two parts. In

the North area of the river, which is in the Lazio region, the agricultural activities consist
mainly in the cultivation of cereals and forages in lowland, while in the hills the vineyards
predominate. In the South area of the river, in the Campania region, the dominant cultivation
of the lowland is vegetables, while in the hills there is a prevalence of fruit (peach) trees and
citrus fruit. The main agricultural crops in the radius of 10 km are the orchards, the vegetables
and the forages. In valley, especially in lowland, a diffused zootechnical activity with
prevalence of bovines and buffalos is present. [ref 12] 

The production data were compared with the provincial and regional estimates of
production coming from the IV general census of the ISTAT on the agriculture. In this way,
we have estimated indexes of agricultural productivity for all the types of present cultivations
in the area in examination (Table 7).

Cropping Leaf vegetables Fruit vegetables Root vegetables Cereals Fruit
Productivity 2 (q/ha)  265 236 252 53 95

Table 7 : Agricultural productivity of the crops cultivated in the area of 10 km from
Garigliano Nuclear Power Plant. Crops are grouped in 5 reference classes (Leaf vegetables,
Fruit vegetables, Root vegetable, Cereals, Fruit).

3.2 Population and reference groups
The investigation on the municipal populations allows to define the composition for age

classes of the population of the area. These values are used for the definition of the samples of
representative population of the reference groups (Table 8).

Age groups (year) < 1 1-2 2-7 7-12 12-17 >17
Apportionment  0.79 % 1.87 % 5.36 % 6.00 % 6.39 % 79.41 %

Table 8 Composition for age classes of the population of the area on 31/12/99 [ref 5]

On the basis of the existing indications we tested the presence and the real consistence of
the reference groups and the average diet. In this way three reference groups were
individuated (Table 9, Figure 1). For the first and the second reference group the diet was
determined for adults and children.

                                                
2 Productivity is weighed average of same foods belonging to the same class; the weight are calculated as the
percentage of the area cultivated with singles crop on the examined area



Figure 1 Map of references groups

After this phase of modeling a comparison of the results supplied from the two codes for
selected reference groups was carried out (Table 10). Where possible the group of reference
children was selected, because it receives a higher dose than adults with the same exposure

Reference groups Distance (km) Real population Population sample
Farmer and population
with kitchen garden  0 - 2 744 111

Local population 0 - 10 51227 305
Fishers on the mouth 7 16 16

Table 9 Characterization of reference groups for population of Garigliano river
valley

 



References groups Age class
Farmer and population with kitchen garden  (0-2 km) children
Local population  (0 –10 km) children
Fishers on the mouth adult

Table 10 Reference groups for the assessment of the consequences of radioactive
discharges

We used for liquid and gaseous discharge the activity of 3.7 x 1010 Bq of only two
reference radionuclides 60Co, 137Cs and only the total doses were compared (WB).



Reference group 'Farmers and population with kitchen garden 0-
2km' (children)

1.00E-02

1.00E-01

1.00E+00

1.00E+01

Vadosca2002 Pc-Cream Vadosca2002 Pc-Cream

�Sv/year
Beaming
Ingestion
Inhalation

Figure 2 Whole body dose for reference group ‘Farmers and population with kitchen
garden 0-2 km’

Except from the case of the dose from 60Co to the group of reference farmers and
population with kitchen garden (figure 2), all the values of the total dose turn out to be
comparable (figure 3 e figure 4). It is evident that, despite the agreement of the total dose, the

60Co 137Cs



individual doses from ingestion, beaming and inhalation are substantially different in the two
codes predictions.

In the Pc-Cream code the dose from inhalation is always negligible; in the VADOSCA
code such dose gives not negligible contributions to the effective dose WB and, for the group
of reference farmers and population with kitchen garden, it reaches almost 10% of the total
dose. The doses from beaming is found to be comparable, both in absolute value and as for
the contribution to the maximum dose. The doses from ingestion, finally, give the major
contribute to the effective dose, with percent values that oscillate between the 50% and the
90%.

Reference group 'Local population 0-10 km' 
(children)
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 Figure 3 Whole body dose for reference group ‘Local population 0-10 km’

60Co

137Cs



Reference group 'Fischers on the mouth' 
(adult)
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 Figure 4  Whole body dose for reference group ‘Fishers on the mouth’

4. CONCLUSIONS
The investigations on the consumptions and on the agricultural productions have been

useful to define the sociological and economical situation of the Garigliano river valley. We
have defined the reference groups and their diet. A model of the site was prepared and
implemented in the codes for the evaluation of the dose and, finally, a comparison between
the data obtained with two codes was made. 

The data obtained allow to implement an accurate site modeling on each of the evaluation
codes.

 The study of the VADOSCA code has displayed its limits due to the “age”. The code
uses careful dispersion models and produces a suitable modeling of the Italian sites, but it
does not perform the budget of the radionuclides, it uses only deterministic models and,
finally, it is not internationally recognized.

The Pc-CREAM is a new generation code which was written to provide a common tool
for dose assessment by routine radionuclides releases. For these reasons the code presents
either advantages or limits. It can be used to implement a new situation in any existent site or
to create easily a new model site;  it is updated according to the ICRP60-72 and it is
recognized by the European Commission. Nevertheless it left out exposure due to the
irrigation and some environmental matrixes of exposure.

In the ongoing research program, the modeling of the site studied with the Frames code is
being implemented; it will allow to compare data for both the programmed and impulsive
releases. 

Finally, we are establishing a surveillance survey to obtain the actual state of the
environmental radioactivity (natural and artificial). This will allow to determine the real effect
of the activities of decommissioning.

60Co 137Cs
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