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Abstract

Sting, safety assessment and design of Dukovany radioactive waste disposd facility in Czech
Republic are described. The dte was chosen after performed area survey. The safety assessment
is based on the evduation of criticd scenarios including groundwater transport, intruson and
habitation after inditutionad control. Waste acceptance criteria are set on the basis of the safety
assessment taking into account dose limits, the conditions of operations, the waste inventory, the
characterisics of naturd and engineered bariers and the planned duration of inditutiona
controls. Repository capacity of 55 000 n? is based on 112 disposa vaults. Since 1994, 5 disposal
vaults have been filled and closed.

INTRODUCTION

The Czech concept of waste management from nuclear power plant (NPP) operations has been
gradualy developed and implemented. It conssts of solidification of radioactive concentrates by
bituminization, volume reduction of solid wastes by compacting and disposd of conditioned
wastes in surface concrete vaullts.

Digposd of radioactive wadtes after gppropriate conditioning is generally consdered to be an
acceptable method of providing the necessary protection for human hedth and the environment.
The most important activities related to waste disposd ae the sdection of the agppropriate
disposa dte with its naturd confinement charecterigtics for the waste under condderation, the
conditioning of the wastes and congruction of engineered bariers so that the wastes ae
adequatdly isolated from man and the environment and operationd risks are reduced.

The objective of waste disposd is:

to ensure operationa safety of personnd in keeping with the dose limits established by
nationa regulations for radiation protection,

to confine radionuclides within the repository Site for the period of time they represent an
unacceptable risk and

that the radiologica impact of reeased radionuclides conforms to criteria lestablished
nationd regulations for radiation protection.

Wadte confinement by the disposa system should remain effective until the radionuclides have
decayed to acceptable levels to enter the environment. With sufficient naturd and man-made
barriers, the release of radionuclides can be delayed and limited, its transport through geosphere
and biosphere retarded and its concentration sufficiently diluted to assure that the impact will
remain in precribed levels.

The attivities initiated or carried for the assessment of the radiologica impacts from low leve
radioactive waste disposal to protect human hedth and the environment in the Czech Republic
are described in the sections which follow.
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PRESENT WASTE INVENTORY

The mogt dgnificant source of radioactive wagte in the Czech Republic is from operation of the
nuclear power plant in Dukovany which conssts of 4 units of VVER 440 (water cooled water
moderated power reactor => PWR) of 440 MWe each. In addition one nuclear power plant in
Temdin with 2 units WWER 1000 is under congtruction.

The operationa radioactive waste generation rate for the 4 operating units are given below:

evaporator bottom concentrates 440 m3lyr
spent ion exchanger resins 24 m3fyr
solid waste 145 m3lyr

The most sgnificant volume of the generaled are evaporator concentrates. In the design of the
NPP it was assumed that up to 1% of fud dement cladding may fal (1-4). However, the activity
of the generated wadte is 2 orders of magnitude below the initidly assumed vaues (3,4). The
predominating radionuclides in waste which have been in sorage long term are : Co-60, Cs-134
and Cs 137 with concentrations in the range of 10 - 100 kBg/l. The transuranic radionuclides Pu-
238, Pu-239 and Am-241 have been found to be below 1 Bg/l. The concentrations of long-lived
beta radionuclides C-14, Sr-90 and Tc-99 are up to 8 kBg/l.

SITE SELECTION

Initid dte sdection sudies sarted in the late seventies. There were 2 legd documents ensuring
by the force of law that authorized rdease limits from a repostory would be beow leves
ressonably achievable, taking into account socid, economic conditions and requirements for
environmenta protection.

The origind Czech Regulaion on Protection agangt lonizing Radiation formulated the basic
principles of radigion protection based on the Internationd Commisson on Radiological
Protectin (ICRP) and International Atomic Energy Agency (IAEA) recommendations of that
time. Generad requirements on congruction, equipment and operation of working places with
sources of radiation were st.

The origind Decree of the Czechodovek Atomic Energy Commisson on Generad Criteria for
Sting of Nuclear Facilities with Regard to Nuclear Safety determined the generd criteria for
ensuring safety in Sting of nuclear fadilitiesincdluding their environmenta impacts.

Severa promisng Stes were identified according to the above mentioned criteria After area
surveys were performed, the site near the Dukovany NPP was chosen.

A hydrogeologicad characterization of the radioactive waste disposd dSte was performed. Data
were collected on chemica and physica properties of the groundwater, groundwater regime,
water-bearing characteristic of hydrogeologic unit, water use and dimatologicd data. The
fluctuations of ground water levd were dudied, paticularly in reldion to precipitation. As a
result, a ground water table map was obtained. The Ste survey dso involved data on land use,
population digtribution, and locations of national paks surface and groundwater resources,
vegetation as well as on background radiation and environmental contamination.
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The base of the dte is formed by a granulite body with a low fissure permesbility and a hydraulic
conductivity in the range of 1E6 to 1.E-7 m/s. The aguifer thickness is aout 10 m. The
hydraulic conductivity of the aguifer and the upper unsaturated sandy clay layer vary in the range
of 3.E-6 to 5.E-8 m/s. The mean annud rainfdl is0.567 m (1,2).

Fidd tests as well as laboratory sudies were peformed to obtan redigic vaues of soil
retardation factors for the radionuclides. Laboratory tests were peformed using geologica
materids obtained from boreholes drilled at the Ste. Both, dtaic as well as dynamic techniques
were used to determine the distribution coefficients (Kd's) and the retardation factors.

Samples of various soil layers taken from test boreholes gave Kd-vaues for Cs, S, Co, Ni and |
in the range 2E+2 - 3.E+4, 2E+1 - 5E+2, 3. E+2 - 2E+3, 2E+2-2E+3 and 0 - 1 ml/g
respectively. For other radionuclides in question, the Kd's were taken from the literature.

The Kd's were used to edimate the radionuclide delay in geologicd media taking into account its
limitations associated with their empirical character. Studies were performed to obtain Kd vaues
in various experimenta conditions related to contact time, pH, competitive ion concentrations

(H*, Nat, K+, Ca+, CIr, HCO3", SO42-, EDTA) and the solid-liquid ratio (5,7).

SAFETY ASSESSMENT

Safety assessment is a procedure for evauating the performance of a disposa sysem, its
radiologicd impact on man and the environment. It is an iteraive process requiring a wide
variety of information to describe the behavior of the disposd system and to provide reasonable
assurance of compliance with safety and regulatory requirements.

The asessment of wade confinement first requires an identification of the various mechaniams,
rates and pathways by which radionuclides could leave a repository, migrate through barriers to
enter the human environment and cause exposure to man. Once these features, events and
proceses are identified, an estimate of the radiation dose can be made based on norma and
potentid accidental conditions a the repodtory. Since complete and specific data for such
andyses are unlikely to be available, the first gpproach is to peform safety analyses by assuming
vaues for the various parameters that are consarvative but yet as redidic as practica. The
evauaed radiation dose by such andyss is then compared with limits established by the nationd
authorities and the ICRP and the IAEA.

Such assessments are performed by using scenarios describing possible future conditions, events
and processes to be consdered and the use of mathematical models to describe the system being
asesed. It is therefore important that the range of scenarios conddered is sufficiently broad.
Some aspects of the safety assessment will derive directly from the Ste authorization for waste
disposd, otherswill derive from operationd and post-closure safety cases.

Mathematicd models of the digposd system were tested by peforming cdculaions of the
radionuclide migration from the repogtory by groundwater to man teking into account the dte
specific parameters. A methodology was developed to define the source term with the use of
experimentadly determined parameters and as a result the radionuclide concentration a the
populated areas could be calculated.

Sourceterm
The source term includes the effects of chemica and physical processes which can occur during
the migration including radioactive decay, homogeneous resctions in liquid phase and
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heterogeneous reections between solid and liquid phase. The reactions may include hydrolyss,
precipitation, ion exchange, diffuson, dissolution and adsorption. Source terms for the scenarios
have been corrected and newly derived from actud waste volumes, containment barrier data
evduation and assumed radionuclide content. Origindly, the radionuclides of greatest interest
were Co-60, Sr-90, Cs-137 (1,5). Later on, Pu-239, Am-241, C-14, Ni-59, Ni-63, Nb-94, Tc-99
and 1-129 were also considered (2,7,10).

The safety assessment assumes that drums used for waste packaging would last for approximately
50-100 years. After this period the resulting waste form was assumed to be attacked on its surface
to produce a degraded waste which if contacted by water would increase the release of
radionuclides by an order of magnitude.

The rdlease scenario for norma operation alows the penetration of the cover by water into the
disposd cdl, damaging of the waste drum, leaching of a portion of the radionuclides and
penetration through the concrete wal of a vault to the environment.

Groundwater migration

A detaled description of dl potentidly possble processes is very complicated. Therefore it has
been necessary to accept some smplification in the system description to enable the moddling
(eg. water is incompressible). For some modes it dso was assumed dso tha the aguifer was
porous, homogeneous, isotropic and the water velocity is congant. For chemica reactions
between s0lid and liquid phase, a smple linear model was used assuming that ion exchange with
alinear adsorption isotherm is the controlling mechanism and that equilibrium will be reached.

The physcd and chemicd phenomena conddered in the mode for migration of radionuclides in
groundwater are:

convection
longitudind and transversal dispersons
sorption of radionuclides in aquifer

radioactive decay

According to modeling experiences it can be concluded that basc mechanisms which apply to
redidic dte characteridics can be smulated with smplifying assumptions. Andyticd modds are
preferable for uncertainty andyss and prdiminary investigations of trangport phenomena using
consarvative data even when some fidd data are lacking. However, they are gpplicable, if the
aquifer can be assumed to be porous, homogeneous, and isotropic and the water velocity is
congant. Numericad modds posses the ability to tret more complicated systems with
heterogeneous aguifers.

Exposur e Pathways

Radionuclides released into groundwater can reach surface water bodies. The resulting activity in
the water phase causes human exposure due to consumption of drinking water and agricultura
products contaminated by irrigation practices.
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The safety assessment of the Dukovany repository was based on 3 critical scenarios.
- Groundwater trangport to the nearest water supply

- Intruson after end of ingtitutional control (300 years after closure), for example as a result of
congtruction works or exploratory borehole drilling

- Human habitation on the site after end of ingtitutiona control (300 years after closure)

The lagt two scenarios are sgnificant after closure of the repository and are described further in
the sections which follow.

Based on these scenarios it was assumed that the significant contribution to the individuad doses
are:

Consumption of drinking water

Consumption of vegetablesirrigated with contaminated water
Externd irradiation to contaminated soil

Inhalation of resuspended particles of contaminated soil

The discharge of groundwater to the biosphere is usudly a long-term process. Therefore, a Smple
dosmetric model based on the concentration factor methods was used. Radionuclides are
assumed to reach equilibrium in environmentd materias and trander coefficients are Seady dae
concentration ratios between coupled compartments of the environment.

The asociated radiologicd impact will occur after the inditutional control of the site and no
further disposa takes place. Studies related to human intruson were performed. Two scenarios
were found to be the most pessmigtic cases of a large number of possible scenarios that result in
adirect dteration of the norma evolution of the Site.

The fird scenario is relaed to the condruction of a house a the ste and the other with the
inhabitation of a house placed in the same ste including the consumption of drinking water and
vegetables grown on the repodtory materid diluted with fertile soil digributed in the vicinity of
the house.

The pathways consdered were for the construction scenario:
Inhalation of resuspended soil during the excavation work
Externd irradiation from direct exposure to the repository materia

For residentia scenario, the considered pathways were:

Externd irradiation from direct exposure to the contaminated soil
Consumption of vegetables grown on contaminated soil
Inhaation of resuspended dust containing radionuclides

Compartment models based on the scenarios described above were formulated to estimate
committed effective equivaent dose due to different exposure pathways.
Concentrations of radionuclidesin various foodstuffs were caculated using recommended vaues
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for modd parameters. The next step included caculation of activity intake by man and the
reulting dose. The vdues of activity-dose converson factors were taken from ICRP
recommendations.

MODELING AND TESTING
Model Testing

A mathematicdl model and corresponding computer code are verified when it is shown that the
code behaves as intended and that the equation are correctly encoded and solved.

Code veification has been peformed by checking sep-by-step the logic of the modes or
checking line-by-line the code liding if avalable Then the caculated results are compared with
results obtained from andytica solutions of equations or by using another available code.

Important parts of the mode used have been additiondly tested within two internationd
vdidation sudiess, BIOMOVS (Biospheric Modd Vdiddion Study), examining modds for
biosphere transport and within NSARS (Near Surface Radioactive Waste Disposd Sefety
Assesssment Rdiability Study), testing modes for ground water migration (6,8.9). The approach
used condsted of comparing modd predictions among participants for specific test scenarios
without experimenta daia being avalable It was concluded that the models used yielded
acceptable results.

A mathematicd modd and corresponding computer code are vaidated when it is shown tha they
provide a good representation of the processes in the redl system. Vdiddtion is caried out by
comparison of cdculations with fiedld observation and experimenta messurements. Its is clear
that not dl the modds used can be fully vdidated because of the long periods and lack of
experimental or field observation data Therefore, submodels were tested and cdibrated case by
case.

The cdculated ground water levels have been compared with the observed levels with good
results. Important parts of the modd used for transfer of radionuclides through food chans
additionally have been tested within the BIOMOVS internationa validation sudy. The approach
used conssed of comparing of modd predictions againgt independent data sets derived from
measurements  after the Chernobyl accident. It was concluded that the models used yieded
acceptable results as well.

Sengitivity analysis

In a sengtivity andyss the influence of changing parameters on the predicted behaviour of the
sysem is evauated. The main purpose is to identify parameters, which effect the system behavior
gsrongly or dse to a negligible extent. The presented sengtivity andyss results were obtained
from the amplified verson of the trangport equation, the evauated case being presented by the
individual dose from a sngle rdease of a contaminant from a unit source volume and under one-
dimensiond disperson condition. Primary dtention was pad to variatons in the vaues chosen
for leach rate, ground water velocity, retardation factor (sorption capability), hydrodynamic
disgperson and length of flow-path.

The amount of leached radionuclides depends not only on leaching rate but dso on the surface-
volume ratio. From various results obtained by different studies it may be stated thet the product
qudity, presence of water and the contact time of waste with leaching media mainly govern the
leaching rate. In comparison, the surface-volume rio isinggnificant.
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Peak concentrations in al cases decrease with decreasing ground water velocity, this decrease
being leest for the long-lived poorly sorbed radionuclides C-14, Tc-99 and F129. For strongly
sorbed radionuclides as Pu-239, Cs-137 and Co-60, the pesk concentration varies in the range of
severa orders of magnitude for ground water velocity ranging from 1.E-4 down to 1.E-7 n/s.

The cdculations showed that there is only a minor role played by digperson a higher ground
water velocities. At the lower velocities the more ggnificant effects are for drongly sorbed
radionuclides. This leads to a concluson that the values of pesk concentration at higher ground
water velocities are in generd governed by advection whereas disperson does not play an
important role. On the contrary, a lower rates of ground water flow the effect of disperson is
much more sgnificant.

The generd effect of increasing sorption is to decrease the pesk concentration and to delay the
time a which it occurs. However, this concluson may not be vdid if the radionuclide hdf-life is
consderably longer than the trave time for a given distance.

WASTE ACCEPTANCE CRITERIA

Radioactive wagtes are of different physicd and chemicd forms and contain variable amounts of
radionuclides with different haf-lives activities and radiotoxicities as well as various amounts of
non-radioactive materids. Some of these materids are in the form in which they originate
Therefore they have to be conditioned to make them uitable for digposd, particularly those with
high specific activity, liquid content, leachability, unacceptable content of toxic or combustible
materiad or mechanicd and thermd Sability.

The waste acceptance criteria for radioactive waste disposal define the characteristics of disposed
radioective wadtes, namely the content of radionuclides, the structurad ability, leachability, the
possble generation of gases, microbid degradation, the content of corrosive, explosve and
pyrophoric materids, free liquids and complexing agents, the corrosion resistance, surface dose
rate and surface contamination of packages. The waste acceptance criteria are derived from the
safety analysis of the possible environmental impacts of the radioactive waste disposa system.

Waste acceptance requirements were suggested by the operator on the basis of the safety
assessment taking into account dose limits, the conditions of operations, the waste inventory, the
characteristics of naturd and engineered barriers and the planned durétion of inditutional controls
(2,10).

Radiological Criteria

Quantitative radiologica criteria for waste acceptance can be derived from radiological protection
objectives by udng safety assessment procedures. The basic radiologica limitations on the
acceptability of radioactive wastes are the limits on the concentration of radionuclides in the
waste and the totd activity that may be disposed in a given repository.

Limits on the concentration for long-lived radionuclides in the waste ensure that the Ste may be
reurned to unredtricted use after a specific number of years. They ae controlled by human
intruson scenarios. Limits on the concentration for short-lived radionuclides in the waste ensure
the safe transport and handling of radionuclides. They rdate to "norma or operaiond” scenarios
and are not site-specific.

Limits on the totd activity are mostly Ste specific; they are not independent but form part of a
system involving criteria described further.
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Non-Radiological Criteria

Other criteria ded manly with the capability of the waste package to prevent or dday
radionuclides from reeching the biosphere in amounts resulting in the exceeding of dose limits.
They arein the form of performance standards.

To minimize radiation dose and the redease of radionuclides during handling, transport, storage
and disposal, the main predisposa operations are generaly immobilization and packaging.

It may be sometimes necessary to transform waste into a form suitable for trangport, handling and
digposd. The operation includes waste converson into less soluble form, reduction of
complexing agents, combustible or explosve materials or to avoid degradation of wastes and to
minimize the volume of wastes. It should be added here, that the Site and the engineered barriers
of the repository also contribute to this objective.

The waste packaging mug, with the waste form itsdf, provide enough shielding to protect
workers and the public and be robust enough to contain the waste in any conceivable accident as
well as during norma handling and transport to prevent sporead of the activity. Further
requirements for disposd include:

Liquid waste must be solidified

Solid waste must not contain free standing liquids

Waste must not be of an explosive nature and must not have an explosive reaction to water
Waste must not be pyrophoaric or flammable

Waste must not generate or contain toxic gases, vapors, fumes

Waste containing hazardous, biologica, pathogenic or infectious materiad must be treated
and conditioned to reduce the potentid hazard from non-radioactive materids

However, the basic limitations on the acceptability of radioactive wastes are the specific activities
and the total activity that may be disposed in the repository.

Waste acceptance criteria for the repoditory in Dukovany have been set as radionuclide activities
related to drum, vault and repostory. Mohile activity includes surface contamination of the waste
package, leachable activity and non-standard waste activity.

Modd caculations for the nearest water supply have proven that non zero concentration may be
expected only for very long lived radionuclides with low retention in the aquifer. i.e. G14, Tc-99,
[-129.

REPOSI TORY DESIGN

Repogtory facilities must be designed in such a way tha the personne and the public are
adequately protected a al times from radiologica hazards during norma operation as wdl as in
accident dtuations. Requirements on a repostory design, condruction, operation and closure
were specified in the Czech Regulation on Ensuring of Nucler Safety in Radioactive Waste
Management.

The multi-barrier approach relies on the performance of the engineered dructures of the
repostory and the waste package itself and on processes in the geosphere and biosphere, dl of
which act to retard radionuclides to decay and to reduce their concentration.



WM’ 00 Conference, February 27-March 2, 2000, Tucson, AZ

These barriersinclude:

a) Geologicd formation in which repository is Sted assuring protection from water and
retardation of radionuclides dong the possible pathways to biosphere and where future
natural and man-made disruptive events are unlikely

b) Physico-chemica form of the waste assuring low release rate
c) Waste package

d) Engineered barriers kegping the possbility of infiltration of water to aminimum and its rgpid
removal

The condition @) has been achieved by the Ste sdlection.

The fird matrmade barier is a fixing medium. After prdiminary safety assessment it was
decided to fix the waste by bituminization or vitrification. Such a solidified waste is characterized
by a low leachability and low specific area due to the high mass content of the wagte in the find
product.

Solidified waste is disposed in sted barrels of 200 L volume. These barrds are considered to be a
trangport and handling package and are not consdered as an isolation barrier due to their easy
corrosion.

Radioactive wastes are placed into reinforced concrete disposd vaults (70 cm wall thickness)
with an underdrain system and surface water system. Their man role is to prevent waer from
reeching waste packages. This is achieved by the vault desgn and by a dranage system.
Dimensons of vaults are 17.3x5.3x5.4 m. The vaults are enveloped by a 30cm thick of modified
agphdt concrete mix. The service life of the engineered barrier represented by these materids is
assumed to be more than 300years. The capacity of one vault is 1200 drums (200 | each). The

tota volume of al 112 vaults is 55000 m3 which corresponds to about 130 000 drums. The
bottom of a vault is doped to enable the precipitation water to be pump out of vault if necessary
(1,24).

When the vault is filled with wadte, it is closed by a concrete pand 0.5 m thick and covered by a
layer of impermeable plastic to make it waterproof. At a later time, grout gpplication is foreseen
to improve the dability and retention ability of the sysem. A find cover will be placed on it
made of alayer of clay, geotextile and layers of draining materids to close the repository.

FINAL REMARKS

The repository Ste was chosen after performed area survey. The safety assessment is based on the
evduation of criticd scenarios including groundwater trangport, intrusion and habitation after
ingtitutiona control. Waste acceptance criteria are set on the basis of the safety assessment taking
into account dose limits, the conditions of operations, the wagte inventory, the characterigtics of
naturd and engineered bariers and the planned duration of inditutional controls. Repository
capacity of 55 000 nt is based on 112 disposal vallts.

Since the beginning of operation in 1994 5 vaults have been filled and closed. Data obtained from
radiologicd monitoring reman in the same range as in the prediminary surveys. Good relations
have been edtablished with the locd population. It is expected that the repodtory will have
aufficient capacity to serve both Czech NPPsfor their whole service life until the year 2020.
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