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HYPOTHETICAL ACCIDENT IN POLISH NUCLEAR POWER
PLANT. WORST CASE SCENARIO FOR MAIN POLISH CITIES

HIPOTETYCZNA AWARIA W POLSKIEJ ELEKTROWNI JADROWEJ.
NAJGORSZY SCENARIUSZ DLA DUZYCH POLSKICH MIAST

Abstract: Poland is under threat of potential accidentsunlear power plants located in its close vicinity,
almost all neighboring countries. Moreover, thewe @ans to establish a new nuclear power plafiish coast.
In this paper the analysis of atmospheric transpbradioactive material released during a potéritaident in
the future nuclear power plant is presented. Irfiteepart of study transport of radioactivity seen from the long
time perspective is analyzed. This involves trajgcanalysis as a tool for describing the stasistitair pollution
transport pattern and screening the meteorologit#tions for episode studies. Large sets of metegical data
for selected episodes were stored as a resulti®fptiocess. Estimation of risk includes both analys the
consequences and probability analysis of an octceref such situation. Episodes then were compeiey
studied in the second phase of the study, usingEtilerian dispersion model for simulation of atroeic
transport of pollutants. This study has proven thattime needed for reaction in case of (hypothétaccident is
enormously short.

Keywords: nuclear power plant, modeling, atmospheric trartspeeteorology

I ntroduction

The Chernobyl accident in 1986 showed that the t@mswhich do not have Nuclear
Power Plant (NPP) and are located far away froniAE can also be seriously affected by
nuclear accidents. The examples of such countreeblarway and Poland.

For Norway, there here have been several studitasamalysis of worst case scenario in
case of accident outside the country. One of thia thaeats for Norway is a possibility of
an accident in Kola NPP and different nuclear ifstians in the region. However,
accidents in other nuclear power plants in Eurepg, Sellafield and Leningrad (Leningrad
NPP is located in close vicinity of city of St. Betburg, formerly known as Leningrad) can
seriously affect Norwegian territory and must als® taken into account. Analysis and
assessment of long-distance consequences of ahejjpal nuclear accident in an NPP
located in the Kola peninsula was a subject of jtiet project between the Norwegian
Radiation Protection Authority (NRPA), Norwegian tderological Institute (NMI) and
Institute for Energy Technology (IFE), which wasfpemed in 1996. The NMI’s role in
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the project was the analysis of long-range atmasphiansport and deposition of
radioactive material emitted from a potential aeaidin Kola NPP [1]. The main focus in
this approach was atmospheric transport of emifiadicles with different sizes and
densities. A similar was initiated by NRPA in 2008js time for Leningrad NPP as
a source of potential radioactive release. The maai of the project was the evaluation of
potential consequences for Norway caused by a hgfioal accident. The NMI's role in
the project was again limited to analysis of atnhesfc transport and deposition of
radioactive debris, including probabilistic apprieao this issue. It can be stressed that
similar assessments and studies has been prepar&gfimark, namely Copenhagen [2],
and for Kola peninsula [3, 4].

A hypothetical accident in any NPP outside Polshritory can affect Poland in the
similar way, but with even more serious consequgnicecause of the larger population in
Polish cities. A serious nuclear accident in Fukushl NPP in Japan, which happened
recently in 2011, proves that such accidents mayroand are not only hypothetical. In this
particular case, the air masses reached westest 0b&SA in five days, and eastern -
coast - in nine days. In two weeks the air masgdsunope, approaching from west. So, the
important parameter is both air flow (wind) velgdidirection and the strength of
a release. Moreover, for several years Polish Minisf Energy has been issuing plans of
building of an NPP to be located in Polish tergit@ver the coast of the Baltic Sea
(possible location: Zarnowiec close to Gdansk). réfare, in this study the worst case
scenario for Poland assuming an accident in sucR Néentified later in this paper as
Zarnowiec Nuclear Power Plant) was investigatei. ¢rganized and reported in two parts.
In the first phase, the method for finding the waxase meteorological scenario based on
the trajectory analysis is described and discusasedyell as the obtained results. These
results include the selection of the meteorologmatditions and dates for the Eulerian
dispersion model simulations [5]. In the second pérthe research this model was used
with meteorological scenarios (selected in thet fiisase) to calculate the corresponding
concentration and deposition of the radioactiviggmthe Polish territory, in particular over
the biggest Polish cities. Results will be preseiiethe next part of the study.

Methodology - trajectory analysis

There is a risk of serious threat to Poland in @dsen accident in Zarnowiec NPP. This
risk is a combination of probability, that radidaetdebris from the accident would arrive
to big cities, and the possible consequences sfattiival, that in turn would depend on the
local conditions. The contribution to the evaluataf the risk related to a possible accident
is limited to a probability issue and selection tbhe worst case scenarios from the
meteorological point of view.

A meteorological nature of the atmospheric transprorcase of an accident is very
episodic. It means that it is the current weathaha time of the accident which determine
the direction and the speed of the radioactive nigtieansport in the air, as well as the rate
of its removal. For a given weather situation, ac#jic location can get the full impact
from the accidental release, although the statistizobability of the outcome can be
relatively low. This means that the consequencea oéal accident might have a quite
different real arrangement compared to probalilisitimations. One must remember that
although the probability may be low, the risk amethgequences of such an incident can be
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substantial. This is an important lesson to benke@rfrom the Chernobyl and Fukushima

accident. Thus, the results of the probabilityreations should not be "over-interpreted".

There are two main questions which have to be amsiveery fast in case of a real
accident. The first one and the most importanivifi:a radioactive cloud reach the location
of interest? When the answer is yes, the followguestion is: how soon will the
radioactive cloud come to the location of interdsta real situation the answers to these
questions are based on operational model runsrajettory calculations in forecast mode.
The decision makers responsible for the managenofetite crisis situation will know the
answer shortly after the alert.

In preparedness or planning phase, when the a¢didsmot happened yet, but there is
a chance for it at a given nuclear installatiom $imilar questions as above can be asked,
but this time in the probabilistic mode. The maiaue of interest in such a situation is the
probability of radioactive debris coming to spexifiocation in Poland in case of
a hypothetical accident in a given NPP. Theordticahis issue and any additional
guestions specified in the next section can be areivby the model runs with very long
term historical meteorological data. However, thgproach is presently rather difficult
because of very long computational time and lamymputer memory needed. Therefore,
an approach based on trajectory analysis was cheggch proved to be successful during
the earlier Finnish study of a hypothetical radtoacrelease from Leningrad NPP [6].

An important outcome of the trajectory analysissibe the probability statistics is
a selection of the meteorological situations foe tlworst case" scenarios. For these
selected situations the dispersion model was appliesimulate an atmospheric transport
and deposition of radioactive debris to selecteceptor points (cities) in Poland, as
described in the second part of the study. Thelteesfi these simulations compensate, to
some extent, the uncertainty related to probatuilishjectory estimations.

From the meteorological perspective the problem lanformulated in three main
guestions, assuming that the accident at ZarnoMi&e can happen at any time:

*  What will be the probability of arrival of the radictive cloud to specific locations in
Poland in case of a hypothetical accident in ZaisowNPP? To assess this
probability, one should calculate a number trajeesoof the total amount released hit
Warszawa, Krakow, etc.

»  What will be the shortest and an average arriva¢tof the cloud to specific locations
in Poland?

*  Which meteorological situations can be selectedthier "worst case" meteorological
scenarios for Poland?

In order to solve the problem and answer the algorestions the analysis of trajectories
was used. The approach was limited to meteorolbgind dispersion aspects and thus
mostly focused on the probability part of the peshl For example, the issues of the
probability of an accident to occur at ZarnowiecPNe. the safety and reliability of future
installations) and those related to the source itiond (for example, chemical composition
of a release) are not discussed in this study.

The area in which meteorological data were avalahld trajectories were released is
covered by the COSMO grid system. This grid systeam the resolution of 28 km in
rotated longitude-latitude projection. It consisfs175x160 nodes in x- and y-direction,
respectively, and is shown in Figure 1. This domsaiaxtended in comparison to standard
operational COSMO domain to cover not only the fimraof Zarnowiec NPP and Poland,
but also other European nuclear power plants fiuréuuse with reasonable edge.
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Fig. 1. Extended computational domain of the COSi@lel and of dispersion model at IMWM. This
domain is covered by the grid with 28 km resolutishich was used for the trajectory
calculations. Red dots indicate locations of mainl@ar power plants in Europe (active, turned
off and planned), including the planned ZarnowidePN White dots represent locations of ten
Polish cities selected as receptor points

In this approach, the trajectory analysis has fpegformed in two steps:

Step 1. The ten-year period of meteorological q2t205-2014) was compiled with
assured homogeneous characteristics in time. Bhisfsdata - results of computations of
global meteorological model GME (Global Model Ersatomputed at DWD, Germany) is
currently used at IMGW as an initial and boundaonditions for operational weather
forecast, using COSMO model (regional meteoroldginedel of Consortium for
Small-Scale Modeling [7, 8]). The main part of dataed included instantaneous
three-dimensional wind fields every three hourdeat pressure levels from 1000 up to
200 by 100 hPa (and with additional level 950 hRathe similar previous investigations
[1] only a single level of 925 hPa (roughly corresging to 600 m height above the terrain
and representing the level of the bulk transporpalfutants in the atmospheric boundary
layer, ABL) was chosen for simulations, making actf the problem two-dimensional.
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However, to have a complete picture of trajectortispersion, full 3-D wind fields of
three components (zonal, meridional and vertical)enapplied to carry-out modeling.

Step 2. The compiled wind fields were used to camplO days long, forward
trajectories originating at the Zarnowiec NPP antimmed level 925 hPa, which can be
assumed, in general, as an average effective emidseight [5] of contaminants in
a hypothetical emission incident. One trajectory sweeleased every third hour
(at 00, 03, 06, 09, 12, 15, 18, and 21) duringethiére ten-year period. Time step between
the consecutive points on each trajectory was 4utef) to be sure that the distance
between two consecutive points is shorter thargtitesquare size - 28 km. All together -
29200 trajectories were released for the period52Zl4. Methodology for trajectory
calculation was extended to three-dimensional (sesealso [9, 10]).

Results - calculation of trajectories

The main goal of the trajectory analysis in thisdst was the selection, from the
meteorological point of view, of the worst casersr@s for a hypothetical accident in
Zarnowiec NPP. The selection of the meteorologicaist case scenarios was based on the
following results presented in this Section:

» Probability of arrival maps and more precisely, firebability of each model grid
square to be hit by or passed by the trajectognodir parcel starting from Zarnowiec
NPP

*  Maps of minimum travel time from Zarnowiec NPP &xle model grid cell

* Maps of average travel time from Zarnowiec NP Pachemodel grid cell

* Analysis of trajectories arriving to selected Polésties

e Statistical analysis of travel time from ZarnowNEP to selected Polish cities

Probability maps

Overall 29200 trajectories were released from dieation of the Zarnowiec NPP in the
considered 10-year period. An exemplary trajecierghown in Figure 2. Each released
trajectory passed the grid square including ZareovwiPP and the calculated probability
for this grid was equal to one - the absolute maxmvalue for the entire model area.
A map with the probability of a trajectory arriviad each grid cell of the model domain is
shown in Figure 3. A map - focused on the Polishttey - with the probability of arrival
to each grid cell located in Poland is also shawhigure 3.

The computed probability of arrival depends onlémgth of the trajectories. In general,
the probability of arrival slightly increases withe length of the trajectory, but the results
of earlier experiments indicate that for trajeatsrionger than eight days the probability of
arrival does not change much. However, to maintaimsistency of selected meteorological
conditions, full ten-days long trajectories werediin the computations.



14 Andrzej Mazur

Zarnowiec
Gdansk

Szcze in

Poznar

Wroclaw

Katomf(erakow Rzeszow

o
7 A

Fig. 2. An example of trajectory, released fromréaviec NPP. The red segments on the trajectory are
those with dry transport, whereas the black segsneftthe trajectory are those affected by
precipitation. The trajectory with the longest &htime (240 hours, start: July 292008, 00:00
UTC) over Poland is shown in the example
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Fig. 3. Probability maps of trajectory arrival tach grid square of the model domain (left) andache
grid square located in Poland (right); calculatedhe basis of trajectory analysis
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Analysis of transport time

The probability maps shown in Figure 3 gives thewaar to the first question posed
above: "what will be the probability of arrival die radioactive cloud to specific locations
in Poland in case of a hypothetical accident inndaiec NPP?” Of course, since
Zarnowiec NPP is planned to be located in Poldrid,probability, overall, is quite high for
most of the Polish territory. Thus, the next and/beaeven more important question to be
answered is: "what will be the shortest and theaye arrival time of the cloud to specific
locations in Poland?” To answer this question, ghertest travel time was computed in
three steps. First, the number of points on thedtary, released at Zarnowiec NPP and
reaching a particular grid, was calculated. On deajectory, the counting started from the
second point to omit the exact location of Zarn@WdPP (first point). Then the number of
the counted points was multiplied by the time stem the trajectories
(4t = 15 min) to calculate travel time. In this pedure other (except the first one)
trajectory points reaching this specific grid wera taken into account. Each calculated
travel time was stored for each grid. Finally, thesrage arrival time was calculated for
each grid and the shortest travel time was seldobad all stored travel times.

gifgszrayssressrana

IR, SR, e = # a N e i WL TV AR
Fig. 4. Map of the shortest arrival time to eacld gquare in the model domain (left) and map of the
shortest arrival time to each grid square locatefldland (right). Transparent areas (with no color
assigned) have a value of travel time roughly be3dwours (left) and 30 minutes (right chart)

In turn, a map with the shortest arrival time tategrid of the area of interest (extended
COSMO domain) is shown in Figure 4 together wittnare detailed map of the shortest
arrival time to each grid located in Poland. Trigeg released from the Zarnowiec NPP
with the longest travel time (240 hours) over Pdlashown in Figure 2. The contour lines
of the shortest arrival time are quite regulartfoe short travel times up to approximately
24 hours. For longer times, the shape of contoslbecame rather irregular.
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One conclusion from the maps presented in Figueethat, in the worst case scenario
the radioactive cloud from the accident in ZarnmviPP can reach almost any point
located in Poland within 6 hours. It means thattiior overall preparation is very limited.

Fig. 5. Map of average arrival time to each gridase in the model domain (left) and map of average
arrival time to each grid square located in Poldright). Transparent areas (with no color
assigned) have a value of travel time below 3 hfiaf§ and 30 minutes (right chart)

A map with the average arrival time to each gridasq of the area under consideration
is shown in Figure 5. A more detailed map with theerage arrival time to each grid
located in Poland is also shown in Figure 5. Tretrithution pattern of the average arrival
time is quite similar to the distribution patterhtbe shortest arrival time, except that the
average arrival time is much longer. For almosugéll cells located in Poland the average
arrival time is approximately 48 hours (2 days)mkans, that for the average conditions,
there is much more time for the preparation in ac#s&n accident in Zarnowiec NPP, than
in case of the worst conditions. However, the ainths study is to consider cases with
worst possible conditions.

Detailed resultsfor main Polish cities

A part of the trajectory analysis was performedPotish cities, taking into account the
large population density there. Ten cities and esponding receptor grid squares were
selected, representing the largest populationsdiffiegrent locations in Poland: Gdansk,
Olsztyn, Szczecin (all located in the northern péthe country), Poznan, Warszawa, Lodz
(central Poland), and Wroclaw, Katowice, Krakow dukszow (located in the southern
part of Poland). Locations and populations are gimes] in Table 1. The locations of
selected cities are also shown in Figure 1.

Of all the released trajectory for each city (ré¢oesite) were counted all incoming
trajectories, their number, the probability of eati the shortest and the average time to
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reach the grid, and percentage of trajectories thi¢htravel time (to the city) shorter than
a specific value. These results are summarizecbier2.

Table 1
Name, location and population of Polish cities ctele for analysis of the worst case scenario fpothetical
accident in Zarnowiec NPP

. Population City area Geographical Distance
Receptor city (inhabitants) [km?] co-or dinates to the source [km]
Warszawa 1716 855 516.9 52°14'N, 21°01E 344
Lodz 768 755 293.2 51°47N, 19°28E 349
Krakow 755 050 327.0 50°04'N, 19°56’E 540
Wroclaw 634 893 292.8 51°06N, 17°02’'E 415
Poznan 570 352 261.8 52°24N, 16°58E 275
Gdansk 435 830 262.0 54°22N, 18°38E 60
Szczecin 407 811 301.0 53°258N ,14°38E 275
Katowice 317 316 164.7 50°15N, 19°CE 507
Rzeszow 179 455 116.4 50°02N, 22°00E 591
Olsztyn 171 803 88.3 53°47N, 20°30E 191
Table 2
Statistics of trajectories arriving to selectedi$totities from Zarnowiec NPP
Travel time Travel time not longer than [hours] sum | sum
Receptor city [hoursg] Pct. of total amount of trajectories [%] [
Min. Mean 24 48 72 96 120 144
Gdansk 0.1 4.3 29.8 0.5 0.3 0.2 0.2 0.2 31.2 | 9110
Olsztyn 11 17.3 10.2 1 0.6 0.4 04 0.2 12.8 | 3738
Szczecin 2 24.3 3.7 0.6 0.3 0.3 0.2 0.1 5.2 1518
Poznan 2.3 29.7 3.9 0.9 0.4 0.5 0.3 0.1 6.2 1810
Warszawa 25 28.9 53 1.3 0.7 0.3 0.5 0.2 8.2 | 2394
Lodz 2.5 331 4.5 1.5 0.8 0.5 0.4 0.3 7.9 2307
Wroclaw 3.9 46.3 1.9 1 0.7 0.6 0.5 0.2 4.8 1402
Katowice 4 38.9 2.3 1 0.8 0.3 0.3 0.2 49 | 1431
Krakow 4.3 41.4 1.7 0.8 0.5 0.3 0.3 0.2 3.7 1080
Rzeszow 4.9 46.4 2 1.1 0.9 0.5 0.4 0.3 5.2 1518

In Table 2 column marked aStim [%] represents the total probability of trajectory’s
arrival to a selected city, and thBuUm [-] is the total amount of trajectories arriving tet
city.

Number of incoming trajectories and the probabitifyeaching the city are the highest
for Gdansk and the lowest for Wroclaw. One canagotin obvious and understandable
gradient in north-south direction of these staitstias well as the relatively large
differences in the shortest arrival time to Gdaask to Rzeszow. It is also worth noting
that the largest average arrival time appearedzesEow, which is related to the probability
distribution of arrival trajectories (see next $mu}. For each selected city a single
trajectory with the shortest arrival time was ctoed (the shortest trajectory) and the
trajectory with the least amount of precipitatiolorg the trajectory on the way to the
receptor grid (the driest trajectory, possibly witiecipitation only at receptor point). These
trajectories were potential candidates for metewgiohl worst-case scenarios. All the
statistics from Table 2 were shown in the Figure 6.
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Fig. 6. Statistics of trajectories arriving to:@)ansk, b) Szczecin, c) Olsztyn, d) Poznan, e) ¥das,
f) Lodz, g) Wroclaw, h) Katowice, i) Krakow andRzeszow - probability (percent) distribution
for the arrival time to selected Polish cities. Bvef six classes corresponds to transport period i
days.X axis - maximum time of trajectory arrivad,axis - percent of total amount of trajectories
(see also explanation in text)
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Selection of wor st case meteorological scenarios

As an immediate result of the first phase of thelgt the shortest trajectories to the
selected cities were found as the candidates ferwbrst case(s) scenarios from the
meteorological point of view. As it was stressé@n accident at Zarnowiec NPP happened
under these sets of conditions, the time to prefrageded for any countermeasures to be
executed immediately) would be extremely short,eeily, of course, for cities like
Gdansk or Olsztyn. Nevertheless, other cities t#rést would be in a similar situation and
underneath of similar stress. Moreover, with theAHEstimated Time of Arrival) from
source to any receptor point less than six hourgresence of precipitation along
a trajectory essentially could not change the sitgrof impact. In other words, even if it
rained between source and receptor and contaminaths removed (to some extent) from
the air to the ground, an amount of radioactivdupioin at the final (receptor) stage of
trajectory would be still very large.

Fig. 7. Trajectories with the shortest ETA (fasteajectories) from Zarnowiec NPP to each selecigd
(Gdansk, Szczecin, Olsztyn, Poznan, Wroclaw, Wavaz&odz, Krakow, Katowice, Rzeszow)
in Poland (see Table 3 for details and explanationtext). Circles represent a “vulnerability”
area around every receptor city

Another situation being a type of “candidate” fbe tworst case scenario for Poland as
a whole would be the one presented in Figure 2,nwdesingle trajectory travelled over
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Poland for almost ten days (i.e. during its entiifetime”). This kind of situation would

result in a gradual “discharge” of a whole contaation load, carried by air parcel
connected to the trajectory, to the ground via dnd (in case of occurrence of
a precipitation) wet deposition. This scenario t@napplied to not only the area of the
entire Polish territory, but also to the urban are&the cities of interest, assuming - for
every city - a “vulnerability” area as a circle it diameter of 60 km. The situations
described above are depicted in Figures 2, 7 arith8.longest trajectory travelling over
Poland is shown in Figure 2, while the shortest (dstest) trajectories arriving to the cities
of interest are shown in Figure 7. The examplesrajéctories with the longest “impact
time” for selected cities are shown in Figure 8gvehthe black part(s) of trajectory reflect
an influence on a particular city. Similar reswlisre obtained for all other receptor cities.

Warszawa (yellow). See Table 3 for details

Fig. 8. Left: the trajectories with the longest fiatt time” to Szczecin (red), Poznan (dark blue),
Wroclaw (black), Olsztyn (light green) and Krakosy#n); right: the trajectories with the longest
“impact time” to Lodz (orange), Katowice (light lgly Rzeszow (green), Gdansk (white) and

Date and time of start of special trajectory (faste longest), line color in Figure 7

R tor cit Start of fastest trajectory Linecolor in Start of longest trajectory
€cep y (date, time) Figure7,8 (date, time)
Katowice 16.01.2008, 06:00 light blue 24.08.2011, 00:00
Szczecin 04.01.2008, 06:00 red 27.07.2014, 00:00
Rzeszow 03.12.2007, 06:00 green 26.05.2005, 06:00
Gdansk 07.01.2005, 18:00 white 02.08.2012, 00:00
Poznan 29.09.2007, 12:00 dark blue 21.05.2007, 18:00
Wroclaw 27.04.2009, 00:00 black 19.06.2013, 00:00
Olsztyn 07.03.2008, 12:00 light green 06.06.2014, 12:00
Lodz 03.02.2010, 00:00 orange 15.10.2012, 12:00
Krakow 04.11.2013, 18:00 cyan 02.07.2013, 12:00
Warszawa 31.10.2006, 18:00 yellow 27.05.2005, 06:00
Poland n/a red/black 29.07.2012, 00:00

“not applicable
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Results - Eulerian dispersion modeling for wor st cases scenarios

All the cases listed above were during the seccartl @f investigation studied with
Eulerian dispersion model [5]. Assumptions of emis$ieight and time were similar as the
ones for trajectory analysis. However, contrarytregectory method, when an emission
height was fixed at one particular level (925 hia}he Eulerian approach it was assumed
that the emission was distributed with height usiegtical profile like in Figure 9. It was
due to the assumption that the total emission stetimainly of hot light particles with
high buoyancy close to the source, with the tengdocdisperse rather up than down,
somewhat (qualitatively) similar to the sulfur/wat@por emission from a volcano eruption
(see e.g. [11, 12]). The other generalization waisto simulate varying emission height
profiles [13]. Total activity accepted for a singtelease was comparable to the one
assumed in the Chernobyl [14] or in the Three Mdkand [15] accidents, and equal to
10'® Bq. The total time span of a single emission afsswas taken as equal to 3 hours, and
after that the release was instantaneously cutTdfis type of accident is similar to the
Three Mile Island (where emission lasted for appreixteen hours) rather than the
Chernobyl (ten days).

10

Level [-]
w

o

0.05 0.10 0.15 0.20 0.25 0.30 0.35

Amount of total emission (relative) [-]

Fig. 9. Emission height profil&/ axis - height level (1 to 10) as defined in Metblody, step 1X axis -
relative value of emission at given level (withmpladotal equal to 1)

As the second part of the study the worst caseasieny assessed with Eulerian
approach, are presented (cf. Figures 2, 7 and I8 avit explanation). First, in Figure 10
results of simulation of the case with the emissitarted July 28 2008, when trajectory
released from Zarnowiec NPP has the longest ttawel over Polish territory is shown. All
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the figures present results of the calculationghef Eulerian model with total activity
treated as dispersing pollution. Next, the depmsitpatterns of nuclear pollution as the
results of releases starting from dates specifiedTable 3 are presented in Figures
11-13. These are the results for Eulerian modelutations in cases of “fastest trajectories”
(cd. Fig. 7 and Table 3) for Katowice and Szczetig. 11), Rzeszow and Gdansk
(Fig. 12), Poznan and Wroclaw (Fig. 13), Olsztyrd drodz (Fig. 14), Krakow and
Warszawa (Fig. 15).

emission started July £92008, when trajectory released from Zarnowiec MB® the longest
travel time over Polish territory (ten days frone #tart; cf. explanation to Figure 7)

Fig. 11. Maps of the total deposition for the reks of “fastest trajectory” to Katowice (left, rede
started January £62008) and Szczecin (right, release started Jaia2008)

Finally, the simulation results of deposition ofntaminant for the releases with the
longest “impact time” to receptor cities are prasdrin the following Figures 16-20 with
the same sequence as for Figures 11-15 (cf. Fagd8Table 3).
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Fig. 12. Maps of the total deposition for the rek=s of “fastest trajectory” to Rzeszow (left, rekea
started December®32007) and Gdansk (right, release started Jarfa005)

Fig. 13. Maps of the total deposition for the reksaof “fastest trajectory” to Poznan (left, reteamarted
September 79 2007) and Wroclaw (right, release started April,2009)

Fig. 14. Maps of the total deposition for the relof “fastest trajectory” to Olsztyn (left, redeastarted
July 3% 2008) and Lodz (right, release started Februdn2810)
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Fig. 15. Maps of the total deposition for the rekes of “fastest trajectory” to Krakow (left, releas
started November™ 2013) and Warszawa (right, release started Oc&5e2006)

& )

Fig. 16. Maps of the total deposition for the relEmwith the longest “impact time” to Katowice (jef
release started August242011) and Szczecin (right; release started Jilty 2014)

Fig. 17. Maps of the total deposition for the rekEmwith the longest “impact time” to Rzeszow (left
release started May 262005) and Gdansk (right, release started Audise@12)
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Fig. 18. Maps of the total deposition for the reksa with the longest “impact time” to Poznan (left,
release started May $,12007) and Wroclaw (right, release started Jurfe 2@13)

Fig. 19. Maps of the total deposition for the rel= with the longest “impact time” to Olsztyn (left
release started Jun8,®014) and Lodz (right, release started Octob¥r 2612)

Fig. 20. Maps of the total deposition for the rek= with the longest “impact time” to Krakow (left,
release started July%22013) and Warszawa (right, release started M&y Z715)
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Discussion

The aim of this study was the selection of the woase meteorological scenarios for
Poland and Polish cities in case of hypotheticatident in Zarnowiec NPP. First,
climatological three-dimensional trajectory anadyswvas applied in order to estimate
probabilities of the arrival of a radioactive clotalselected Polish cities, then the shortest
and average transport time was calculated andlfithe worst case scenarios were
selected. The results of the climatologic trajectanalysis show that the probability of
a radioactive cloud reaching any city in case ofaacident in Zarnowiec NPP is closely
related, first, to distance between source andcepter city, and second, to a location of
receptor city relative to the source (in terms afnhauth/direction from the source to
a receptor). The second factor is due to the faat t climatologically speaking - the
prevailing wind directions over Poland are southemmd southwestern. The relation
between travel time, probability of arrival andtdisce from source to receptor is not that
obvious. For example, identical distances from Baiec to Poznan and to Szczecin are
not necessarily reflected in same statistics fes¢treceptors. It is most likely correlated to
predominant wind directions over Poland for theigubof study, when north-eastern winds
appeared much more often than eastern ones. 8w distance from Zarnowiec NPP to
Szczecin is equal to the distance to Poznan, yaize®in is located roughly west of
Zarnowiec NPP, while Poznan - south-south-westcéehis implied the probability of an
impact on Szczecin significantly lower than thatRoeznan.

What should be underlined is that the minimum tifme almost all points in Poland
(and all cities selected in this study) is shottean 6 hours. So the preparation time in
strong unfavorable conditions could be enormoubbyrts In case of Gdansk (with a total
population of almost half a million people), this¢ is about several minutes, which would
make a preparation extremely difficult and demagdin

Another type of scenario to be evaluated in theoisécpart of the study would be
trajectory, released at the source and travellma@ treceptor point and then becoming
almost "inert", i.e. slowing its movement over aggkwmeration, causing lengthened
deposition and thus an impact to a receptor. Inetkteeme case this prolongation could
reach few hours.

The third kind of worst-case scenario - in termthed entire Polish territory would be
a trajectory that "stayed" over Poland for a vespd time - for the same reasons as
mentioned above. In the study it was possiblerid this kind of trajectory that lasted for
ten days (i.e., the entire lifetime of trajectory).

These worst-case scenarios was studied thoroughiheisecond phase of the study.

Incidentally, it should be stressed again, thattreoy to trajectory method, when
an emission height was fixed at one particular [1€985 hPa), in the Eulerian approach
an emission was assumed to consist of hot and lgiticles with high buoyancy,
especially close to the source. Thus, the entireuanof emitted contamination cloud was
distributed over a height profile, similar to theofile of sulfur emission from a volcano
eruption. Hence, even though a trajectory and fglgroach (i.e., Lagrangian and Eulerian,
respectively) would have resulted in a qualitagveimilar spatial distribution pattern of
area(s) under impact, quantitative discrepanciesefims of absolute values of deposition
and/or concentration) may be seen. This kind ofgamson, however, will be a subject of
separate research.
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In general, the main finding (regrettably for reepcities) remains unchanged.
It means that time for preparation and countermeasto be taken is fairly short. This
pertains especially to Gdansk (with its entire abation) and a population of almost half
a million. Of course, since ETAs are relatively ghanost of material emitted remains -
most likely - in the cloud dispersing over a recegtoint. So, the deposition to the ground
can be reasonably high, especially in the form a$hout with precipitation.

Considering the potential release of July"22008, when trajectory released from
Zarnowiec NPP has the longest travel time (10 deys the start, see explanation to
Fig. 2) over Poland, it would result in a quiteadiBous situation, when more than 75% of
total activity emitted from the source would be dgiped to the ground (or would form
a radioactive cloud in the air) over the Polishitery. Even short release (three hours from
start to cut-off) would generate contamination camaple to the one from the Chernobyl
accident rather to the Three Mile Island releas®esthe meteorological conditions would
have supported wide dispersion of contaminants inarge of several hundreds of
kilometers. This kind of impact would be similarrfoeleases that would result in
a radioactive cloud staying for a relatively lomgée over selected receptor points (compare
e.g. Figs. 8 and 12). Of course, the longer radiacloud stayed over a city, the bigger
amount of contaminant would impact the receptés.due to the fact, that after a relatively
short time of dispersion (travel), the amount ofiteanination in the cloud would be high
enough to have a substantial impact on the recqpiort and its vicinity in terms of
absolute value of deposition and cloud concentnatibpollution. However, even if total
deposition was high before selected point was “by§’ the cloud, it was still enough
contamination to impact the city significantly. @&k, two concurrent actions could be
observed as far as a “long impact” phenomenonns@med. First one, already mentioned
above, is that the contaminant released as a joollatoud is travelling to a receptor point
and then significantly slowing its movement over agglomeration causing deposition
being prolonged in time. This kind of action wasetved in the case of Poznan, Rzeszow
and Wroclaw (cf. Fig. 15) and Warszawa and Lodg.(EB). The other mechanism is that
cloud (not necessarily slowed down) is turning ahdnging a direction of its movement -
over the vicinity of a receptor point - even manynds, still remaining in
a “vulnerability area”. This effect can be seen dther receptor points. Sometimes, both
mechanisms can be observed simultaneously, ineggtic way creating more noticeable
impact.

Conclusions

A hypothetical accident in any NPP outside Poleshitory can affect Poland in a very
serious way. As a very recent history showed, rarcéecidents might indeed occur and
they were not only hypothetical. Polish Ministry Bhergy is planning an NPP to be
located in Poland in Zarnowiec, close to the cftgsdansk with the population of about the
half of million people. The worst case scenariosvgdd that in case of accident in such
a NPP the time needed to prepare and to react vibeulebry short. This supposition seems
to be valid using the results both from Lagrangemd from Eulerian approach of
simulation of dispersion of radioactive pollutantoreover, the results strongly suggest
that there is a need for system to respond to eanrcence of an emergency situation(s), and
to provide support for information about the furthdevelopment of events, with the
forecast the status of the environment and theilpitiss of negative impact on human



28

Andrzej Mazur

communities. A proper decision support system é&gdg16]) should be considered as one
of such tools, the use of which would be solelytfo benefit of the many areas of social
activities.
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