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Abstract

We estimate the contamination risks from the atmospheric dispersion of radionuclides
released by severe nuclear power plant accidents using the ECHAM/Modular Earth Submodel
System (MESSy) atmospheric chemistry (EMAC) atmospheric chemistry-general circulation
model at high resolution (50 km). We present an overview of global risks and also a case
study of nuclear power plants that are currently under construction, planned and proposed
in the Eastern Mediterranean and Middle East, a region prone to earthquakes. We
implemented continuous emissions from each location, making the simplifying assumption
that all potential accidents release the same amount of radioactivity. We simulated

atmospheric transport and decay, focusing on “*’Cs and **'I as proxies for particulate and
gaseous radionuclides, respectively. We present risk maps for potential surface layer

concentrations, deposition and doses to humans from the inhalation exposure of **'I. The
estimated risks exhibit seasonal variability, with the highest surface level concentrations of
gaseous radionuclides in the Northern Hemisphere during winter.

Keywords:

nuclear power plant accidents; radioactivity transport modeling; deposition and inhalation

| 1


https://www.globalresearch.ca/author/global-research-news
http://www.mdpi.com/1996-1073/7/12/8338/htm
https://www.globalresearch.ca/theme/environment
https://www.globalresearch.ca/theme/oil-and-energy
mailto:y.proestos@cyi.ac.cy
mailto:jos.lelieveld@mpic.de
mailto:christoudias@cyi.ac.cy

risks
1. Introduction

The International Atomic Energy Agency (IAEA) defines a nuclear accident as an event that
releases radioactivity with significant consequences on a nuclear facility and the
environment, including harmful doses to humans and soil contamination. Nuclear power
plant accidents can have significant impacts on society and the environment, fueling the
debate on the security of facilities and materials, planning and sustainability. Risk
assessment for radioactivity contamination is necessary for mitigation strategy formulation
and potential impact precautions by stakeholders, the development of policies by decision
makers and public information at global, regional and national levels.

The radiological significance of nuclear events is categorized by the IAEA on the
International Nuclear Event Scale (INES) with a numerical rating from one to seven. The INES
categorization takes into account the impact on people and the environment and the degree
of contamination by the emitted radioactivity. There have been two major accidents
categorized at the most severe level of INES 7 that occurred in Chernobyl, Ukraine and the
meltdown of three reactors at Fukushima, Japan, and a total of more than 20 accidents at
the level of INES 4 or higher, categorized as accidents with at least local consequences.

Following previous studies [1-3], we have included all nuclear power plants worldwide that
are currently operational (OP), under construction (UC) and planned or proposed (PL), based
on the nuclear power plant (NPP) database compiled and published by the World Nuclear
Association (WNA) [4]. In our simulations, we implemented constant continuous emissions
from each NPP location and computed atmospheric transport and removal over a period of
20 years to warrant climatological representativeness. We used boundary conditions
prescribed by a future intermediate climate change scenario in order to produce global
overall and seasonal risk maps for near-surface concentrations and ground deposition of
radioactivity from hypothetical nuclear power plant accidents. Furthermore, we estimated
worldwide potential human doses from the inhalation of gaseous radioactivity and the
exposure to deposited radionuclides transported in aerosol particles. The risk posed from
nuclear power plant accidents is not limited to the national or even regional level, but can
assume global dimensions. Many nations may be subjected to great exposure after severe
accidents, even ones that are not pursuing nuclear energy as a means of power production
[4].

The present paper both extends and complements the work of these previous studies by
using higher resolution modeling and focusing on a test case in a particular region of
interest, the Eastern Mediterranean and Middle East (EMME), where earthquakes are
recurrent, being a risk factor for nuclear facilities. No assumption is made on the type,
capacity or reactor core count to assess the probability of an accident happening at each
particular location or the total emission magnitude. By employing unit emission sources, we
assess the comparative potential risk and provide a scale for the absolute magnitude of any
accident. It should be noted that we aim to capture the risk patterns related to the
ensemble of meteorological conditions over the 20-year simulation rather than individual
events, i.e., taking a probabilistic approach. If an event were to happen, the absolute risks
can be calculated by scaling our unit emissions by the real release of radioactivity, and by
also accounting for the actual meteorological conditions during the accident, the
concentrations and exposure can be calculated following a deterministic approach.
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2. Methodology

The ECHAM/Modular Earth Submodel System (MESSy) atmospheric chemistry (EMAC) model
is @ numerical chemistry and climate simulation system that includes sub-models describing
tropospheric and middle-atmosphere processes and their interaction with oceans, land and
human influences [5]. It uses the second version of the Modular Earth Submodel System
(MESSy2) to link multi-institutional computer codes. The core atmospheric general
circulation model is the fifth generation European Centre Hamburg general circulation
model, ECHAM5 [6].

For the present study, we applied EMAC (ECHAMS5 version 5.3.02, MESSy version 2.42p2) at
the T106L31 resolution, that is, with a spherical truncation of T106 (corresponding to a
quadratic Gaussian grid of approximately 1.1 by 1.1 degrees in latitude and longitude, ~110
km at the equator) and at the T255L31 resolution, i.e., with a spherical spectral truncation of
T255 (corresponding to a quadratic Gaussian grid of approximately 0.5 by 0.5 degrees in
latitude and longitude, ~50 km at the equator), with 31 vertical hybrid pressure levels up to
10 hPa [7].

The surface (skin) temperatures and sea ice distribution for the AMIP Il simulations [8]
between the years 2003 and 2009 were used as boundary conditions for the higher
resolution run (7-year simulation) and from the IPCC [9] SRESA2 emissions scenario for the
period 2010-2030 for the lower resolution run (20-year simulation). The applied model setup
comprises the submodels, RAD4ALLfor radiation and atmospheric heating processes, CLOUD
for cloud formation and microphysical processes including precipitation and CONVECT for
the vertical transport of trace species associated with shallow, mid-level and deep
convection. The DRYDEP (dry deposition) [10] and SCAV (scavenging) [11,12] submodels
were used to simulate aerosol dry and wet deposition processes, respectively. The SEDI
(sedimentation) submodel was used to simulate particle sedimentation, of which the results
will be presented below as part of the simulated dry deposition. The TREXP (tracer release
experiments from point sources) submodel [5] was used to define tracers and emission
sources.

The EMAC model uses a hybrid system for specifying atmospheric vertical levels. The
system combines the constant pressure level system with the sigma level system based on
surface pressure, such that closer to the surface of the Earth, the levels more closely
resemble a pure sigma level, while higher up, the levels are close to constant pressure
surfaces [13].

The model setup was evaluated using a real test case using emission estimates from the
accident that occurred at the Fukushima Dai-ichi NPP. Radionuclide surface layer
concentrations were compared with station measurements taken by a global monitoring
network of the Comprehensive Nuclear Test Ban Treaty Organization (CTBTO) [14]. The

modeling skill was evaluated using the radionuclide ***Xe, a noble gas that behaves as a
passive tracer, showing very good agreement with station observations. The modeling skill

for aerosols, using **’Cs as a proxy, was reduced, but no systematic bias was observed
within the uncertainties related to the higher complexity of modeling the removal processes.
For both xenon and cesium isotopes, emission source estimates derived by inverse

modeling were used [15]. For "', there was systematic model underestimation of station

observations, but within the high uncertainty introduced by the emission source estimate


http://www.mdpi.com/1996-1073/7/12/8338/htm#b5-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b6-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b7-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b8-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b9-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b10-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b11-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b12-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b5-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b13-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b14-energies-07-08338
http://www.mdpi.com/1996-1073/7/12/8338/htm#b15-energies-07-08338

used [16]. Since "'l is removed from the atmosphere by radioactive decay rather than
deposition processes and the test with ***Xe indicated good agreement for the transport
processes, the systematic underestimate of modeled **'l was likely related to

underestimated "'l sources in the model, which were based on literature data. The study
confirmed the applicability of our global chemistry circulation model for simulating
radionuclide transport from NPP accidents, as performed in the present study.

2.1. Emissions

All currently operational (189), under construction (16) and planned or proposed (36)
nuclear reactors worldwide are included, based on the World Nuclear Association (WNA)
reactor database (241 sites in total). Figure 1 shows the geographical distribution of
potential emission locations. The distribution by country is listed in [4].
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Figure 1. Geographical distribution of emission sites corresponding to nuclear power
plants that are operational (red circles), under construction (green crossed circles)
and planned or proposed (blue squares), adapted from [4]. Source: World Nuclear
Association (WNA) Reactor Database. Click here to enlarge figure

Due to the limited availability of computational resources, the latter being tremendous for a
high-resolution global model, it was not feasible to simulate varying emission height profiles.
The graphite core material that burned in an open fire in Chernobyl, Ukraine, is meanwhile
deprecated technology. Accidents that are lower on the INES scale and much more frequent
in occurrence are more likely associated with radioactive leaks at the surface level. To
account for different likelihoods, we use a point source at 1,000 hPa, equivalent to a mean
height of approximately 100 m above the surface.

2.1.1. Eastern Mediterranean and Middle East

The Eastern Mediterranean and the Middle East (EMME) are made up of two dozen countries
with approximately 400 million inhabitants. A number of countries in the region have
planned or proposed the construction and operation of nuclear power plants.
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A list of sites that are planned or proposed as locations for nuclear power plants in the EMME
region is given in Table 1 and can be seen in Figure 2. We have selected the countries in the
EMME region for a high resolution risk evaluation test case due to the high regional seismic
risk, a potential cause of accidents. The Global Seismic Hazard Assessment Program
(GSHAP) [17] and, in particular, the compilation of the GSHAP regional seismic hazard for
Europe, Africa and the Middle East [18] report enhanced seismic hazard along the African
Rift zone and across the Alpine-Himalayan belt, where there is a general eastward increase
in hazard, with peak levels in Greece, Turkey, Caucasus and Iran (Figure 2). Figure 2 also
illustrates that 5 out of 6 NNPs in the EMME are planned in moderate seismic hazard
locations, while 3 NPPs will be situated within a few dozen kilometers from high hazard
regions.
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Figure 2. Geographical distribution of emission sites corresponding to nuclear power
plants that are under construction or planned in the EMME region (black circles,
source: WNA Reactor Database), superposed on a map of the regional seismic hazard
to peak ground acceleration (50-year 10% exceedance probability), adapted from the
Global Seismic Hazard Assessment Program (GSHAP) [17,18]. Blue regions indicate no
data available. Click here to enlarge figure

Table 1. Countries in the Eastern Mediterranean and the Middle East (EMME)

B region, where nuclear power plants are under construction or being planned,
according to the World Nuclear Association (WNA) database.Click here to display
table
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2.2. Atmospheric Dispersion

The iodine and cesium radionuclides are emitted as gases and partition into ambient aerosol
particles at the relatively low temperatures in the ambient atmosphere, depending on the
volatility of the gases.

The low solubility of iodine is based on publicly-available reported measurements [19].

Thus, 'l (half life: 8.025 + 0.002 days) is treated as being purely in the gas phase in our
model and is largely removed from the atmosphere via radioactive decay. This allows for the
reduction of computational complexity and for the direct comparison of gaseous and aerosol
components of radioisotopes and is a valid approximation, as the atmospheric gaseous to
particulate fraction is estimated to be close to a factor of four by a number of relevant
measurements: the RadNet station network, operated by the U.S. Environmental Protection

Agency (EPA), finds 81% of the ambient 'l in the gas phase and 19% in the particulate
phase [1]. The informal network of European national authorities, known as the Ring of Five
(Ro5), comprising more than 150 high volume sampling systems, measures an average ratio

of gaseous/total 'l of 77.2% + 13.6% [20]. Both of these values are in agreement with the
average values reported for the Chernobyl accident [21] and for the Fukushima site during
the period spanning from March 22 to April 4, 2011 (ratio of 71% * 11%) [22]. Therefore, a
factor of 4 gaseous to particle phase partitioning would be appropriate. Dry deposition and
particle sedimentation remove only up to 5%-10% of the emissions. We are not taking into
account particle resuspension, expected to affect a negligible fraction of the deposited and
sedimented quantities considered here.

The low-volatile **'Cs (half-life: 30.17 + 0.03 years) is modeled as a water-soluble aerosol
with a standard lognormal distribution of mean radius 0.25 um, Henry’s coefficient of 1.0

mol L™ atm™ and a density of 1,000.0 kg m~. The mean radius used is representative of the
distribution of atmospheric aerosol in the accumulation mode size and most influenced by
washout and rainout effects. It is consistent with the measurements of radioactivity after

Chernobyl [23]. *'Cs is removed from the atmosphere predominantly through small-scale
convective and large-scale stratiform precipitation (90%-95% combined) and through dry
deposition and sedimentation (5%-10% combined). The removal of accumulation mode
particles by wet and, to a much lesser extent, by dry deposition is not sensitive to the
assumed mean radius, as the scavenging efficiency of the accumulation mode particles in

our model is not size dependent. The radioactive decay of **'Cs is not taken into account in

the simulation due to the long half-life of **’Cs compared to the atmospheric residence time
[24].

3. Results and Discussion

Our study uses a constant emission rate for the simulations, so that we obtain
representative concentrations for all meteorological conditions, over which we subsequently
average to derive the integral risks. Our results do not realistically represent the impact of
any individual NPP accident under specific meteorological conditions, which would require a
deterministic approach to represent an actual accident, but rather, aim to estimate the risk
associated with all possible atmospheric states.

It is noted that, for the purposes of our study, the overall concentration and deposition
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magnitudes are renormalized, so that in each case, the highest risk corresponds to unity
(arbitrary scale), i.e., the relative geographical risk and equivalent dose are displayed. This
allows for the scaling of the results to any accident severity level (defined by emission
quantity) and also provides results for the subsequent application of morbidity and mortality
estimation models by other research groups that could provide such expertise.

3.1. Global Risk

The global mean (for the period 2010-2030) gaseous "'l concentration relative risk from
operating, under construction and planned nuclear power plants is shown in Figure 3.
Presented are the mean global concentrations for the model surface layer (centered at
around 30 m above the Earth’s surface). The Southern Hemisphere concentration risk is
found to be much lower, attributed to the low number of NPPs and the relatively short tracer
half-life in combination with the relatively slow interhemispheric exchange in the
atmosphere (characteristic time scale: about one year).
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Figure 3. Combined total (operating, under construction, planned or proposed)

relative risk by *'I and equivalent daily effective dose to the public from inhalation
over the 2010-2030 period; after [4]. Click here to enlarge figure

Figure 4 shows the global total cumulative surface deposition of *’Cs over the period
2010-2030. The peak levels of deposition and, hence, the highest risk of ground
contamination and population doses are expected in the eastern and central United States,
across the European continent and along the Pacific coast of China, where most of the NPPs
are located. The high rates of precipitation in the moist tropics result in enhanced risk due
to wet deposition processes. This explains the relatively high risks in central Africa and
southeastern Asia, where no or few NPPs are located, being downwind of NPPs in the EMME
and western Asia, respectively.
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Figure 4. Combined total (operating, under construction, planned or proposed)

relative risk by cumulative dry and wet deposition and sedimentation of **’Cs at the
surface from nuclear accidents and equivalent effective dose risk to the population
from exposure-related ground contamination over the 2010-2030 period; after

[4]. Click here to enlarge figure

It should be emphasized that aerosol removal processes occurring at the sub-grid scale are
not explicitly simulated, but are parameterized [11,12] and, therefore, less well-resolved
than processes affected by atmospheric dynamics and transport at the scale of the model
resolution.

Changes in the global nuclear energy sector are decided at the national level. Results for
the relative concentration, deposition and equivalent human population dose at the
individual country level are provided in [4] and the accompanying supplement. The
geographical distribution of the human population is also taken into account by defining a
risk index as the relative risk in our model (from concentration and deposition separately)
times the density of the population that can potentially be exposed for each country.

3.2. EMME Region

The regional mean gaseous “*'| concentration from proposed and planned nuclear power
plants in the relatively high seismic hazard EMME region is shown in Figure 5. To estimate
the concentration risk, we present the surface layer concentration based on the continuous
uniform release of radionuclides from each NPP. For all plants, the concentrations in more

remote locations are much lower, because of the relatively short half-life of "'l (~8 days),
which does not allow it to be transported over long distances and mix globally. Next, we
briefly address the planning of NPPs in individual countries within the EMME region.
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(NPP) accidents in the EMME region stations. Click here to enlarge figure

Jordan imports most of its energy and seeks greater energy security, as well as lower
electricity prices. It is aiming to have a 1,000 MWe (Megawatt electric) nuclear power unit in
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operation by 2021 and a second one by 2025.

Turkey has been developing plans for establishing nuclear power generation for many
decades. Meanwhile, nuclear power is a key aspect of the country’s economic growth
objectives. Recent developments have been supported by Russia, taking a leading role in
financing and building 4,800 MWe of capacity. Applications are in progress for construction
and operating licenses for the first plant at Akkuyu. A Franco-Japanese consortium is
expected to build a second nuclear plant in Sinop.

Iran is currently operating a large nuclear power reactor, after many years of construction,
and a second one is planned, though not formally according to the WNA database. Iran has
not suspended its enrichment-related activities, nor its work on heavy water-related
projects, as required by the UN Security Council.

Egypt has advanced plans, but commitments are pending. In April, 2013, Egypt approached
Russia to renew the nuclear cooperation agreement, aiming for the construction of a nuclear
power plant at El Dabaa. In November, 2013, the Russian Foreign Minister announced that
Russia is prepared to finance and help construct an Egyptian nuclear plant.

Figures 3 and 4 show that the relative risk in the Mediterranean region, due to the prevailing
northerly and westerly winds, is relatively large due to atmospheric transport of
contaminants from Europe. This meteorological regime will also affect radioactivity
emissions from Akkuyu in southern Turkey, which will predominantly affect the island of

Cyprus (Figure 5). The monthly mean relative **'| surface concentration and associated dose
risk from the Akkuyu NPP for the cities of Mersin, Turkey, and Nicosia, Cyprus, can be seen
in Figure 6. Despite the relatively large uncertainties associated with the variable
meteorological conditions at particular locations, Figure 6 illustrates that the risks are
comparable in the two major cities closest to the NPP in neighboring countries. Unilateral
decisions by countries to build NPPs do not do justice to the international consequences of
potential reactor accidents. Figure 5 shows that the risks associated with the El Dabaa NPP
(northern Egypt) are largest in Egypt and of Sinop (northern Turkey) in Turkey, while the
other operational and planned NPPs in the EMME region are associated with significant
trans-boundary risks.
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Figure 6. Monthly mean relative "'l surface concentration and associated dose risk
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from a potential accident at the Akkuyu NPP for the cities of Mersin, Turkey (a), and
Nicosia, Cyprus (b). Click here to enlarge figure

The model-calculated risk from the climatological mean surface level concentration of
radionuclides (Figure 7) exhibits strong seasonal variability.

Relative concentration/dose risk (DJF) Relative concentration/dose risk (JJA) 131y
. 5 N L L | " 1 | 1 1

ETa

1.0e-5  1.0ed4  0.001  0.005 0.0 0.05 0.1 05 1 1.0e5 10e4  0.001 0005 0m 0.05 (A 0.5 1

(a) Winter Months (DJF) (b) Summer Months (JJA)

Figure 7. Relative seasonal risk by *'l (mean surface layer concentration) from
potential NPP accidents and equivalent effective dose to the public from inhalation in
the EMME region for the winter (@) and summer months (b). Click here to enlarge

figure

Our model shows increased surface-level concentrations throughout the Northern
Hemisphere during the boreal winter months (DJF) compared to the summer months (JJA).
Not only the expected risk magnitude is higher, but the geographical extent of the high
concentrations of transported radionuclides is more pronounced towards the north over
parts of Europe and Russia and towards the east over Asia. Horizontal advection is more
efficient in winter due to relatively stronger winds, and the concentrations are highest near
the surface, because of the lower vertical development of the atmospheric planetary
boundary layer. As a result, the surface level concentrations in the summer tend to be more
localized in the emission region, whereas dilution by turbulent mixing and vertical transport
by deep convective clouds is more efficient. This is in line with our previous work examining
the global combined total seasonal variation for all stations [4], where the aerosol

radionuclide deposition was also assessed. The total mass of aerosol **’Cs in the atmosphere
was similarly found to be lower in winter and higher during summer, due to more efficient
removal by wet deposition processes.

3.3. Uncertainty

To quantitatively assess the uncertainty of the risk estimates from the simulated temporal
variability, we use the coefficient of variation (the local standard deviation o over the mean
u) for individual NPPs in the EMME region and their combined total, shown in Figure 8. The
equivalent uncertainty analysis for all NPPs globally can be found in [4].
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Figure 8. Individual and combined bottom relative risk coefficient of variation (o/u) for NPPs in the
EMME region. Click here to enlarge figure

The regional variability does not exceed 15% (typical values around 7%), with the highest
values found in close proximity of the region of interest and further northeast in the
Northern Hemisphere, as well as over the continent of Africa in the Southern Hemisphere,
notably in the vicinity of Madagascar. This is understood as the effects of the trade winds,
causing equatorward transport of radionuclides and convective overturning in the
intertropical convergence zone to the south of the EMME region, followed by subsidence in
the subtropical Southern Hemisphere. This effect is most pronounced for the Darkhovin NPP
in Iran. Elsewhere, the coefficient of variation is well within 5%, signifying adequate
coverage for our analysis sample size and appropriate representation of the temporal
circulation variability effects, especially considering the associated uncertainties of the
global representation of modeled processes.

4. Conclusions

The EMAC atmospheric chemistry-general circulation model was used to assess the global
risks from the atmospheric dispersion of radioactivity from potential accidents at nuclear
power plants (years 2010-2030, 11-km equivalent horizontal grid resolution). We also
performed a particularly high model resolution case study encompassing NPPs that are
under construction, planned or proposed to be operated in the EMME region (meteorology of
the years 2003-2009, ~50-km equivalent resolution), a region with a relatively high seismic
hazard. The model simulations were driven by boundary conditions from the AMIP II
simulations for the recent past and the IPCC SRES A2 scenario for the future projections.
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This paper both complements and extends our previous study of the global risk from all
nuclear power stations that are in operation, under construction and planned or proposed.

We have calculated the relative surface concentrations for the gaseous radionuclide ' and

surface deposition for particulate **’Cs, which correspond to equivalent risks for the human
population to be exposed to radioactivity from hypothetical accidents at NPPs. Reporting the
relative exposure allows scaling of the results to any individual NPP accident based on the
real or estimated magnitude of radionuclide emissions, which can be used to project
morbidity and mortality risks by using our findings as input to impact assessments for
particular levels of radioactivity.

As can be expected, the areas in the vicinity of the individual NPPs in the EMME region are
at the highest risk, while the medium- and long-range transport through the atmosphere
does not exhibit uniform dispersion. Land masses to the south and east of the region show a
significantly higher risk expectation, in particular from the combination of all NPPs in the
region. Our results illustrate that accidents at many of the operational or planned NPPs in
the region could have significant trans-boundary consequences.

The risk estimate for all planned stations in the EMME region and their combined total risk
exhibit strong seasonal variability, with increased surface level concentrations of gaseous
radionuclides in the Northern Hemisphere during winter and a larger geographical extent
towards the north and the east for the higher-risk affected areas. This is related to the
relatively shallow boundary layer in winter that confines the emitted radioactivity to the
lowest part of the atmosphere close to the surface.

The coefficient of variation, defined as the simulated local temporal standard deviation
relative to the mean (o/u), was used as a measure of the uncertainty in the risk estimates
for individual NPPs and the combined total for our study. For all cases, outside the vicinity of
the NPPs, the regional variability does not exceed 15% (with typical values around 7%),
signifying adequate temporal coverage by the simulation period and being climatically
representative.

It is the view of the authors that it is imperative to assess the risks from the atmospheric
dispersion of radioactivity from potential NPP accidents, particularly for regions with high
seismic, as well as other natural and human activity-related hazards in order to facilitate
preparedness and emergency response planning on national and international levels.
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