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1 Introduction

Severe accidents in nuclear power plants have a potential to create widespread contamination
of the environment. The disasters of Chernobyl in 1986 and Fukushima in 2011 bear evidence
of that. Authorities in regions where nuclear power plants are operated need to be prepared for
the potential consequences of severe accidents. Public discussion should as well have access to
scientifically based information on contamination and possible doses which might be expected
in such cases.

Out of these and other considerations, a major project has been carried out in Austria between
2009 and 2012 under the title “exRISK — Flexible tools for assessment of nuclear risk in Europe”
(Seibert et al., [2013; flexRISK team, no date; Arnold et al., 2013} Seibert et al., 2012)). In this
project, all operating nuclear power plants in Europe and those which were under construction or
at least in an advanced planning stage were considered. A severe accident with a large release of
radioactivity into the environment was selected among publicly available accident scenarios for
each plant. Then, dispersion and dose calculations were performed for a large number (2820)
real weather situations. Sample contamination and dose patterns for each reactor unit were
published on the web and statistical evaluations were carried out for the major endpoints of
the calculations. All this was done on a European scale, as in the case of large accidents, which
may release 100% of the noble gases and typical fractions of iodine and caesium exceeding 10%
of the respective inventory, relevant contamination is likely to occur at distances of hundreds of
kilometres and even beyond.

Poland is one of the European countries which presently do not use nuclear power. However,
in recent years, preparations have been advanced towards establishing a nuclear power pro-
gramme. Possible sites have been selected and a short list of envisaged suppliers of reactors
with specific designs is available. In this study, commissioned by Greenpeace Germany, poten-
tial consequences of hypothetical accidents at one of the sites proposed, Lubiatowo at the Baltic
Sea, have been investigated using the methodology of the flexRISK project. Pertinent technical
information about the plant, especially source terms to be investigated, were researched by the
Institute of Safety and Risk, University of Natural Resources and Life Sciences in Vienna on
behalf of Greenpeace Germany and made available for the present study (Sholly et al., 2014).

The most important differences of the present work compared to the flexRISK project are:
1. For each reactor design, two accidents were considered instead of a single one, one with

a very large release and correspondingly low expected frequency, and one with intact
containment and thus much smaller release to the environment.

2. Instead of 2820 weather situations, only 86 situations have been simulated. For this reason,
statistical evaluations were not carried out.

3. The evaluation domains are smaller but the spatial resolution of the output grid was
increased, so that better estimates at distances of ca. 15 to 150 km are obtained.

4. Having learned that the wet deposition algorithm used in the past produced too strong
washout, it has been modified to be more realistic.

Figure [1| shows the coarse output domain with the Lubiatowo site.
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Figure 1: Map of the coarse output domain with the Lubiatowo site marked.

As the methodology is basically the same as in the flexRISK project, it is presented in an
abridged fashion in this report. For more details, readers are referred to the flexRISK web site
(flexRISK team| no date) and especially the flexRISK Final Report (Seibert et al., [2013).
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2 Source term data

The accident sequences and the associated source terms were prepared by [Sholly et al. (2014).
They selected three possible designs. For practical reasons, each of these designs is treated here
as one reactor unit, referred to as Lubiatowo-1 (corresponding to the AP1000), Lubiatowo-2
(EPR), and Lubiatowo-3 (ABWR). Furthermore, for each of the designs, two accident sequences
were selected. The first one, here referred to as accident “A”, assumes a core-melt accident with
the containment remaining intact, leaking at its design rate. The second one, here referred to
as accident “B”, assumes failure or bypass of the containment and thus very large releases. A
brief characterisation of the reactor designs and accidents considered can be found in Table

The source term characteristics are listed in Table [2l The releases of the key nuclide for the
thyroid dose, '*!I, range between 7 and 91 TBq'|in the “A” accidents and 0.9 to 1.9 EBq in
the “B” cases, thus varying by factor of 100,000. For 37Cs, the key nuclide for effective doses,
releases in the “A” cases are in the 1 to 12 T'Bq range, and in the “B” cases between ca. 100 and
300 PBq, which is a similar variation between the two accident types as in the case of iodine.
The release fractions of the “A” accidents of these two key nuclides are on the order of 1-10~°
to 1-107°, whereas for the “B” accidents they vary between 18 % and 58%. This indicates very
clearly the different character of these accidents — only the “B” accidents fall into a class similar
to Chernobyl (see, e.g., Davoine and Bocquet| (2007)) and Fukushima (see, e.g., |Stohl et al.
(2012))). Actually, the “B” caesium releases are on the order of one magnitude larger than the
current estimates for atmopsheric releases from Fukushima, and the largest ones even exceed
the estimate for Chernobyl.

The release shapes are presented in Table All releases are considered to consist of only a
single phase (note that phases with releases that are negligible compared to the main phase
do not need to be taken into account). A release shape for such a simple release is defined as
the time of begin and end of the release and its effective height interval. The duration of the
releases is on the order of a few hours. The source term descriptions that were extracted by
Sholly et al.| (2014) from open sources contain a release height. However, these release heights
do not consider building effects or plume rise of hot efluents. As FLEXPART does not model
such effects explicitly, it was necessary to replace them by estimated effective release heights.
Details are discussed below in Section [3.5.1]

'1 TBq (Terabecquerel) is 1-10'% Bq, 1 PBq (Petabecquerel) is 1-10'® Bq, and 1 EBq (Exabecquerel) is
1-10'® Bq.
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Table 1: List of accidents considered with an abridged description and associated estimated
frequency of occurrence. The number in the column “Source” refers to the reference number
wn |Sholly et al.| (2014]). Personal communication from the ISR team, and extracted from

Sholly et al.| (2014)).

Release Reactor type Accident Frequency Source
type ()
1A Westinghouse Severe accident with an intact containment 2.21E-07 [25]
AP1000 (IC) and release at design containment
leakage rate.
1B Westinghouse Severe accident with a containment bypass 1.05E-08 [25]
AP1000 scenario (BP) resulting from steam generator
tube failure (either as the initiating event, or
resulting from failure of one or more tubes
due to high temperature during accident
progression).
2A Areva European Severe accident with an intact containment, 1.44E-07 [30]
Pressurized and release at design containment leakage
Reactor rate. It considers deposition in the annulus
and fuel/safeguards buildings without
building ventilation.
2B Areva European Severe accident with small interfacing system  3.70E-09 [30]
Pressurized LOCA, without fission product scrubbing
Reactor and fission product deposition in
fuel/safeguards building.
3A Hitachi-GE Severe accident, with the containment 2.10E-07 [34]
Advanced Boiling staying intact. The release to the
Water Reactor environment happens at design containment
leakage rate.
3B Hitachi-GE “Case 13" The accident is assumed to occur 1.20E-09 [34]

Advanced Boiling
Water Reactor

during shutdown, with an open RPV, when
cooling of the core is lost. In this scenario
fission products have a direct path to the
environment via the open RPV and
containment.

Table 2: Releases of key radionuclides for the assumed accident sequences (absolute and
release fractions). The colum “U-A” refers to the pseudo-unit and the accident. More
information on the accident types is found in Table . Source: |Sholly et al. (2014).

U-A Xe-133 [-131 Cs-137 Te-132 Sr-90 Ru-106
PBq fraction PBq fraction PBq fraction PBq fraction PBq fraction PBq fraction
1A 19 2.6e-3 | 4.3e-2 1.2e-5 | 4.8e-3 1.2e5 | 41e-3 8.1le7 | 3.3e3 1lleb | 23e2 1.3eb
1B 7030 1.000 1593  0.447 114 0.272 83 0.016 | 1.1e+0  3.6e-3 79  0.045
2A 30 2.8e-3 | 6.9e-3 1.3e-6 | 1.0e-3 1l.le6 | 1.2e-2 1.6e-6 2.1e-4  3.4e-7 | 1.1e-2 2.1e-6
2B 8747  0.818 915  0.178 163 0.178 989  0.135 15 0.024 401  0.076
3A 357 0.044 | 9.1e-2 2.3e-5 | 1.2e-2 2.3e-5b | 3.0e-2 5.3e-6 0 0 0 0
3B 8114  1.000 1945  0.490 298  0.580 170 0.030 2.9e-1 7.5e-4 | 4.0e-3 1.9e-6
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3 Dispersion calculations

3.1 Dispersion model

The dispersion calculations were carried out with the Lagrangian particle model FLEXPART
(Stohl et al., 1998, 2005; Forster et al., [2007} |Stohl et al., 2010) which is used worldwide and
freely available (FLEXPART Developer Team) no date). This model was used in the RISKMAP
project (Andreev et al., 1998 1999; Hofer et al., 2000), in lexRISK (Seibert et al., 2013)), (Wenzel
et al., 2012)), but also, for example, for an assessment of the Fukushima sourceterm (Stohl et al.,
2012). The model is designed for mesoscale and long-range dispersion. Therefore, results on the
local scale (closer than about 15 km from the source) should not be considered.

The model version used is a slightly improved form of the version used for flexRISK and thus
based on an unofficial version of FLEXPART 8.1 which is close to FLEXPART 8.2 for which
documentation is available (Stohl et al., 2010). The modifications made for flexRISK are

— termination of a run if the total airborne mass of all species falls below 0.5% of their initial
values;

— writing out only the sum of dry and wet deposition, not both components separately;

— writing out incremental deposition instead of accumulated deposition.

Already in flexRISK, attention was given to the wet deposition scheme. This was switched
with FLEXPART 8 from a simple scheme which scavenged the whole atmospheric column with
a fraction depending on the precipitation rate to a scheme with separate consideration of in-
cloud and below-cloud scavenging. While initial problems with this more sophisticated scheme
could not be solved in flexRISK, more insight was gained recently (Seibert and Philipp, 2013)
and we thus could implement a modified version of this scheme. The same modification has
become operational in the FLEXPART-WRF version 3.1 (Brioude et al.,|2013)) and shall become
operational in the upcoming official version FLEXPART 9.2. It was also used and described in
detail in a recent analysis of Fukushima consequences (Arnold et al., [2014).

3.2 Model setup

FLEXPART can produce output on a nested domain structure. Like in flexRISK, this feature
was used. However, both domains were reduced in size while the grid cell size was reduced.
For the coarse domain, an output grid resolution of approx. 12 km was used instead of 1° (ca.
100 km) in flexRISK. The fine domain has a grid resolution of ca. 3 km instead of ca. 10 km.
This allows for a much better resolution of sharp gradients and narrow plumes and considerably
improves the usability of the output in the near range, shifting the limit where the fine-grid
output resolution is adequate from originally 50 to 100 km to about 15 km. Table|3|and Figure
give an overview of the input and output domains.
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Table 3: Specification of FLEXPART domains (domain borders, grid cell sizes, grid cell
numbers). “outgrid” stands for output grid, = values refer to geographical longitude, y
values to latitude. The border coordinates refer to the outermost grid points in the case
of the meteorological fields, whereas for the output domains, they indicate the edges of the
outermost grid cell. S

Domain Tmin Tmaz Ymin Ymaz Az Ay Ng Ny NgNy

meteo fields —25.50 60.00 24.75 75.00 0.75 0.75 114 67 7,638
coarse outgrid 5.00 30.00 45.00 62.50 0.20 0.10 1256 175 21,875
fine outgrid 10.00 26.00 48.00 58.00 0.040 0.025 400 400 160,000

3.3 Meteorological input

Meteorological input data used are ERA-Interim, the re-analysis from ECMWF (Dee et al.,
2011) which was extracted on a geographical grid with 0.75° horizontal resolution (at 50°N,
this corresponds to 83 km x 54 km), and at 3 h temporal resolution (4DVAR analyses and 3-h
forecasts) at all model levels. These are the same data as used in flexRISK. The domain is shown
in Figure [2| and numerically defined in Table [3| There are two reasons why the meteorological
input data being used cover a much larger domain than the output. Firstly, the data were
already available in this form from flexRISK, but more importantly, radioactivity is not lost

Coarse—-grid output domai : 5 05
= Fine—grid output domain 10° 157 20
Domain for dispersion calculations
o Nuclear facility site considered in flexRISK

Figure 2: Domains used in the FLEXPART calculations.
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Table 4: Values of key internal FLEXPART parameters.

Parameter Value

Output frequency 3,600 s (1 h)

Output integration time 3,600 s (1 h)

Output sampling interval 300 s (5 min)

Particle splitting no

Synchronisation time step 300 s (5 min)

Time step Lagrangian time scale / 3.0
Vertical time step time step / 4

Subgrid terrain effect parameterisation on

Convection on

Units mass units for source and receptor
Number of output layers 1

Output layer height 150 m

Minimum mixing height 100 m

Number of particles per run 1,500,000

easily from the model, for example when it is transported along curved trajectories which first
leave and then re-enter the output domain.

The resolution of the meteorological data is much coarser than that of the output grid. For a
Lagrangian model, this is not a problem in principle. Bilinear interpolation from grid nodes to
particle positions is applied. The high output resolution allows to reproduce sharp gradients at
the plume borders and reduces artificial spreading and dilution. However, one has to be aware
that meteorological phenomena at scales on the order of 150 km and finer won’t be resolved.
For the coastal Lubiatowo site, this means specifically that land-see breeze circulations are not
contained in the model, and also influences of the sea/land contrast on turbulence are only
roughly represented. Therefore, the present simulations cannot replace a meso-gamma-scale
dispersion calculation which would be desired especially for the regions within ca. 15 to 50 km
from the site. This holds even more for the local scale (<15 km).

3.4 Internal parameters of FLEXPART

The setting of the internal parameters of FLEXPART is listed in Table [4. Note that output is
now produced with 1-hourly resolution (as compared to 3 h in flexRISK) to give more exact dose
values at shorter distances. In response to the fine resolution of the output, both spatially and
temporally, the number of computational particles per run has been set to 1.5 mio (compared
to 250,000 in flexRISK). Convection has been enabled. The other settings are as in flexRISK.

3.5 Releases

In our approach, the dispersion model does not directly calculate all relevant radionuclides.
Instead, it calculates the dispersion and deposition of two tracer species, one for noble gases
which undergoes neither dry nor wet deposition or other changes, and an aerosol species which
is deposited to the ground by dry deposition and through wet scavenging (washout by rain and
snowfall). The source strength is set to unity for both species and results are scaled according to
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nuclide-specific source terms in the postprocessing (see Section . What needs to be known for
the dispersion calculation is the duration and effective height of the release. Both are listed in
Table[5] Note that the simulation starts with the beginning of the release — the time between stop
of chain reaction and beginning of the release is only used for decay correction in postprocessing.
All releases considered contain only a single (major) release phase.

3.5.1 Effective release heights

Sholly et al|(2014) include release heights in their accident descriptions which come from the
original sources. These are to be considered heights above ground of physical release locations
in the reactor building.

In standard accident consequence codes aimed at the near range, plume rise due to the heat
content of releases and initial plume widening through building-induced turbulence is usually
considered. However, FLEXPART does not have corresponding modules and thus effective
release heights need to be specified in the input. We did this in discussion with one of the
authors of Sholly et al.| (2014), in the form of an educated guess. FLEXPART allows to specify
vertical ranges for the release. For most accident sequences, we have just widened the given
release height moderately. Table [5|includes the original release heights and the effective release
heights used as input to FLEXPART. For the 1B and 3B sequences the efluents will be hot and
thus the effective release height was set to the interval from the physical release height up to
100 m. It should be noted that the release height is important mainly for the near range — after
some time of dispersion, the activity will be well mixed over the whole atmospheric boundary
layer.

Table 5: Release shapes for the different types of accidents. For the accident type, refer
to Table[1 The release shape is defined by the time of the release, from t1 to ta, measured
from the stop of the chain reaction, and the effective release height interval from hy to
ho. The release height given in the accident analyses is provided as column “h”. Source:
Sholly et al. (2014)

Accident type t1 (s) ta(s) hy(m) hy(m) h(m)
1A API1000 SA, normal containment leakage rate 900 8100 30 40 35
1B AP1000, steam-generator tube failure 12600 24600 15 100 15
2A  EPR SA, normal containment leakage rate 16200 68400 30 40 34.75
2B EPR, small interfacing system LOCA 28080 39240 10 100 10
3A ABWR SA, normal containment leakage rate 900 8100 35 45 37.7
3B ABWR, Case 13 12600 24600 0 40 5

3.6 Deposition

Table [6 lists the parameters related to the deposition, both wet and dry.

As already mentioned in Section the wet deposition scheme in FLEXPART underwent some
changes in the past years. The present calculations use the new scheme which discerns between
in-cloud and below-cloud scavenging, with several fixes. Compared to the simple scheme used
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Table 6: Parameters governing the deposition of the aerosol species.

Parameter Value

Half-life infinite (no on-line decay)
Wet deposition parameter A (below cloud) 2.0-10°°

Wet deposition parameter B (below cloud) 0.62

Wet deposition parameter A (no cloud diagnosed) 2.0-1075

Wet deposition parameter B (no cloud diagnosed) 0.8

Wet deposition parameter C (in cloud) 0.125

Wet deposition parameter D (in cloud) 0.64

Density 2.0-1073 kgm™3
Mean diameter 4.0-1077 pm
Log variation of diametre 0.3

in older FLEXPART versions and in flexRISK, we have more wet deposition parameters. The
“below-cloud” and the “no cloud diagnosed” schemes calculate the washout rate as

wW=AI®? (3.1)

1

where A is the washout rate in s~ and I is the precipitation rate in mmh=1!.

The “in-cloud” scheme calculates in principle
wW=CIPH™! (3.2)

where H is the cloud thickness in m. The parameters A, B,C, D are given in Table [ Fur-
thermore, the in-cloud washout rate is limited to the value resulting from Eq. — if a very
shallow cloud is diagnosed, the value from Eq. might become too high. The details of the
new scheme (without the fixes!) are explained introduced in |Stohl et al.|(2010)) and more details
on the fix are found in |Arnold et al.|(2014).

3.7 Dates

The period covered is the whole year of 1995. In RISKMAP (Andreev et al., |1998, [1999; Hofer
et al., 2000), it was shown that in this year flow directions around the Alps are close to their
climatological frequencies, so this year can be considered as an approximation to the climatology
for Central Europe.

There are 86 dates in the year 1995 for which runs were performed, distributed evenly over the
seasons and the time of the day. The duration of each run is 14 days. A new run is started
every 4 d 1 h 32 min. (The last two of the 88 starting dates of the previous RISKMAP data set
don’t finish within the year 1995 and the 15 d run length, so they are skipped).

With the three reactor designs and two accident scenarios per design, a total of 516 runs resulted.
They take about 2 h of CPU time each (without convection, the run time would be around 1 h).
The model output (compressed) occupies about 50 GB, and postprocessed data (contamination,
doses, graphics files) occupy another 50 GB.
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4 Postprocessing

4.1 Endpoints

In a postprocessing step, the raw FLEXPART output is transformed into the products for the
endpoints of the calculation. These are:

1. Ground contamination with !37Cs at the end of the simulation (Bqm™2), as data file and
as image

2. Air contamination with !3'1, integrated over the duration of the simulation (Bqsm™%), as
data file and as image

3. Sequences of 1-h mean concentrations of 31, as movie

4. Thyroid dose from inhalation of iodine and tellurium isotopes during 7 d of exposure
(mSv) — relevant for administration of stable iodine, as data file and as image

5. Effective dose for 7 d of exposure, all nuclides, inhalation, groundshine and cloudshine
pathways (mSv) — relevant for sheltering, as data file and as image

6. Effective dose for 30 d of exposure, all nuclides, only from groundshine (mSv) — relevant
for temporary relocation of population, as data file and as image

7. Effective dose for 1 a of exposure and lifetime (i.e., 50 a), inhalation, groundshine, and
cloudshine pathways (mSv) — relevant for comparison with general radiation protection
guidelines, as data file and as image.

The doses were calculated for children (below one year of age; lifetime dose not calculated) and
adults. Note that the ingestion pathway is not considered even though it can be an important
contribution. The reason is that a realistic calculation is not possible with the diverse origins
of foodstuffs that are consumed nowadays, and the complicated time dependence (interaction
with the vegetation cycle, contamination in agricultural products changing with time, etc.).

All images are made available to the commissioning entity through the project web site, both in
screen-quality (gif format) for online viewing, and as high-quality PDFs. Movies of the 1-hourly
concentration clouds are in mp4 format.

4.2 From tracer to activity

Activities are obtained by multiplying the tracer concentrations with the inventory of the re-
spective nuclides and then decay-corrected. The inventories are listed in [Sholly et al.| (2014)
and were transmitted, together with all other relevant input data, as a set of spreadsheets.

The iodine data and images are decay-corrected under the assumption that the tracer concen-
tration (which is unaffected by decay) remains constant throughout the 1-h averaging interval
for the output. This is the reason why the 1-h interval gives better accuracy than a 3-h interval.
For details of the calculation, see [Seibert et al.| (2013)).
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Figure 3: Shielding factors for groundshine (fine domain). Raw doses are multiplied with
this factor to obtain the dose for the time spent indoors.

4.3 Dose calculation

The dose calcuation exactly follows the procedures laid out in Seibert et al.| (2013, Section
4.3) and are only summarised here. Contributions from 15 nuclides are considered (caesium
[134,136,137], iodine [131,132,133,135|, rubidium-88, ruthenium [103,106], strontium [88,89] and
tellurium-132 as well as the two noble gas nuclides krypton-88 and xenon-135). Decay chains

originating from 13'™Te and !33I are considered.

The inhalation and cloud-shine dose factors are multiplied with time-integrated concentrations
of the respective nuclides in air, the groundshine dose factors are multiplied with time-integrated
surface contamination values. A dose reduction factor representing shielding through surface
roughness and migration into the ground is considered for the groundshine dose integrated over
1 year (factor of 0.8) and lifetime doses (factor of 0.5). Note that lifetime doses are integrated
over 50 years for adults. A shielding factor is used for long-term doses (1 a and lifetime) which
considers the protection through buildings while staying indoor. The protection quality of
buildings is modelled as a function of population density (better shielding in urban buildings),
as can be seen in Figure[3|which shows the groundshine shielding factor. As a consequence, maps
of these long-term doses exhibit some spatial scatter over land, corresponding to the population
density.

Two types of doses are calculated, the thyroid organ dose and effective dose. The thyroid dose is
needed to assess the applicability of the countermeasure of taking stable iodine tablets which, if
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taken in time, block the accumulation of radioactive iodine in the thyroid. In Austria, a thyroid
dose obtained from 7 d of exposure to contaminated air is considered. Other countries may
apply different times, such as 2 d or 5 d. However, as a consequence from the complex and
long-lasting Fukushima accident, too short times are considered problematic. Effective doses
are calculated according to ICRP 60 (ICRP, |1991).

The dose calculation takes about 5 to 10 min of CPU time per case. In addition, with the large
number of output grid cells (ca. 180,000), more than 25 GB of memory (RAM) is needed for
each calcuation thread.
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5 Results

5.1 Interpretation of logarithmic scales

Contamination and dose values vary by orders of magnitude between locations close to the
source and far away. Therefore, logarithmic dose and contamination scales are used in images.
Only every 5th interval is annotated on the colour bars in the figure legends, for lack of space.
Table [7| shows the values for intermediate intervals which are not annoted in the legends.

Table 7: Numerical values which correspond to intermediate intervals wn logarithmic
scales. Lines corresponding to four intermediate values used in the colour scales in bold.
From |Seibert et al.| (2013).

Interval Sample values
0 1.00 10.0 100. (annotated)

1 1.26 12.6 126.
2 1.58 15.8 158.
3 2.00 20.0 200.
4 2.51 25.1 251.
5 3.16 31.6 316.
6
7
8
9

3.98 39.8 398.
5.01 50.1 501.
6.31 63.1 631.
7.94 79.4 794.

10 10.00 100.0 1000. (annotated)

5.2 Contamination and dose values for comparison

In order to make the absolute values of contamination and doses better understandable, some
reference values are useful.

For the 37Cs deposition, values used after the Chernobyl disaster by the Soviet authorities
can be useful (Table . Furthermore, the present level of fallout from the atmospheric nuclear
bomb tests, in Austria (and similar elsewhere in Central Europe), was on the order of 2 kBq Cs-
137 m 2 in the mid-1990ies (Bossew et al.,, [1996)). In Austria, the mean contamination from
Chernobyl was about 20 kBq Cs-137 m—2 with maxima exceeding 100 kBq Cs-137 m—2. These
values led to extensive agricultural countermeasures (Bundeskanzleramt, Sektion VII, 1988)).

The maximum concentration of 3 (aerosol-bound only, not including gaseous I,) in Vienna
at the time of the Chernobyl accident was 1.5 nCim—3, corresponding to about 60 Bqm—3
(Bundeskanzleramt, Sektion VII,|1988]). This source does not provide the time integral, however,

from a figure it can be estimated roughly to be on the order of 2-10® Bqsm™3.

As a yardstick for doses, intervention levels for countermeasures are important. Table [9] lists
some pertinent levels. Additionally, annual doses may be compared on one hand with the
general dose limit for members of the public of 1 mSv per year (from artificial radioactive
sources, not related specifically to accidents) according to Council Directive 96/29/Euratom, or
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with Austrian intervention levels before 2007, which applied thresholds for the first-year dose
(including ingestion, which is not considered here) of 2.5, 25 and 250 mSv.

Table 8: Deposition levels in areas contaminated by the Chernobyl accident (Shevchik and
Gurachevsky, |2006). From |Seibert et al| (2013).

Zone Effective dose Cs-137 Sr-90 Pu-238, Pu-239, Pu-240
(mSv/a) (kBgm~2) (kBqm 2?) (kBgm2)

Zone of regular radiation control <1 37-185 5.55-18.5 0.37-0.74

Zone with the right to resettlement 1-5 185-555 18.5-74 0.74-1.85

Zone of subsequent resettlement >5 555-1,480 74-111 1.85-3.7

Zone of primary resettlement >5 >1,480 >111 >3.7

Zone of evacuation (exclusion zone) Territory around Chernobyl NPP, from which

population was evacuated in 1986

Table 9: Intervention levels for selected intervention measures, different sources. Austria
— | Lebensmimisterium| (2007), Germany —|SSK (2008), IAEA — IAEA (2011). Levels for
sheltering refer to effective dose in 7 d, for temporary relocation to effective dose in 30 d,
and for iodine prophylazis to thyroid dose in 7 d (all with specific pathway assumptions).
Adapted from Seibert et al.| (2013).

Measure Age group Austria Germany IAEA

Sheltering Children, pregnant women 1 mSv 10 mSv 100 mSv™*
Adults 10 mSv 10 mSv 100 mSv

Temporary Children 30 mSv

relocation Adults 30 mSv

Iodine Children 10 mSv 50 mSv 50 mSv

prophylaxis Adults up to 40 years 100 mSv 250 mSv 50 mSv*
Adults over 40 years 500 mSv **

+ Fetuses

* Before: 100 mSv avertable dose
** Adults over 45 years should not take the iodine tablets at all

5.3 Accidents with intact containment

The accident sequences with intact containment and no bypass (“A” accidents) produce typical
maximum ground contamination ValuesE] on the order of 1 kBq Cs-137 m~2and maximum time-
integrated '3'I concentrations on the order of 1-10% kBq Cs-137 m~2. This is comparable with
Austria after Chernobyl in areas without precipitation during the passage of the radioactive
cloud. Correspondingly, doses remain below the intervention levels, for example the 7-d thyroid
doses for children rarely exceed 1 mSv and stay clearly below the 10 mSv limit. Note that this
does not mean that countermeasures would not be needed close to the reactor within the emer-
gency planning zone. 1-year effective doses would remain below 1 mSv — however, including the
ingestion path which is not considered in our calcuations and in the absence of countermeasures,
the 1 mSv general public dose limit can probably be exceeded for people who consume locally
produced foods. This situation would thus not constitute a severe nuclear emergency outside

! Maximum values discussed always refer to the region covered by our methodology, thus excluding the typical
emergency planning zone (EPZ) of ca. 10-20 km radius.
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the EPZ, although it can be assumed that intensified sampling of environmental media, fodder
and foodstuffs would be considered appropriate in a larger environment. Especially if the ac-
cident progression is unclear, precautionary countermeasures might also be considered, such as
activation of emergency management bodies and procedures, or measures for the agricultural
sector (e.g., sending animals into stables).

5.4 Accidents with very large releases

5.4.1 Overview of possible contamination patterns

Figure [4] gives an overview over all meteorological situations studied. The more severe release
from the pseudo-unit 1 is used, but this serves just as an example. The purpose of this overview
is to illustrate the wide range of possible contamination patterns. There are cases where the
plume remains rather narrow and goes rather straight into one direction. Then there are many
cases where after some time the weather pattern changes and large parts or even the whole
domain receives contamination at low levels, such as in blue (corresponding to less than than
the present nuclear bomb fallout) or sometimes light green (corresponding to Chernobyl fallout
in many parts of Central Europe). The plume itself is usually in the orange, red or pink
colours (above 100 kBq Cs-137 m~2). The red colours show areas with severe consequences,
where resettlement would be considered or — towards the pink colours — required. Due to the
occurrence of precipitation, deposition maxima can occur in isolated patches, and it is clearly
seen that red colours can be reached practically everywhere on this domain.
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Graphical overview of all 86 cases

Below, the 137Cs deposition for all 86 cases is shown for the “1B” release on the coarse domain.
The colour bar is included only once at the beginning to save space.

Figure 4: 137Cs deposition for all cases, “1B” release, coarse domain.
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5.4.2 Discussion of some selected cases

Three cases are selected which are associated with major consequences for Polish cities. Max-
imum dose values have been extracted for the areas around the cities of Gdynia, Gdansk, and
Warszawa (Warsaw) which are shown in Figure 5} They will be discussed in more detail.

Table 10: Mazimum doses within the bozes shown in Fig. E for selected sites and cases.
Consider the different assumptions on pathways and shielding!

Dose type Age group Gdanisk (mSv) Gdynia (mSv) Warsaw (mSv)

infants 477 7531 195
adults 395 5640 154
infants 58 862 16
adults 49 993 14
infants 116 156 12
adults 78 104 8
infants 880 853 41
adults 592 793 29
infants 5836 2279 202
adults 3479 1638 123

thyroid 7 d

effective 7 d

effective 30 d

effective 1 a

effective 50 a
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Figure 5: Selection bozes for Gdynia and Gdansk, and Warsaw.

Case 1 assumes a release on 02 Sept 1995 at 17 UTC, and the accident 3B is considered.
Figure [6] shows contamination and dose maps for this case.

This is the largest release, almost 300 PBq 37Cs and 2 EBq '3'I. Consequently, a trace of very
high 3"Cs deposition below the plume centerline extends southeaseward, with contamination
maxima on the order of 10 MBqm™2. About 30% of the Polish territory (northeastern part)
would be contaminated with more than 500 or 1000 kBqm™2. This would have massive conse-
quences — after Chernobyl, population was relocated from such areas. In most of this region,
the 50 mSv thyroid dose limit would be exceeded for infants (for adults in an area which is a
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Lubiatowo-3, rel. B
Deposition from a 298.04 PBq release of Cs-137 ( 58.000%)
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Figure 6: Contamination and dose for Case 1 (release 02 Sept 1995 at 17 UTC, accident
3B). Panels show, by row: deposition of 137Cs; integrated air concentration of 13I; 1-year
effective dose infants (all pathways, shielding considered; 7-days effective dose infants,
groundshine only, no shielding; 30-days effective dose infants, all pathways, no shielding;

7-days thyroid dose, infants, not shielding.
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bit smaller, not shown). Effective doses for the 7 d and 30 d periods would exceed intervention
limits for sheltering and temporary relocation (here taken the Austrian standards, with other
standards there may be some modifications) along the main plume in distances on the order of
100 km.

The concentrated plume would just pass along the western parts of the city of Gdansk.

Case 2 assumes a release on 06 Sept 1995 at 19 UTC, and the accident 2B is considered.
Figure [7] shows contamination and dose maps for this case.

The release in this case is smaller, but still quite large (163 PBq 3"Cs, 915 PBq 3I). The con-
taminted areas would be a bit more concentrated and extend along the northern border of Poland
into western Byelorussia. The radioactive cloud would firstmove towards the east-southeast and
then, undergoing strong deformation, move backward. Extremely high air concentrations and
thus thyroid as well as effective doses would occur southeast of the site and cross the city of
Gdynia. Intervention measures such as iodine prophylaxis would be recommendable even in
Western Byelorussia.

Case 3 assumes a release on 14 Sept 1995 at 22 UTC, and the accident 3B is considered.
Figure |8 shows contamination and dose maps for this case.

This release is also very large (114 PBq '%7Cs, 1.6 EBq !3!I). The meteorological situation is
such that the radioactive cloud first travels east, then south towards Warsaw, passing just west
of the city centre, and then turns east again. All along this path, heavy contamination occurs.
The 500 kBq Cs-137 m~2 zone reaches the Ukrainian border. Infant thyroid doses exceed the
50 mSv limit across the whole country of Poland, including Warsaw. In the border region to
the Kaliningrad territory, about 500 mSv are reached, and in the near surrounding of the site
even 1 Sv is exceeded.
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Lubiatowo-2, rel. B
Deposition from a 162.67 PBq release of Cs-137 ( 17.800%)
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Lubiatowo-2, rel. B
Integr. Concentration from a 915.45 PBq release of I-131 ( 17.800%)
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Figure 7: Contamination and dose for Case 1 (release 06 Sept 1995 at 19 UTC, accident
2B). Panels show, by row: deposition of 137Cs; integrated air concentration of 13I; 1-year
effective dose infants (all pathways, shielding considered; 7-days effective dose infants,
groundshine only, no shielding; 30-days effective dose infants, all pathways, no shielding;

7-days thyroid dose, infants, not shielding.
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Figure 8: Contamination and dose for Case 3 (release 14 Sept 1995 at 22 UTC, accident
1B). Panels show, by row: deposition of 1°7Cs; integrated air concentration of **'I; 1-year
effective dose infants (all pathways, shielding considered; 7-days effective dose infants,
groundshine only, no shielding; 30-days effective dose infants, all pathways, no shielding;
7-days thyroid dose, infants, not shielding.
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6 Conclusions

A state-of-the-art Lagrangian dispersion model, suitable for regional and large-scale dispersion
calculations, has been used to simulate the transport, dispersion and deposition of hypothetical
radioactive releases at the proposed nuclear power plant site Lubiatowo, Poland. Source terms
had been defined by the Institute of Safety and Risk Research, University of Natural Resources
and Life Science, Vienna. They are based on three reactor designs, and for each design cover a
core-melt accident with containment intact and not bypassed, and another one with very large
releases through damaged or bypassed containment. Consequences have been calculated in
terms of ground and air contamination as well as various dose parameters which are commonly
used for deciding about intervention measures.

In this Report, we do not investigate the consequences within a typical emergency planning
zone of ca. 15 km radius. Even withouth specific calculations it is clear that in the case of the
more severe type of the releases considered here, with suitable weather situations, consequences
in this area will be massive and evacuations would be needed.

Outside of this area, in the case of the weaker releases, expected doses will remain below inter-
vention limits. However, it is not excluded that if the ingestion pathway, which was not included
in the present study for methodological reasons, would be considered, the regular 1-year dose
limit for the general population is exceeded.

For the very severe releases, which assume source terms on the order of 100 or more PBq for 137Cs
and of 1000 PBq (1 EBq) for 3!, consequences triggering intervention measures are possible
all over Poland and even in other countries. lodine prophylaxis is the intervention measure that
is most likely even at large distances.

For the cities of the Gdynia—Gdaisk area, at a distance of 50 to 100 km from the site, adverse
meteorological conditions could cause very high doses, which could trigger other measures such
as sheltering or even relocation of the population. With a potential for ground contamination
exceeding 1,000 kBq Cs-137 m~2, the possibility of long-term loss of land for agricultural use
or human settlement exists.

In the region of Warsaw, at a distance of about 300 km, iodine prophylaxis for children and
adults is a possible countermeasure that could be triggered. Contamination of the ground
may exceed 100 kBq Cs-137 m 2, with corresponding agricultural measures, and probably also
recommendations such as not to let children play on the ground etc., even though for such
measures there are no detailed intervention guidelines.

Summing up, the possibility of very large releases, even if their frequencies are estimated to be
extremely small, leads to correspondingly serious potential consequences.
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