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STUDY OF THE IMPACT OF ATMOSPHERIC EMISSIONS (41AR) DURING OPERATION OF
A NUCLEAR REACTOR RESEARCH
ABSTRACT
The knowledge of the atmosphere dispersion of radionuclides, resulting from a nuclear reactor emissions
during normal operation, is an important step in the process of nuclear licensing and environmental. This
step requires a study to evaluate the radiological environmental impact. The results of this study are used
by radiation protection agents to control the exposure of public to radiation during the operation of
nuclear facilities. The elaboration of environmental impact assessment due to atmospheric emissions is
based on a study of atmospheric dispersion. The aim of this study is estimate the concentrations of
radionuclides in different compartments of the ecosystem and calculate the dose received by man as a
result of radiation exposure in different scenarios of interest. This paper deals with the case study of the
impact of atmospheric emissions of

41

Ar during operation of a nuclear research reactor. This study was

accomplished with the application of the dispersion model ARTM (Radionuclide Transport Atmospheric
Model), along with the geoprocessing resources. Among the results are: the spatial distribution of
population by age; topography of the region, local wind rose, atmospheric stability and the estimate of the
concentration of radionuclide 41Ar and of dose. The results indicate that the dose, by external irradiation
due to immersion in the cloud, was below the limits established by regulatory agencies.

1. INTRODUCTION
The reactors are classified into two categories, according to their use: power reactors, which use the heat
produced in the core to generate electricity; and research reactors, primarily designed to supply neutrons
or other ionizing radiation for experimental purposes (OLIVEIRA, 2012).
Brazil has four research reactors, two in São Paulo, one in Belo Horizonte and other in Rio de Janeiro.
The biggest (IEA-R1), located at IPEN-CNEN-SP, is used for the production of radioisotopes, which are
applied in industry, agriculture, nuclear medicine, among other purposes.
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A research reactor has various technological and social activities; Brazil is developing the project called
Brazilian Multipurpose Reactor (RMB). The RMB is a reactor with a power of 30 MW, the reference
project is the OPAL (Open Pool Australian Lightwater reactor), reactor built and designed in Australia by
the INVAP Argentine Company (PERROTA, 2011).
The evaluation of the concentration of radionuclides due to the release of radioactive effluents
atmospheric involves the use of mathematical models that describe the mechanisms of transport and
deposition of pollutants. Therefore, it is necessary to acquire, organize, pre-process and implement a
complex base of information: meteorological data, altimetry, mesh receptors, building dimensions, and
source emissions, among others. This load of information implies the need of an efficient and accurate
tool: geoprocessing (ALVES et al., 2012).
To determine the radiation dose related to a particular practice, it is necessary to know what is released
into the environment by the installation and how this radioactive material spreads and reaches the man.
The radionuclides released in the environment can following by different paths through transfer routes
until they reach the man. The transfer routes which contribute to the higher radiation dose to humans are
known as critical pathways of exposure (IAEA, 1982). In Figure 1-1 is presented an outline of the process
used for evaluating of exposure pathways.

Figure 1: Exposure pathways schematic (IAEA, 1982).
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Among the main data raised and analyzed in this work, stand out: parameters of source term, spatial
characterization of local topography, hourly data of the local meteorological conditions and data of socioenvironmental characteristics of region. The elaboration of the data file meteorological was based on the
year of 2010. The adoption of geoprocessing tools was relevant in planning and in processing of data and
of the results. The radionuclides analyzed were 41Ar; 51Cr; 131I; 133I; 85m Kr; 87Kr; 88Kr; 140La; 133Xe; 135Xe;
3

H; 90Sr. However, this paper presents only the results to the radionuclide 41Ar.

The element argon is part of the group of noble gases, which are characterized by the electron
configuration in the valence shell with 8 electrons except for helium which has two electrons. The 41Ar is
produced artificially in nuclear reactors and is classified as product activation. It decays to

41

K by β-

emission, accompanied by gamma rays and (99.16% with energy equal to 1.294 keV and 0.05% with
energy equal to 1.677 keV). Its half-life is 109.34 min. For purposes of dose estimation, the main route of
exposure is external irradiation (IAEA, 2008).
In the present study, we used the atmospheric dispersion model developed by the German Federal Office
for Radiation (BfS), the ARTM (Atmospheric Radionuclide Transport Model), which associated with the
geoprocessing resources, allowed the assessment of radiological environmental impact of a nuclear
reactor under typically Brazilian conditions. After processed the input data, they were implemented in
ARTM dispersion model. Maps, charts, and tables were produced and evaluated. One of the main results,
detached in this paper, is the estimation of concentrations of radionuclides via external exposure due to
immersion in a gamma cloud. The dose values were calculated from these concentrations. The results
were compared with the dose values to OPAL reactor, reference to the RMB, and to the threshold dose
constraint established by CNEN 3.01. The areas of higher concentrations were identified; some of these
areas were chosen like possible positions to installation of monitors of pollutant concentrations. This
monitoring is required in the Radiological Environmental Monitoring Plan (MAP), particularly with
regard to the monitoring of air quality.

2. METHODOLOGY
2.1

Studied area

The definition of limits of the studied area and the acquisition of local geographical and meteorological
information were the initial steps of this work. A circle with a radius of 15 km was drawn to delimit the
area of study that encompasses the county of Iperó and surrounding regions - Figure 2. This circle is
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centered at the position where will be built the reactor, to meeting the requirement of reference term
defined by IBAMA. A technical visit to the site was undertaken to investigate the quality of information
available, some of them were: the limits of the RMB, land cover, population distribution and the
geographical position of the reactor. The spatial data obtained during the technical visit were associated
with the satellite images provided by Google Earth application.
Geographical and social information (alphanumeric data), provided by the Brazilian Institute of
Geography and Statistics (IBGE), about municipal population, were collected, processed and analyzed for
inclusion in the application ArcGIS 10.0. Several tools of this software were used to produce new shapes
(layers of spatial information). All shapes used in this work were created using the Universal Transverse
Mercator coordinate system (UTM). The Datum used was WGS84.
The number of inhabitants and the area of a census tract were treated in spreadsheets to obtain the density
of census tracts and counties. These data were adjusted to establish classes for age groups (0-1, 2-7, 8-12,
13-17, ≥ 18) following the recommendation of CNEN (PR 3.01 / 011:2011).

Figure 2: The study area.

The reference term, elaborated by IBAMA, established that the population density distribution must be
presented in a particular form inside the distance of 15 km. Thus, were made 15 concentric circles for
each kilometer distance from the center. These circles were divided into 16 sectors (22.5 degrees). Their
bisectors were pointed to the 16 cardinal points. At the end, each one of the 240 parts of the circle was
INAC 2013, Recife, PE, Brazil.

called "annular sector". Each annular sector was related to the census data to obtain a breakdown by age
group - Figure 3 and Figure 4.
The local altimetry was modeled using the data provided by Project Top Date (INPE, 2012), that provides
a Digital Elevation Model (DEM). This DEM was worked with geoprocessing tools to get the final layout
presented in Figure 5.

2.2

Selection of the simulation model

The Atmospheric Radionuclide Transport Model (ARTM) enables the simulation of atmospheric
dispersion and deposition of radionuclides in complex terrain, this characteristic distinguishes it from
other models evaluated. The varied topography of the region where RMB will be installed is an important
factor that needed to be considered in this study.

2.3

Meteorology

ARTM was developed to work with up to 1 full year of meteorological data. This meteorological database
needs hourly information to every day of the year, without any fail. Then, for each hour, it is necessary air
temperature, speed and direction of wind, humidity, atmospheric stability, among others parameters. The
wind direction must be divided into 36 sectors of 10 degrees each. This work used meteorological data of
2010, it was most current and of the best quality among the available. The stability classes (SC) used in
this work were defined based on: I - very stable II - stable; III1 and III2 - neutral IV - unstable V - very
unstable VI - unknown.

2.4

Source term

The identification of the radioactive source term (flow, diameter, height of the chimney, radionuclides,
operating conditions, among others) was based on data from the Australian research reactor OPAL. But
OPAL operates at a power of 20 MW, while the RMB is intended to operate to 30 MW, requiring thus an
adjustment values (IAEA, 1997) as shown in Table 3-10. All values of annual release of the OPAL were
multiplied by a factor of 1.5 in order to compensate the power difference to RMB. The ARTM has a
library with all the radionuclides required for this work. The 41Ar was considered be released to
atmosphere like noble gas. This element is a beta-gamma emitter.
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Table 1:
Source term released by a reactor in normal operation (adapted from IAEA, 2001).

Nuclides
41
Ar

Annual release (Bq)
4,23 x 1012

Adjusted Values (RMB)
6,34 x 1012

Adjusted Values (RMB) in Bq/h
723,744,292.23

1,36 x 105

2,04 x 105

23.28

6

6

621

1,82 x 104

2,73 x 104

3.11

I

1,06 x 107

1,59 x 107

1,815.06

I

3,48 x 10

8

5,22 x 108

59,589.04

Kr

2,12 x 1010

3,18 x 1010

3,630,136.98

2,12 x 10

10

3,18 x 10

10

3,630,136.98

5,65 x 10

10

8,47 x 10

10

96,68,949.77

2,12 x 10

15

3,10 x 10

15

35.38

4,94 x 10

11

7,41 x 10

11

84,589,041.09

Xe

5,65 x 10

10

8,46 x 10

10

96,689,499.77

H

3,7 x 1010

5,70 x 1010

6

6

140
51

Ba

Cr

137

Cs

131
133
85m
87
88

Kr
Kr

140
133
135
3

90

La

Xe

Sr

3,63 x 10

1,54 x 10

5,44 x 10

2,31 x 10

6,506,849.31
263.69

2.4.1. Data from the emission source
The data used were:

2.5



Height of the emission source: 42 m;



Chimney diameter: 1,5 m;



Outflow: 10.000 m³/h;



Geographical coordinates of chimney: X = 234772m e Y = 7409730m;



Continuous release (24 hours), 365 days a year.

Buildings

The influence of buildings on atmospheric dispersion process of the radioactive plume must be verified. It
was done in this work. The information of the plant of RMB buildings were obtained from a CAD file
(DWG) and exported to ArcGIS 10.0. The georeferencing of this layer was done and the necessary
results, in UTM system, were imported by ARTM. The heights (z coordinate) of the buildings were set in
ARTM to complete the characterization of buildings. ARTM uses that information to verify if a specific
building produces some influence on downwash process of the plume.

2.6

The grid of receptors

In numerical methods it is necessary define the positions where the results will be obtained, this implies
in the use of a grid. In this study was used a two-dimensional grid with a number of 150 cells per
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dimension, each cell with a size of 200 by 200 meters. Therefore, the grid was established as a regular
square with side of 30 km, 22,500 cells, centered on the position of the chimney of the reactor (Figure 3).

Figure 3: Overview of the regular grid of 22,500 points.

2.7

Models to estimate the dose due to the release of effluents

The dose in members of public, residing in surroundings of the RMB, was performed using generic
models described in the Safety Reports Series No. 19 (IAEA, 2001). In addition, we used the dose
coefficients specified in Regulatory Position CNEN 3.01/011. The dose calculations were implemented
using a spreadsheet. Radionuclides concentrations in the air were obtained by computer simulation using
ARTM. To estimate the dose to the critical group, were used the largest concentrations of radionuclides in
the air.
To demonstrating compliance with effective dose limits, were added the effective dose due to external
exposure with the committed effective dose resulting from inhalation or ingestion of radioactive
substances (CNEN - 3.01, 2011).

3. RESULTS AND DISCUSSION
3.1

Topography

The points with higher elevations inside the studied area are located in the municipality of Iperó (SSW South-southwest), Capela do Alto (ENE - East-northeast) and Araçoiaba (N - North). This region, known
as "Fazenda Ipanema" is located at SSW of Reactor (RMB). The map in Figure 4 includes a classification
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of altimetry in the region of RMB, is also indicated the limits of studied area: a circle with a radius of 15
km. The city limits are marked too.

Figure 4: Topographic map (adapted from INPE, 2012).

3.2

Population density

The counties in the studied area that have a higher population density, Boituva and Sorocaba, are shown
in Figure 5. These municipalities are situated respectively at the NNW (North-northwest) and SE
(Southeast) of the position of the RMB. The county with the lowest density within the studied area is the
Porto Feliz.

Figure 5: Density of the selected cities (adapted from IBGE, 2010).
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Some spatial distributions of population, elaborated considering five age classes, are presented in Figure
6. The age groups of [0-1] and [2-7] years (individuals sensitive to radiation) were mainly present in
sectors SSE (South-Southeast), ESE (East-Southeast) and SE (Southeast). The last age class, composed
by individuals of age of 18 or greater, was more concentrated in sectors NNW (North-Northwest) and
SSE (South-Southeast).
Iperó, county where the RMB is located, has higher population density only in NW (Northwest) and
NNW (North-Northwest) parts of its area, where there is some urban places. Rural areas with farms are
predominantly in Iperó.

Figure 6: Density by sector annular (adapted from IBGE, 2010).

3.3

Meteorological information

3.3.1

Wind

The behavior of the wind during each period was synthesized using frequency distributions of occurrence.
Seven classes were used to describe the wind speed and 36 sectors to direction wind. In both years
analyzed (2010 and 2009), the predominant class to wind speed was the calm winds (~ 30%), followed by
class of [2.4-3.8 m/s] (~ 20%). The maximum wind registered was 18 m/s. During the two years, the wind
were predominantly blowing from the Southeast (SE), as verified in wind rose presented Figure 7. The
wind speed frequency distribution is shown in Graph 1.
INAC 2013, Recife, PE, Brazil.

Figure 7: Winds rose for speed - 2010.

Graph 1: Frequency distribution of speed classes - 2010.

3.3.2

Atmospheric Stability

Graph 2: Frequency distribution of the classes of stability - 2010.
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The stability class frequency distribution is represented in Graph 2. The predominance of classes III-1 and
III-2 (neutral conditions) and Class I (very stable) may be observed. This result indicates that the RMB
region presents conditions unfavorable to atmospheric dispersion of pollutants. But this behavior needs
additional studies using more than two years of data.

3.4

Argon-41: estimated concentrations

The model ARTM was used to estimate the annual average concentration (Bq/m3) of all radionuclides
important in RMB license process. The

41

Ar was the radionuclide which presented the higher values of

concentrations. This radionuclide was the main contributor to the annual effective dose received by
individuals in the studied area, so it was chosen to represent the results obtained in this work.
The results obtained in this study to

41

Ar concentrations demonstrate that the dispersion process was

commanded by the behavior of wind (Figure 8 and 9). In Figure 9, the areas with higher concentrations
(darker cells) were zoomed. They are positioned at Northwest (NW) of RMB. The highest concentration,
in the darkest cell, is situated about 2 kilometers from RMB.

Figure 8: Annual average concentration – 41Ar - 2010.
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Figure 9: Areas with higher concentrations for 41Ar.

3.5

Effective dose of 41Ar due to external irradiation – Cloud gamma

The percentage contribution of 41Ar resulting from immersion in the cloud gamma is presented in Graph
3. According to results (Figure 5) the

41

Ar accounts for over 80% being the main route of exposure to

external irradiation due to immersion in the cloud gamma.

Graph 3: Percentage contribution of 41Ar to the effective dose due to
immersion in the cloud gamma - 2010.
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Graph 4: Percentage contribution of 41Ar to the total dose due to external exposure resulting from
immersion in the cloud gamma – 2010.

3.6

Effective dose compromised due to external irradiation – Cloud gamma

(41Ar)
In Figure 10 there is a schema to represent the spatial distribution of estimated of annual effective dose
due to immersion in a cloud gamma (41Ar). In this schema may be observed areas, close to the
installation, where individuals who live there are more exposed. Considering the results to immersion in
cloud gamma for 41Ar, the inhabitants residing in Iperó urban areas will receive doses lower than 0.00818
mSv/year. The doses received by the inhabitants of Sorocaba and the other municipalities are not
significant compared with the dose received by Iperó inhabitants. One of the factors is the preferential
direction of the wind, those municipalities are upwind (Figure 7).

Figure 10: Spatial distribution of the results of effective dose due to immersion in the cloud gamma of 41Ar - Year 2010
(Dose <2 years).

INAC 2013, Recife, PE, Brazil.

4. CONCLUSIONS
This study aimed to the case study of the impact of atmospheric emissions of

41

Ar in the operation of a

nuclear research reactor in normal operation in Brazil. Therefore, we conducted a case study defined
depending on the location and various other characterizations based on the project, still in preparation, the
RMB (Brazilian Multipurpose Reactor). The results of the contribution of

41

Ar for the annual effective

dose received by those individuals residing near the project and focus on immersion nuvel range is quite
significant, or rather is the radionuclide that contributes most to the effective dose for individuois residing
nearby the project.
The amount of radionuclide studied - 41Ar showed higher (3.44 E-02 mSv / year) obtained in the reactor
OPAL (8.40 E-4 mSv / year), which can be explained by differences in the characteristics of the region of
weather RMB (the spot has an average of 20 to 30% during lulls in which a condition is not favorable for
the dispersion of air pollutants), and topography, of course, the difference in the source term. These
higher values are concentrated near the RMB in a region with low population density (Figure 10).
It is important to highlight the importance of geoprocessing techniques, fundamental in the
characterization of the environment surrounding the selected installation, especially as regards the
inclusion of these techniques on the spatial distribution of the dose.
The geoprocessing facilitates inferences from crossing and analysis of spatial data and descriptive, this
implies an enhancement of reports and maps to be generated during the process of a study of the impact
of atmospheric emissions a nuclear reactor research, as respect to licensing procedures, with the certainty
of decisions established. As an example, he cites the identification of areas subject to higher
concentrations, the positions that occur simultaneously higher concentrations of pollutants and
population, which allows us to infer likely areas to be considered in the Radiological Environmental
Monitoring Plan (MAP), particularly in refers to the monitoring of air quality.
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