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INTRODUCTION

Relevance of the work. Continually increasing consumption of energy, expansion
of new industrial branches and technology unavoidably cause problems related to the
harmful impact of industrial waste on the environment and people. Due to the increasing
technogenic load and declining self-regulation capabilities of the environment, the
society is obliged to invest in the environment preserving development ways. Nuclear
energy has no alternatives from this point of view. However, it is essential to ensure high
nuclear safety and radiation protection level, resolve technological tasks of radioactive
waste management, understand mechanisms of radionuclide migration in the
environment and better conceive aspects of ionizing radiation impact on the environment
and people. It is relevant to optimisation of occupational exposure and radiation
protection of public during operation of nuclear facilities as well as processing, storing
and disposal of radioactive waste. These issues are particularly relevant to
decommissioning of nuclear facilities, because many new technological and radiation
safety aspects concerning large radioactive waste streams are not fully clear.

The work is closely related to the main task of energy in Lithuania during this
decade — safe decommissioning of the Ignalina NPP. Modern radioactive waste
management, utilization and disposal technologies shall be used, ensuring long-term
safety and minimum impact of ionizing radiation on the environment and people.

During operation of nuclear power plants and their decommissioning, dismantling
of installations and buildings, tens or more thousands cubic meters of radioactive wastes
are generated. Those wastes are not equally hazardous from radiation safety and nuclear
safety viewpoint due to different specific activities of radionuclide and other
physicochemical characteristics. Hence, the first step in the assessment of potential
radiological impact of radioactive waste is the estimation of the nuclide composition. It
is an essential characteristic of operational radioactive waste and contamination of
buildings and equipment for dividing radioactive waste to the streams for subsequent
processing and disposal. Lists of radionuclides, indicating significant radionuclides in
assessment of ionizing radiation impact on the environment and people, are compiled in
various countries. The united list of significant radionuclides suitable for the whole
variety of nuclear facilities does not exist. Therefore, it is relevant to assess the nuclide
composition of nuclear fuel and activated materials, considering materials of nuclear fuel
and reactor structures and characteristics of neutron flux, and to define safety-relevant
radionuclides from the radiation safety viewpoint. It is particularly relevant to nuclear
power plants with RBMK-1500 reactors, as the spent nuclear fuel operational and other
radioactive waste treatment, storage and disposal technologies during decommissioning
of the plant are implemented for the first time. Accumulated scientific knowledge on the
theoretical and experimental evaluation of the nuclide composition of operational and
decommissioning radioactive waste would be useful when selecting optimal
technologies, assessing possible scenarios of radionuclide migration from repositories,
predictions and outcomes of unwanted radioactive pollution. The increasing demand for
nuclear energy worldwide stimulates the relevance of these problems and solution of
arisen tasks requires new scientific knowledge and its creative practical implementation.



The aim of the work was to develop a model of formation of radioactive waste
streams in the Ignalina NPP technological media and methodology for assessment of the
radionuclide composition. To achieve this aim the following objectives were set up:

1. to develop methodology of analysis for compilation of the list of radiation
protection safety-relevant radionuclides, suitable for all Ignalina NPP
radioactive waste streams and radioactive waste disposal options.

2. to investigate the sequence of radionuclide composition variance,
encompassing technological processes from radioactive waste generation to
disposal, and to create the radioactive waste generation scheme, explaining the
nature of formation of radioactive waste streams with a different radionuclide
composition.

3. to assess possibilities of direct and indirect radioactive waste characterization
methods and develop a nuclide vector application scheme for assessment of the
nuclide composition of radioactive waste streams at nuclear power plants with
RBMK type reactors.

4. to establish nuclide vectors of the main Ignalina NPP radioactive waste streams
and evaluate the accuracy of the method, optimal application conditions and
limits.

Novelty of the work. The novelty of this work is governed by the particularity of
the research object — Ignalina NPP — and lack of comprehensive scientific knowledge of
processes ongoing in the RBMK reactor and formation of radioactive waste streams. In
the work, a complex of computer modeling, radiochemical analysis and nuclear
spectroscopy methods was applied. It is a new indirect methodology of estimation of
difficult-to-measure nuclides for the nuclear power plant with the RBMK type reactor
proposed and implemented for the first time.

In this work scaling factors for the RBMK reactor operational radioactive waste
(conditioned liquid radioactive waste and filters used for water purification, and solid
radioactive waste) were established for the first time. Moreover, the nuclide composition
of contamination of nuclear power plant equipment was estimated. By analyzing
experimental data, intermediate key radionuclides for estimation of actinides and fission
products were proposed. In the work recommendations on application of scaling factors
for characterization of different radioactive waste streams are given.

Statements presented for defence

1. The scaling factor method is suitable for characterization of RBMK-1500
radioactive waste. As a key nuclide gamma emitter (®®Co or "'Cs) is selected,
in evaluating its correlation with the difficult-to-measure radionuclide.

2. Scaling factors of fission products to “°Co depend on the radioactive waste
stream, scaling factors of actinides depend slightly and dependence of scaling
factors of corrosion products is not observed at the existing experimental
accuracy.

3. One nuclide vector for characterization of RBMK radioactive waste is not
sufficient — establishment of separate nuclide vectors is necessary for different
waste streams, which are governed by NPP technological peculiarities.



4. Solid radioactive waste stream is not homogeneous. Due to different ways of
equipment contamination and ongoing technological processes solid
radioactive waste stream splits into several streams with a different
radionuclide composition.

Structure of the dissertation. The dissertation consists of introduction, list of
original scientific publications, three chapters, conclusions and the list of references (125
entries). Materials of the dissertation are presented in 127 pages, 28 figures and 16
tables.

METHODOLOGY
Experimental determination of scaling factors

The most obvious method for the radionuclide activity determination is the direct
measurement. However, not all safety-relevant radionuclides can be measured directly.
This is due to the fact that activity concentrations of some long-lived radionuclides are
low, there are no medium or high energy gamma lines in their decay schemes as well as
due to the absorption of ionizing radiation (first of all of alpha and beta particles) in the
waste materials and packages. Therefore, for the determination of the radionuclide
concentration in waste, indirect methods, both semi-empirical and analytical, are used. In
this work the methodology for the radionuclide composition determination is based on
the experimental measurements of specific activities of various radionuclides and on the
computer modeling results of nuclear fuel composition and the reactor construction
material activation in the reactor neutron flux.

The scaling factor method is widely used worldwide for characterizing the
radioactive waste nuclide composition. This method allows characterizing the waste
radiologically by using nondestructive methods. Some of radionuclides are easy-to-
measure due to emission of high energy gamma rays (®°Co and "' Cs). Having measured
activity of easy-to-measure (key radionuclides) and difficult-to-measure radionuclides by
direct destructive laboratory measurements one can easily calculate the activity ratios,
called scaling factors. Later on the determined scaling factors are used to determine
activities of difficult-to-measure radionuclides from measured activities of key
radionuclides. The most frequently used linear dependence between specific activities of
nuclides in the investigated sample is:

Ai =ki Akeya ( 1)

where A; is the specific activity of the difficult-to-measure radionuclide, Ay, is the
specific activity of the easy-to-measure key radionuclide, k; is a constant, called the
scaling factor.

The scaling factors of radionuclides, the specific activity of which can be measured
by o, B, and y spectrometric methods, are determined by the measurement runs,
statistically processing the results according to the correlation of the investigated
radionuclide with the key nuclides. To ensure that results are reliable, the sample should
meet the Grubb's test and the measured specific activities should cover the whole
possible interval. In this case, the upper and lower boundaries of the scaling factor are
directly obtained from the correlation function confidence interval.



Gamma spectrometry was applied using gamma-ray spectrometers, stationary and
portable, with high purity germanium (HPGe) semiconductor detectors. The stationary
spectrometer comprised three Ge detectors, with relative efficiencies of 38%, 30% and
15% and the respective energy resolution of 2.05 keV, 1.80 keV and 1.80 keV at 1333
keV. Detection limit of '*’Cs and ®Co is 0.012 Bq and 0.020 Bq, respectively, for the
detector with the relative efficiency of 38%, 0.13 Bq and 0.15 Bq for the detector with
the relative efficiency of 30% and 0.15 Bq and 0.18 Bq for the detector with the relative
efficiency of 15%. This spectrometer ensures the measurement of absolute activity of all
radionuclides in the 122-1461 keV energy range with the uncertainty not exceeding 6%.
The coincidence-summing corrections were applied when measuring activities of
radionuclides whose decay schemes incorporated the cascade transitions (*°Co, **Nb and
34Cs). The counting efficiency was also corrected for the sample aliquot density; the
final result was decay-corrected to the sampling date. The activity of short-lived
radionuclides originated in water of the main circulation circuit was measured with the
portable spectrometer immediately after the coolant sampling. The activity of these
radionuclides was determined with the uncertainty not larger than 30%. The relative
efficiency of the portable detector was 20%, while the energy resolution was 1.80 keV at
1333 keV.

A radioanalytical method for the determination of 63Ni, 55Fe, 9OSr, 241Am,
22283240, 28239290y and *Tc in nuclear waste based on decomposition of samples,
precipitation and liquid-liquid extraction followed by extraction and anion exchange
chromatography was applied. Iron hydroxides, calcium oxalate, calcium phosphate and
nickel dimethylglyoxime were used to precipitate and separate radionuclides from the
matrix elements after their leaching from samples. The separated radionuclides were
further purified to remove interfering radionuclides using the Bio-Rad anion exchange
resin from the Bio-Rad Laboratory (USA) and/or commercially available Eichrom Ni, Sr
and TRU, UTEVA and TEVA resins (Eichrom Technologies, Inc., IL 60561, USA)
(Horwitz et al., 1993, 2005; Maxwell, 2006; Hou et al., 2005; Horwitz et al., 1995).

B spectrometry was applied using the liquid scintillation beta spectrometer
Quantulus-1220. The measurement uncertainty was not higher than 10%. The
radionuclide detection limits at the measurement duration of 1 hour for >’Fe were 0.036
Bg, for ®Ni — 0.022 Bq, for *Sr — 0.027 Bq, for **'Pu — 0.032 Bq. The element
radiochemical extraction yield is 30% for »Fe, 70% for ®*Ni, 85% for *°Sr and 35% for

Pu.

The activity of actinides was determined with the alpha spectrometer, the detection
limit at the measurement duration of 100000 s being 0.001 Bq. This corresponds to the
specific activity of 0.4 Bq/kg at the 22% measurement uncertainty. The chemical yield of
the analytical procedure changes from 70 to 90% for Pu, from 60 to 80% for Am, from
70% to 90% for U. The minimal detection limit for Pu is 0.001 g/sample, for Am it is
0.0015 Bg/sample, for U — 0.001 Bg/sample.

Computer modeling

Modeling of the radionuclide generation in nuclear fuel can also be used in the
cases when it is complicated and expensive to make measurements. As the main source
of the nuclide origin in waste is the nuclear reactor, so the nuclide formation in the
nuclear fuel and construction materials can be simulated using computer codes such as



SCALE, MCNP coupled with ORIGEN. Applicability of the codes to the RBMK reactor
is demonstrated (Ancius et al., 2005; Remeikis and Jurkevicius, 2004; Remeikis et al.,
2007). The nuclear fuel composition and activation of the fuel cladding, the fuel
assembly construction materials and fuel channel are evaluated using the Origen-ARP
program, which solves differential equations of the nuclide amount variation in the
neutron flux and due to natural decay. The neutron interaction with the material is
characterized by capture and fission cross-sections of one group, which are taken from
the libraries compiled specially for the RBMK-1500 reactor. The libraries were compiled
using the SAS2 program of the SCALE 4.4a package for the 2.0+3.0% enrichment U
fuel without or with the appropriate amount of burnable Er admixture. For
characterization of some radioactive waste streams modeling was performed by applying
2D depletion sequence TRITON from the program package SCALE 5 (DeHart et al.,
2005). The fuel burnup can vary from O to 45 MWd/kgU, and the coolant density — in
the range of (0.1+1.0) g/cm’. The initial 2.4% enrichment *°U fuel with 0.41% Er
admixture, whose amount at present is the largest, was chosen for modeling. The fuel
composition at the 12 MW d/kgU burnup (for the average fuel burnup in the Ignalina
NPP reactors) has been calculated. The results of comparative calculations for 2.0% and
2.6% fuel enrichment differ insignificantly from the calculations for 2.4% fuel
enrichment. Comparative calculations where performed for 5, 16 and 21 MWd/kgU fuel
burnup. Decay of radionuclides while fuel channel and assembly are in the reactor was
taken into account.

Radionuclide generation and migration pathway from fuel to transfer medium was
taken into account for calculation of the correlation dependence. In case the pathway of
analyzed radionuclides was significantly different due to different origin of radionuclides
(fission or activation product), different chemical properties (e.g., 134Cs, 9OSr, actinides,
and key nuclide 6OCo), the additional key nuclides, whose calculated activities in nuclear
fuel and the MCC coolant or in radioactive waste correlated better, were selected, e.g.,
239+240py in case of actinides and '*’Cs in case of fission products. Then the scaling factor
was calculated by an equation:

ki = kijkja (2)

where k; is the scaling factor of the investigated radionuclide, k; is the scaling factor of
the investigated radionuclide in respect of the intermediate key radionuclide, k; is the
scaling factor of the intermediate radionuclide.

The data of measured radionuclide activity were approximated by means of linear
fitting procedure. The data clearly show the linear dependence function between specific
activities when data are presented on a logarithmic scale. A linear function can be used
for fitting of data:

1g(4) = 1g(k;) + b 18(Ayey), 3)

where b is the line slope and other terms are described in Egs. (1) and (2). When a fit is
good enough as presented in Fig. 3 (a and b), b is close to unity and fit function is
identical to Eq. (1). From confidence bands it is possible to obtain uncertainty of the
scaling factor and from upper prediction band one can find the upper limit of the nuclide
activity in the radioactive waste when the key nuclide activity is known.

Fit function confidence bands are evaluated by equation:



Yo tt(-al2n-2)-s{., |, 4)

where Y. is the most probable specific activity value of the difficult-to-measure
radionuclide at value x, (specific activity of key radionuclide, ¢ is the Student coefficient,

n is the number of data, (/-(1-a)/2) significance level, where « is the confidence level
(applied value was 0.95),

SZ{I_G(,}:S;X .[1/n+(x0—7c,.)2/2(x,.—)‘c)z], 5)

where S. is the mean square error of Y .
»

The fit function confidence interval indicates how correctly values of the fitting
function are estimated for independent variables x,. With 100-a% confidence it can be

assured that the correct fitting function value is within the confidence interval.

The prediction interval is also evaluated for confidence level a. 100-0% values of
the independent repeated measurement would be within the prediction interval.
Prediction bands are evaluated by equation:

Y., it(l—a/Z,n—2)~s{pred}, (6)

where sz{pred} =S, + sz{?xo } (7)

%o

For application of scaling factors a correlation coefficient between difficult-to-
measure and key nuclides is evaluated by equation:

ny xy=3 X3y
Y =0 mY v = )] @®

where 7 is the number of samples, x and y are measured values.

RESULTS AND DISCUSSION
Compilation of a list of safety-relevant radionuclides

The methodology for compiling the list of critical radionuclides, present in the
Ignalina NPP radioactive waste, relevant from the point of view of the radioactive waste
disposal safety has been developed. At first a long general list of radionuclides is
obtained by calculations of the nuclear fuel evolution in the reactor and the activation of
the fuel channel performed using the Origen-ARP computer code. Short-lived
radionuclides, the half-life of which is shorter than a few days, make up the largest part
of the total activity. All these radionuclides decay in a quite short period and are not
important to the long-term safety.

The suggested screening criteria to leave only safety-relevant radionuclides in the
list are: half-life (half-life longer than 0.5) and the ratio of the relative activity
concentration to Co® R; / Rc, larger than 107. Here R; = Gi" / C; is the relative activity
concentration of the i radionuclide, i.e. the ratio of the activity concentration of i
radionuclide to its unconditional clearance level (uncontrollable activity), Reo = Ceo.co /
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Ceo.co 1s the relative activity concentration of Co®, i.e. the ratio of activity concentration
of Co®to its unconditional clearance level.

Hence, the general list is shortened by eliminating the radionuclides, the half-life of
which is too short and which decay fast. Thus, after a rather short time they do not
impose hazards to people and the environment because they do not reach the biosphere.
The chosen half-life criterion is short enough and would suit even the disposal type when
waste is not isolated from the environment by engineering barriers and can migrate over
some tens of years.

Waste containing radionuclide concentrations below unconditional clearance levels
are considered as not radioactive and can be reused without any restrictions.
Unconditional clearance levels for particular radionuclides can vary by up to several
orders of magnitude (e.g. *H and ®Ni relative activity concentration ratios are 10* times
larger than those of 60Co, 134Cs, 137Cs, %Nb. The applied clearance levels are presented in
Table 1. Radionuclides are divided into nine groups. It reflects relation of unconditional
clearance levels to the radionuclide radiotoxicity. Unconditional clearance levels
(activity concentration [Bg/g]) of radionuclides which were not included in the list
(LAND 34-2000, 2000) were equated to the one tenth of the exempt level expressed in
Bg/g (HN 73:2001). Coefficients for other radionuclides were evaluated according to
(Radiation Protection Guidance No. 113, 1999; Radiation Protection Guidance No. 114,
2000).

Table 1. Unconditional clearance levels

Radionuclide Clearance level, Bq/g
241Am, 242mAm**’ 243Am**, 243Cm**,
244Cm, 237Np, 238Pu**’ 0.1
239Pu, 240Pu, 242Pu**,232Th 234U, 2355

110mAg’ 60C0, 134CS, 137CS, 54M1’1, 94Nb,
226Ra,652n 04
236U*’ LT 1
9OSr, 126G 133Ba**, TOOM Y ek 4
40K*,241Pu* 10
1291’ 182Hf>l<>l< 40
B5Cg*, PMNb*, PNi*, 7k 100
Hc, °cl, *'cax, “Fe, ”Se*, PTc 400
BCa, *H, ®Ni 4000

* - radionuclides included in the table on the basis of (HN 73:2001).
** _ radionuclides included in the table on the basis of (Radiation Protection Guidance No. 113,
1999; Radiation Protection Guidance No. 114, 2000).

The activity concentration measurements of natural radionuclides in soil at the
boundary of the Ignalina NPP sanitary zone show that K activity concentration is
higher than 0.2 Bq/g, while that of *°Ra and **Th is higher than 0.01 Bg/g. Taking into
account clearance levels of these natural radionuclides, the lowest ratio of their relative
activity concentration to Co®™ (0.02) was determined in case of potassium. Therefore,
even with the conservative assumptions to possible modeling uncertainties, it is not
rational to include into the list of safety-relevant radionuclides those whose relative
activity concentration in waste is 10° times lower than that of “’Co.
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Radionuclides remaining in the list after screening against the proposed criteria are
presented in Fig. 1. The figure shows time dependence of the radionuclide relative
activity concentration ratio to the relative activity concentration of %Co at the fuel
assembly unloading from the reactor core. °Zr does not meet the second criterion.
However, its relative activity concentration was close to the criterion and it was included
into the list in order to better consider RBMK-1500 peculiarity. Natural potassium level
is shown in the figure for illustration.

It can be noted that at the beginning **Mn, ®Co, and "*'Cs have the largest relative
activity ratios and slightly lower values are for o, 'Nb and *Sr. Ratios of other
radionuclides are more than 100 times lower. However, in a couple of decades >*Mn and
Bics decay, and %Co decays in 100 years. Then *Nb and "'Cs are dominating
radionuclides. At that time the **' Am relative activity ratio increases due to production of
*'Am by decay of *py and becomes equal to that of %Sr. Relative activity ratios of
63Ni, 93Zr, 94Nb, 29py and **°Pu do not change and the ratio of 238py decreases slowly. It
shows the importance of these radionuclides to the long-term safety.

3 C : : : ] —e—"Mn S 7r
0
10° =t~ . 4 Oy By
E ] 137 6301
T~ e i
10" L 1 *Cs K nat.
E 3 94
» i~ R Nb
: : e 240Pll
3 —— 90g
E ___________ llOmAg
Zé SFe
] --e--2py
E N
-9 *Pu
] 28p,
1. meeee 652n
3 - Am
10° 0o

Fig.1. Ratios of radionuclide relative activity concentration to initial Co® relative activity
concentration Ri/Rsoco.

The obtained list of radionuclides cannot be regarded as fully representing all
radioactive waste streams of RBMK reactors because the activation of the reactor active
zone materials (e.g. of graphite) in the neutron flux was not modeled. Therefore, the
derived list of radionuclides is more applicable to operational waste polluted due to
contact with the coolant and containing very low activity concentration of radionuclides.

During 300 years the relative activity ratio to ®°Co for part of radionuclides,
eliminated from the list, remains almost the same. Hence, some eliminated radionuclides
can be important for to long-term safety of repositories depending on the radionuclide
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mobility in engineered and natural barriers and a shortened list of safety-relevant
radionuclides can be supplemented with additional radionuclides obtained from the
safety assessment of repository and regarded as safety-relevant ones. Based on analysis
of safety-relevant radionuclides according to the international practice, preliminary waste
acceptance criteria for near-surface disposal in Lithuania and judgments on relevance of
some radionuclides for investigated Ignalina NPP radioactive waste streams, a shortened
list of safety-relevant radionuclides was supplemented with 3H, 14C, 59Ni, 63Ni, 99Tc, 1291,
BINp, 24U, 25U, and 28U

Analysis of methods for determination of radionuclide content of the Ignalina
NPP radioactive waste

A preferred option for determination of scaling factors is use of experimental
methods. In case the precision of methods and equipment is unsatisfactory, analytical
methods shall be applied. Activity concentrations of a emitters 238Pu, 239+240Pu, 241Am,
#3024 Cm, B emitters *H, "*C, *Fe, ®Ni, *Sr, "I, *'Pu and y emitters **Mn, “’Co, *Zn,
%N, llOmAg, B4cs, P7Cs were measured by the a, B and y spectrometry methods. The
scaling factors with key nuclides were determined by performing a series of
measurements and statistically processing the results. In cases when the method of
scaling factors cannot be applied or it is not expedient because of weak correlation of the
radionuclide activity with the activities of key radionuclides, the average concentration
of radionuclides in the waste stream is estimated. Scaling factors for not measured
radionuclides were estimated using intermediate radionuclides and applying modeling
methods and computer codes. The methods of the radionuclide activity determination
were chosen after evaluation of the possibilities to determine activity concentrations of
all radionuclides from the list and the rationality of these evaluations.

Table 2. Methods of determination of radionuclide activity concentrations in waste

of the Ignalina NPP

Method Radionuclides

Direct measurement Co, P'Cs (key nuclides)

Scaling factor 14C, 54Mn, 55Fe, 63Ni, 6SZn, 9OSr, 94Nb,

95—, 110 1207 134 2385 2394240
Zr, "MAg, I, 7*Cs, “°Pu, ~"Pu,
2y 241 24345344
Pu, ““'Am, """ Cm

H, "C (in case of weak correlation with

Mean concentration in the waste stream .
the key nuclide)

*Ni (according to %Ni), Tc (according
to °Sr or ®Co), *zr (according to Pz
or **Nb), “™Nb (according to **Nb), 1
(according to BI or 137Cs), 235U, 28y
and » "Np (according to #%py)

239py 24Py, 23Cm/ A Cm

Computer modeling

Analysis of the Ignalina NPP radioactive waste streams

A general scheme of the Ignalina NPP radioactive waste generation is presented in
Fig. 2. The scheme shows radionuclide routes from the radionuclide generation to the
disposal and explains the formation of radioactive waste streams. The crucial point is
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that each step of radionuclide transfer from one medium to another (fuel matrix — fuel to
clad gap, MCC coolant—surface of structural materials) imposes some change of activity
concentrations of isotopes of different chemical elements due to different physical and
chemical properties. Therefore, the ratios of isotope activities in general will be different
in nuclear fuel and the final waste product. One can conclude that depending on the
complexity of radionuclide transfer several nuclide vectors are needed for
characterization of all radioactive waste.

The radionuclides are generated during nuclear fission and due to activation of the
reactor core components as well as the Main Circulation Circuit (MCC) water and gas
circuit gases. These radionuclides can be released from nuclear fuel and reactor
components to the technological media of NPP due to present fuel cladding defects and
corrosion of metal structures of the reactor core components and contamination of the
MCC coolant due to direct contact. Contaminated coolant from the MCC can be further
transferred to the final waste by three main routes: direct contamination due to direct
contact with structural materials (thermal insulation, metal components such as pipes,
etc.); loss of coolant through leakages to the drainage system; and cleaning of coolant by
ion-exchange resins and perlite. Activated reactor components are the source of long-
lived radioactive waste. MCC coolant and NPP drainage water purification system and
gas purification system are also sources of pollution because of contamination of filters
used for purification of water and gases. A dotted line from MCC to solid short-lived
waste stream in Fig. 2 shows that solid waste is formed not directly from MCC water but
also during repair works contaminating tools, materials, etc. Another dotted line
indicates connection of MCC and gas circuit in case of rupture of the fuel channel.

In the scheme five radioactive waste streams are identified: short-lived solid
radioactive waste, evaporator concentrate (bituminized waste), ion-exchange resins,
perlite and sediments of evaporator concentrate (cemented waste), long-lived solid
radioactive waste and spent nuclear fuel. These radioactive waste streams should have a
different radionuclide content depending on the radioactive waste generation way - direct
generation (e. g. in case of long-lived waste) or pollution due to contact with
technological media (water and gas). Short-lived solid radioactive waste stream is not
homogeneous because of generation of radioactive waste from different pollution
sources and ongoing technological processes in NPP equipment (e.g. evaporation of
MCC water and separation of vapour). Several nuclide vectors are necessary for
characterization of long-lived solid radioactive waste stream due to different composition
of activated material: graphite, steel, Zr-Nb alloy, serpentine. In the purification system
of coolant and contaminated water two radioactive waste streams are formed: evaporator
concentrates and spent filtre aid materials.

Finally all materials, contaminated by radionuclides, are treated as radioactive
waste, solidified if needed (cemented or bituminized) and directed to the disposal
facility. Waste meeting clearance levels is released from control. Other wastes are
temporarily stored at storage facilities. Industrial, very low-activity (ionizing radiation
dose rate at the 10 cm distance from the surface does not exceed 0.6 puSv/h) Ignalina
NPP waste is accumulated at a special dumping site on the territory of the Ignalina NPP.
Transformation of bituminized waste storage facility to repository is foreseen, if the
long-term safety of this facility is justified. Planned repositories for disposal of very low-
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level waste and low- and intermediate-level waste as well as a geological repository
suitable for disposal of long lived waste are shown in the scheme.

Radionu?lide Activation Fission and Activation of Activation
generation of MCC activation in reactor of GC
mechanisms water fuel elements constructions gases
and places
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Fig.2. Scheme of radioactive waste generation at the Ignalina NPP and formation of waste
streams.

In this work three radioactive waste streams were investigated: short-lived solid
radioactive waste stream cemented and bituminized waste streams. For characterization
of solid radioactive waste stream several nuclide vectors are necessary. In case of
decontamination of NPP equipment during the decommissioning nuclide vectors of
waste streams can change. Nuclide vectors shall be corrected during decommissioning of
NPP because half-lifes of key nuclides %Co and ¥'Cs are quite short in comparison to
those of other safety-relevant radionuclides.
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Analysis of nuclide vectors in Ignalina NPP radioactive waste streams

In order to apply and show feasibility of the scaling factor method for waste
characterization of the RBMK-1500 reactor of the Ignalina NPP, correlations of
radionuclide activities with key radionuclides in various technological media were
investigated. Scaling factors for MCC, turbine hall equipment, emergency core cooling
system, gas circuit equipment, ventilation system equipment, gas circuit filters and three
waste streams — cemented waste, bituminized waste, solid very-low-level-activity
(industrial) waste — are presented in Table 3.

The correlation coefficients between specific activities of radionuclides of the same
origin (corrosion) and %Co were large. In the industrial waste, emergency core cooling
system equipment and gas circuit correlation coefficients of **Mn with “Co were 0.95 —
0.96 and in the turbine hall equipment — 0.84. The correlation coefficient between
activities of “Fe and “°Co in the same waste was 0.93 — 0.98 and 0.83, accordingly.
Correlation coefficients of ®*Ni activity with ®®°Co were: 0.7 — in the turbine hall
equipment, 0.94 — in gas circuit equipment, 0.96 — in gas filters, 0.97 — in emergency
core cooling system, 0.99 — in bituminized waste and 1 — in cemented waste. Correlation
coefficients of **Nb activity with %Co in industrial waste were 0.92, in gas circuit
equipment — 0.96. Fig. 3 demonstrates correlation of *Fe and “*Ni with “Co.

The correlation between specific activities of different origin radionuclides depends
on the waste stream. The correlation between fission product *’Cs and corrosion product
%Co in the industrial waste, cemented waste and in the emergency core cooling system
equipment was good, with the correlation coefficients R=0.93, R=0.97 and R=0.84,
respectively. However, there is weak correlation in turbine hall equipment (R=0.23). It
shows different migration of corrosion and fission products within the technological
media.

10° 10° 10 100 10° 10" 10" 10' 10° 10° 10" 10° 10’
A(*Co), Bakg A(*Co), Bykg
(a) a=0.64+0.10, b=0.93+0.03, R=0.97 (b) a=-0.5+0.09, b=0.87+0.03, R=0.97

Fig.3. Correlations between measured (a) SFe versus “Co and (b) %Ni versus “°Co specific
activities in industrial radioactive waste. Dots, experimental points, M, modeled SNF
composition.

It is convenient to select ®®Co as a key nuclide because according to the
measurements its contribution to the total gamma radiation intensity is the largest due to
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its high concentration in radioactive waste and high energy of emitted gamma rays. An
exception is bituminized waste, where the concentration of Co is only 2.5% of B¢
specific activity. Hence, 3Cs should be taken as a key nuclide for characterization of
bituminized waste.

1014 Euunl LALL BELL BBLLL LU L AL L L AL R L L e ”"E 1010 i_ » Bt " d t
F m  Bitiminized waste 1 d ltluminized waste
10" F o  Cement andind. waste o L 10° : ®  Cement. and ind. waste
r E 3
10°f 1 r
3 1 r
2 0F 1 ]
=N 3 E
8_- 10°k x 4
5 LK 1 E
5 10'F E E
< E E 4
0y
10° L r
1072 Evunl vl cond ool sl o sl ool soinad sl s v sosd s 1 10 ” - . " . " "
10" 100 10° 10° 10° 10° 10" 10" 10 10 10 10° 10 10 10 10
A(“Cs), Bajkg A(*°Pu+*°Pu), Bakg
(a) a=-1.94+0.34, b=1.01+0.06, R=0.93 (b) a=-0.27+0.03, b=0.99+0.01, R=0.998

Fig.4. Correlations between measured (a) St versus *’Cs and (b) 28py versus “PPu + **°Pu
specific activities in radioactive waste. Markings as in Fig.3.

7Cs was selected as a suitable intermediate key nuclide for the determination of
scaling factors of *°Sr and '**Cs nuclide activities, and afterwards the corresponding
scaling factor for these nuclides and %Co was recalculated. Usually, the correlation of
%Co and "*'Cs is much better due to the relative simplicity of measurements (activities
of both  ®Co and "“'Cs of one sample are evaluated in one gamma activity
measurement), therefore considerably more samples can be measured, which reduces
uncertainty of the scaling factor between %Co and "'Cs due to significantly better
statistics of a data set. Moreover, correlation of 37Cs with fission products is also better
due to the same physical process of generation in a reactor. Then, the uncertainty and
correlation of the recalculated scaling factor of the nuclide activity of interest, e.g., " Sr,
are better than if we tried to calculate it directly with ®*Co. This is the practical basis for
using intermediate key nuclides in scaling factor analysis. The scaling factors of actinide
activities were estimated by applying correlation to sum activity of *’Pu + **’Pu
measured by alpha spectrometry as intermediate key nuclides. Examples of using BTcs
and sum of **’Pu and ***Pu activity as intermediate key nuclide are presented in Fig. 4.

Scaling factors for different waste streams and technological media are presented in
Table 3. In order to compare scaling factors for NPP equipment and operational waste,
the factors were corrected taking into account decay of radionuclides after shutdown of
unit 1 and established for the unit shutdown date 31 December, 2004.

The list of radionuclides was adjusted to the radioactive waste disposal option. For
the waste to be disposed in the near-surface disposal facilities, having a long
maintenance period, short-lived radionuclides such as >*Mn, *Fe and ®Zn, the half-live
of which is a few years, are not important. Solid radioactive waste arising from
dismantling of the equipment of the turbine hall and emergency core cooling system,
ventilation system and gas circuit belong to both types of waste which can be released
from control and to the waste to be disposed off in the near-surface repository. Hence, a
full list of safety-relevant radionuclides is applicable. *H is not a safety-relevant nuclide
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for solid and bituminized radioactive wastes due to low quantity of moisture. The
average concentration of “H in the evaporator concentrate and the amount of water in the
cement matrix during a cementation process are used for the estimation of H in the
cemented waste.

Table 3. Scaling factors ksoco

Ce- Bitu- Indus- Turbine Venti- Gas Gas
. Nuclear MCC men- mini- ) ECC lation  circuit filters
Nuclide . trial hall . .
fuel coolant ted zed . equip.  system equip.
waste  equip. .
waste  waste equip.
c 6,9-10* 7102 2-1072 7.10* 21107 8107 17 8107
*Mn 0,16 2 0,3 0,7 0,7 0,6 0,6 0,7
Spe 4,12 0.4 3 5 13 3 3 1
*Ni 5,7-10* 1-10°  4.10™ 2.10°  1.10*  510* 510" 5.10*
N 72107 1102 0,2 4-10” 0,2 0.1 7-10%  7-10%  7-102
®Zn  52.10% 110" 1-10% 1100 2.10° 3107 3.10° 3.10°
S 77 1-10*  4.10° 2-10% 810° 1-10° 1-10°  1-10* 0,2 0,4
S7r 2,610 1-10* 310°  1.10°  1-10* 110 3-10°
“"Nb  4,9-10" 0.1 0.3 0.1 0,2 02 810°
“Nb  6,2:107 7.10* 310 0.01 2.10%*  1-10°  1-10° 1-10% 3-10™
*Tc 1,2:107 1-10° 1107 2.10°  1-10°  1-10° 1-10°  1-10°
"mAg  68.107 3102 7-10° 1107 2107 2107 2-102
| 2,4-10° 2.107  2-10° 2:107 5107
B4y 44 0.1 510%  7-10°
Bcs 91 610" 1 40 0.2 0,5 9.107
U 2,5-10° 3.10%  1.107 3107 1107 9107 9107 2.10°
u 6,2-10° 7.10"° 3.10” 7107 3107 2-10% 2.10° 410"
2y 7,510 9.10° 3.10°® 1107 410 3.107 3-.107 7-10°
*Np 9,410 1-110° 4107 210 8107  610° 610° 1.10°

Zpy 28107 2,610° 510° 2-10° 7-10° 1.10*  510°  2.10% 210 4.10°
*Pu 3610" 2.10°  410° 2-10° 5.10° 5.10°  2.10° 110 1.10* 3-10°
*pu 46107 2:10°  610° 210° 610° 910°  4.10°  2-10* 2:10* 6-10°

#py 66 7-10°  2.10* 2.10° 1107 7-10° 2107 0,1 0,1 810*
*Am 40107 2.10°  1-10° 4-10° 1-10* 1-10* 1-10* 3-10°  3-10° 3.10°
*Cm 46107 3-10° 2.10* 810° 110 110 1.10* 2.10°

* _ ratio to “°Co calculated at fuel discharge moment.

There were not enough experimental data for determination of good correlation
between “C and a key nuclide. So, the arithmetical mean value is used to estimate e
concentration in the waste. Activity concentrations of 67n and llomAg in the turbine hall
and emergency core cooling installations were below the detection limits. Hence, scaling
factors were derived by the computer modeling. Concentration of *Nb in bituminized
waste was also below the detection limit and the scaling factor has been overestimated
assuming that the concentration of *Nb is equal to the detection limit. The same
approach has been applied to the estimation of the scaling factor for *°Sr in the
emergency core cooling system equipment. Experimental data were insufficient for
determination of correlation between “*Nb and ®’Co in the turbine hall equipment, so the
arithmetical mean value was used.

Results of correlation analysis provided in Fig. 5 indicate that waste streams
generated by the RBMK-1500 reactor can be distinguished by the scaling factor for
B7Cs. One can clearly see in Fig. 5 that the activity ratio of '*'Cs to ®*Co is by about two
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orders of magnitude higher in liquid waste compared to that in solid waste. This can be
understood as the influence of radionuclide transport processes on the final waste
inventory and solubility of Cs chemical formations.
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Fig.5. Correlation of *’Cs with key radionuclide %Co in INPP solid and liquid radioactive
waste.
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Scaling factors of "*C vary up to 10* in different nuclide vectors. Scaling factors of
fission products and actinides depend on the radioactive waste pollution source (MCC
coolant or gas circuit gases). Scaling factors of 'C and *Sr are hundreds and thousands
times larger than in other waste streams and factors of actinides are up to hundreds times
smaller. Dependence of scaling factors of these radionuclides on the radioactive waste
stream is presented in Fig. 6.
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Fig.6. Dependence of "*C, *°Sr, '*'Cs and **’Pu scaling factors on the waste stream.
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Low correlation coefficients by analyzing the equipment of the whole turbine hall
(R=0.23) and building V1 (R=0.53), where gas circuit equipment and ventilation system
equipment are located, indicate possibility of mixture of different radioactive waste
streams. Experimental results of derivation of the nuclide vectors for equipment of
turbine hall and building V1 confirmed that solid radioactive waste stream is not
homogeneous and several nuclide vectors are needed for characterization of the solid
radioactive waste stream.

The correlation between '*’Cs and ®°Co is weak and the coefficient b is far from 1
for the whole equipment in building V1 (Fig. 7 (a)). Under such conditions the scaling
factor method is not applicable and I and *'Cs scaling factors are determined to the
key nuclide BTcs. However, the correlation of activation products 54Mn, 55Fe, 63Ni, %Nb
and ®Co is good =0.95, R=0.93, R=0.94 and R=0.96. Besides, the correlation is good
between 2****°Pu and ®°Co R=0.93 and between actinides **°Pu, >**Pu, *'Am, ******Cm
and 27"*°Pu _ correlation coefficients are R=0.97, R=0.8, R=0.9 and R=0.89,
accordingly.

1+ 1 aiul L aanl 1l ol Lol 1
10 10 1~ 1! 10° 10 10° 1n 107 10 16 10" 10 7

A™"Co), Bgsem® A(*Co), Bglem®
(a) a=-0.4, b=0.46, R=0.53 (b) a=-0.88, b=0.91, R=0.84

Fig.7. Correlation of B7Cs with key radionuclide %Co (a) for building V1 equipment and (b) for
ventilation system equipment.

Even a worse correlation of '’Cs with ®Co is for turbine hall equipment
(1.14+0.36, b = 0.18+0.13, R = 0.23). However, correlation coefficients of >*Mn, >Fe,
%Ni with ®Co are quite good R=0.84, R=0.83 and quite good R is about 0.7. Correlation
between transuranic radionuclides is also good R=0.75-0.98. However, the correlation
coefficient of ******°Pu and “’Co is low R=0.51.

Building V1 equipment was divided into two groups: ventilation system and
maintenance cooling system assigned to the first group and the remaining equipment - to
the second group, except gas purification systems. Due to such grouping a better
correlation between ®°Co and "'Cs (Fig. 7 (b)) is observed for the first group of
equipment, which allows application of the scaling factor method. The correlation
between “’Co and "*’Cs is weak (R=0.25) in the second group of V1 equipment. Hence,
137Cs shall be chosen as a key radionuclide for the determination of 134Cs and "I Ki37¢s
for '*’Lis 4.7-107 and for "**Cs — 0.03. An individual nuclide vector shall be established
for gas purification filters. Turbine hall equipment can be divided into three groups to
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obtain a better correlation of “Co with '*’Cs. In the first group (equipment of main
steam, steam pipeline drainage, main condensate and feed water systems) " Cs was not
measured. In the second group (detonating gas combustion facility) %Co was absent. In
the third group (the remaining equipment) both '*’Cs and ®°Co were measured. Hence,
both ®®Co and "*’Cs shall be used as key radionuclides. '*’Cs is a key nuclide for '**Cs
and 'L, ®Co - for others. The scaling factor ki3;¢, for 1291 is 4.7-107, for **Cs - 0.09.
Specific activities of B4¢s, Cs and "I in the first group equipment and specific
activities of all radionuclides except, **Cs, '*’Cs and '*°I in the second group equipment
are below the clearance levels.

Fig. 8 presents dependence of scaling factors on technological media analyzed for
one of fission products, 137Cs, one of corrosion nuclides, %Nji and one of actinides, 29py.

kéOCo
1,00E+01 +——
1,00E+00 +——
1,00E-01 +—
1,00E-02 W 63Ni
137Cs
1,00E-03 1 = 239Pu
1,00E-04
1,00E-05 ~
1,00E-06
Nuclear MCC water Cemented Bituminized Industrial Turbine hall ECC equip. Ventilation Gas cuircuit Gas filtres
fueland waste waste waste equip. system equip.
channel equip.

Fig.8. Scaling factors of *Ni, "’Cs and **’Pu in the Ignalina NPP technological media.

By comparing scaling factors in MCC coolant to calculated ratios one can conclude
that the ®Ni release rate to coolant is similar to that of ®Co (difference is less than 10
times), the release rate of '*'Cs is by two orders of magnitude lower than that of %Co and
the release rate of *’Pu is by four orders of magnitude lower. The scaling factor of ®*Ni
in the cemented and bituminized waste changes insignificantly (increases less than 10
times) compared to MCC coolant. The scaling factor of ¥7Cs almost does not change
(increases almost twice) in bituminized waste and increases about 100 times in the
cemented waste. It can be explained that very soluble 37Cs chemical forms remain in
evaporator concentrate. The scaling factor of *Pu does not change significantly in
cemented (decreases 5 times) and bituminized waste. In the solid radioactive waste
stream — investigated NPP systems equipment — the scaling factor of “Ni changes
insignificantly (less than 10 times). The scaling factor of »%py changes insignificantly
(less than 5 times) in the industrial waste and investigated NPP systems. Only in gas
filters the scaling factor of *%pu decreases more than 10 times. The scaling factor of
s for solid radioactive waste stream depends on technological NPP rocesses
mentioned above, there is weak correlation between specific activities of *'Cs and 60Co
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in the turbine hall equipment, where three waste streams can be distinguished and two
key nuclides ®°Co and "*’Cs shall be used. The correlation between specific activities of
B7Cs and “Co in the gas circuit equipment and the gas filter is weak as well. Hence,
7Cs is also a key nuclide for estimation of '**Cs and '*I activities. The scaling factor of
Cs for ventilation system is similar (less than 10 times) to that of other solid
radioactive waste (industrial and emergency core cooling system) and is about 10 times
less than in cemented waste.

Determined scaling factors of radioactive waste generated by the RBMK-1500
reactor could be compared with those of other reactors involving some technological
similarities, as BWR. RBMK and BWR are both boiling light water reactors, however
RBMK is a channel-type reactor, while BWR is not. Therefore, inventory of the reactor
core of these reactors is different: RBMK contains Zr—Nb alloy fuel channel tubes, while
in BWR a relative amount of this material is considerably less. It is confirmed by the
data provided in (Miiller, 2001; Masui et al., 2003) for the scaling factor of *Nb to 6OCO,
which is from one to two orders of magnitude higher in RBMK case depending on the
origin of waste (Table 4).

Table 4. Scaling factors kgoc,

Nuclide RBMK-1500 BWR
Hc 10°=10" ~6-10™
N1 10210 10"
%“Nb 10°+10? 10°=10*
Total o (k;37¢,) 10 ~3-107

Analogous situation is for the scaling factor of "C to ®Co. This can also be
explained by the presence of a large amount of graphite in RBMK-1500 used as
moderator as well as due to the gas circuit of RBMK-1500 where nitrogen activation
yields '*C. The scaling factor of all alpha emitting radionuclides (total alpha) for the
RBMK-1500 reactor is by about two orders of magnitude lower than that for BWR due
to the fact that defective fuel assemblies of RBMK-1500 are exchanged by refueling
machine just after the defect occurrence, while in BWR case fuel reload campaigns are
relatively rare and long-lived alpha emitters accumulate in technological media thus
increasing the ratio to the key nuclide. However, for ®Ni no significant difference could
be identified between RBMK and BWR as results are comparable for both reactor types.
Therefore, it can be concluded that radionuclide behavior in technological media of NPP
and the resulting nuclide composition of radioactive waste depend on many factors and
each case deserves individual analysis.
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CONCLUSIONS

The methodology of compiling a list of safety-relevant radionuclides is based
on two screening criteria — radionuclide half-life criterion (larger than 0.5 y.)
and radionuclide specific activity and clearance level ratio — R; comparison to
Co® specific activity and clearance level ratio R¢, (Ri/R¢, larger than 10'5).
Afterwards, the list is supplemented with safety-relevant radionuclides with
reference to preliminary radioactive waste acceptance criteria for its disposal.
Based on this methodology a general list of safety-relevant radionuclides has
been compiled and adjusted considering radioactive waste stream
characteristics and disposal option.

Correlation coefficients derived from experimental data between the corrosion
product nuclides (54Mn, 55Fe, 60Co, 63Ni, 65Zn), correlation coefficients between
fission products (9OSr, 134Cs, 137Cs), between actinides (241Am, 239+240Pu, 241Pu,
#3+24Cm) and correlation coefficients of individual nuclides with key nuclides
in the Ignalina NPP radioactive streams are mostly between 0.8 and 0.98
(regression coefficient b is close to 1) and rarely between 0.7 and 0.8. This
substantiates the nuclide vector method suitability for characterization of the
RBMK radioactive waste.

Good correlation (correlation coefficient is between 0.88-0.98, except one case,
when it is 0.8) of different Pu isotopes measured activities (alpha emitters
29+240py with beta emitter **'Pu) demonstrates a reliability of the applied
method to derive nuclide vectors.

It is reasonable to select ®°Co and/or *'Cs as key nuclides to characterize
radioactive waste of the RBMK type reactor. When the specific activity of “°Co
is approximately equal or larger than the specific activity of *’Cs and good
correlation between activities of these radionuclides is observed, it is
reasonable to select “’Co as a key nuclide because of its lower detection limit in
radioactive waste packages that of '*’Cs and good correlation of “°Co activities
with activities of actinides is observed (correlation coefficient is between 0.8-
0.93). If the specific activity of “°Co is much lower than the specific activity of
137Cs, it is reasonable to select *’Cs as a key nuclide. In case the correlation of
these radionuclides is weak (e. g., radioactive waste stream encompassing a
filter system), two key nuclides shall be selected: %Co and "Cs.

Ratios of corrosion products and o specific activities (scaling factors kgoco)
are almost equal (within one order of magnitude) in all radioactive waste of the
RBMK type reactor. Variations of activity ratios of actinides and ®’Co in
different RBMK radioactive waste streams are slight (e. g., difference between
the lowest scaling factors kegoc, of 2Py in gas filters and cemented waste and
the largest in the gas circuit equipment and ventilation system is around 30
times). However, activity ratios of fission products and %Co in different
RBMK radioactive waste streams vary significantly (e. g., scaling factors of
e keoco vary from 9-107 in ventilation system to 40 in bituminized waste
and those of *°Sr — from 1-10™ to 2-107). Activity ratio between *C and **Co
varies up to tens of thousands times (from 7-107 in turbine hall equipment to
17 in gas circuit equipment). Hence, it is reasonable to distinguish separate

23



RBMK radioactive waste streams where scaling factors vary insignificantly,
and characterize these streams by different nuclide vectors.

Total radionuclide activity values in radioactive waste govern its storage and
disposal options, and these govern, which radionuclides in the particular waste
shall be declared. Hence, when distinguishing radioactive waste streams
characterized by different nuclide vectors it shall be considered which
radionuclides in these streams shall be declared. Three radioactive waste
streams of the Ignalina NPP were investigated: cemented waste, bituminized
waste, short-lived solid waste. 8 streams were distinguished in the short-lived
solid radioactive waste stream characterized by individual nuclide vectors:
industrial waste stream; equipment of the reactor emergency core cooling
system; equipment of turbine hall, excluding equipment of the main vapour
system and detonating gas combustion installation; equipment of the main
vapour system (where B7Cs is absent); detonating gas combustion installation
(where corrosion products and actinides are absent); equipment of the gas
circuit, excluding ventilation system equipment and gas filters; equipment of
the gas circuit ventilation system; gas circuit filters.

24



REFERENCES

Ancius, D., Ridikas, D., Remeikis, V., Plukis, A., Plukiené, R., Cometto, M., 2005.
Evaluation of the activity of irradiated graphite in the Ignalina Nuclear Power Plant
RBMK-1500 reactor. Nukleonika 50 (3), 113-120.

DeHart, M. D., 2005. TRITON: a two-dimensional depletion sequence for
characterization of spent nuclear fuel, ORNL/TM-2005/39, vol. I, Book 3, Sect. T1.

HN 73:2001 Hygiene Standard Basic Radiation Protection Standards (Zin., 2002, No.
11-388);

Horwitz, E.P., Dietz, L., Chiarizia, R.M., Diamond, H., Maxwell, S.L., Nelson, M.R.,
1995. Separation and preconcentration of actinides by extraction chromatography using a
supported liquid anion exchanger: application of the characterization of high-level
nuclear waste solutions. Anal. Chim. Acta 310, 63-78.

Horwitz, E.P., Chiarizia, R., Dietz, M.L., Diamond, H., Nelsen, D.M., 1993. Separation
and preconcentration of actinides from acidic media by extraction chromatography.
Anal. Chim. Acta 281, 361-372.

Horwitz, E.P., McAlister, D.R., Bond, A.H., Barrans Jr.R.E., 2005. Novel extraction
chromatographic resins based on tetraalkyldiglycolamides: characterization and potential
applications. Solvent Extr. Ion Exc. 23, p219.

Hou, X., Ostergaard, L.F., Nielsen, S.P., 2005. Determination of 63Ni and 55Fe in
nuclear waste samples using radiochemical separation and liquid scintillation counting.
Anal. Chim. Acta 535, 297-307.

LAND 34-2000, Environment protection normative document, Unconditional Clearance
Levels; Conditions of Materials recycling and Disposal, Decree Nr. 194 (Zin., 2000, No.
38-1075).

Masui, H., Kashiwagi, M.Miller, W., Lantes, B., 2003. Suggestion to waste
classification for scaling factor method. In: Benda, G., Sheil, F. (Eds.), Proceedings of
the 9th International Conference on Environmental Remediation and Radioactive Waste
Management. American Society of Mechanical Engineers, New York, p. 2007

Maxwell, S.L., 2006. Rapid column extraction method for actinides and Sr-89/90 in
water samples. J. Radioanal. Nucl. Chem. 267 (3), 537-543.

Miiller, W., 2001. Activity determination and declaration—an overview. In:
Determination and Declaration of Nuclide Specific Activity Inventories in Radioactive
Wastes, International Workshop, Cologne, Germany.

Radiation protection guidance No. 113. Definition of Clearance Levels for the Release of
Radioactively Contaminated Buildings and Building Rubble, (1999) European
Commission.

Radiation protection guidance No. 114. Recommended radiological protection criteria
for the clearance of buildings and building rubble from the dismantling of nuclear
installations, (2000) European Commission.

Remeikis, V., Jurkevicius, A., 2004. Evolution of the neutron sensor characteristics in
the RBMK-1500 reactor neutron flux. Nucl. Eng. Des. 231 (3), 271-282.

Remeikis, V., Klevinskas, G., Juodis, L., Plukis, A., Plukien¢, R., 2007. Analysis of the
relative release rate of radionuclides from the RBMK-1500 reactor fuel elements. Nucl.
Eng. Des. 237 (8), 840-847.

25



LIST OF PUBLICATIONS

Remeikis V., Lukauskas D., Baltrunas D., Plukis A., Duskesas G., Druteikiené R.,
LukSiené B., Lujaniené¢ G., Gudelis A., Methods of determining safety-relevant

radionuclides in the nuclear power plant radioactive waste. Environmental and
Chemical Physics, 26 (4), 157-163, (2004).

Lukauskas D., Plukiené R., Plukis A., Gudelis A., DuSkesas G., Juodis L.,
Druteikiené R., Lujaniené¢ G., LukSiené B., Remeikis V., Method to determine the
nuclide inventory of low-activity waste of the RBMK-1500 reactor. Lithuanian
Journal of Physics 46 (4), 497-503, (2006).

Remeikis V., Plukis A., Juodis L., Gudelis A., Lukauskas D., Druteikiené R.,
Lujanien¢ G., LukSiené B., Plukien¢ R., Duskesas G. Study of the nuclide inventory
of operational radioactive waste for the RBMK-1500 reactor. Nuclear Engineering
and Design (2008), [in press, available online at www.sciencedirect.com].

Plukis A., Remeikis V., Juodis L., Plukien¢ R., Lukauskas D., Gudelis A., Analysis
of nuclide content in Ignalina NPP radioactive waste streams, Lithuanian Journal of
Physics 48 (4), 375-379, (2008).
Gudelis A., Remeikis V., Plukis A., and Lukauskas D., Efficiency calibration of
HPGe detectors for measuring environmental samples, Environmental and Chemical
Physics 22(3-4), 117-125 (2000).

Proceedings of conferences and workshops:

1.

Luksiené B., Remeikis V., Baltrunas D., Gudelis A., Druteikiené R., Gvozdaité R.,
Lukauskas D., Duskesas G., Plukis A., Plukiené¢ R., Principles of estimation of
difficult-to-measure beta emitter (55Fe, 63Ni) concentrations in the solid low activity
waste of Ignalina Nuclear Power Plant, 37™ Lithuanian national physics conference,
Vilnius, 11-13 December 2007.

Lukauskas D., Radionuklidy i radioaktyviyju atlieky kapinyny patekimo i aplinka,
ju sklaidos biosferoje ir jonizuojanciosios spinduliuotés poveikio Zmogui analize.
Doktoranty konferencija, Fizikos institutas, 2003.

Lukauskas D., Safety Assessment in Licensing of Near Surface Disposal Facilities.
IAEA Regional Workshop on “Safety Assessment and Regulatory Control of
Disposal Facilities”, Sofia, Bulgaria, 27 November - 1 December 2006

Lukauskas D., Disposal of Radioactive Waste in Lithuania, Regional Workshop on
Experience in Safety Assessment Driving Corrective Actions at Near Surface
Repositories, 13-17 October 2008

26



AKNOWLEDGEMENTS

I wish to express my appreciation for all colleagues from the Institute of Physics
and particularly co-authors authors of published articles, who were involved in
radioactive waste characterization activities and carried out experimental measurements,
thus providing basic input and contribution to this work.

I am most grateful to my scientific supervisor prof., dr. Vidmantas Remeikis for
proposal of interesting and relevant topic of research, valuable comments, right guidance
and encouragement.

I am truly grateful to dr. Artiiras Plukis, dr. Grigorijus DuSkesas and dr. Laurynas
Juodis for provided consultations and help.

I sincerely appreciate support, patience and understanding of my family.

CURRICULUM VITAE
1. Family name: LUKAUSKAS
2. First name: DARIUS
3. Date of birth: 21 December 1976
4. Address: Gabijos 32-29, Vilnius LT-06155
5. Telephone: +370 612 09184
6. E-mail: dariusluk @gmail.com
7. Education:
1994 — 1998 BSc of Applied physics, Faculty of Physics,
Vilnius University
1998 — 2000 MSc of Environmental physics,
Faculty of Physics, Vilnius University
8. Professional experience:
1998 — 2001 Institute of Physics. Nuclear and
Environmental Radioactivity Research
Laboratory. Engineer.
2001 - State Nuclear Power Safety Inspectorate
(VATESI)
0. Present position:

Head of Radioactive Waste Management Division under Radiation Protection
Department.

27



RADIONUKLIDINES SUDETIES TYRIMAS ATOMINES ELEKTRINES
RADIOAKTYVIUJU ATLIEKU SRAUTUOSE

Reziumeé

Nuolat augancios energijos sanaudos bei naujy pramonés Saky ir technologiju
plétra neiSvengiamai kuria problemas, susijusias su Zalingu gamybos atlieky poveikiu
supanCiai aplinkai ir Zmogui. Augant technogeniniam kraviui ir senkant aplinkos
savireguliacijos galimybéms, visuomené priversta investuoti { aplinka tausojanciy plétros
keliy paieskas. Siuo poZidiriu alternatyvy neturi branduoliné energetika, tadiau biitina
uztikrinti aukSta branduolinés saugos bei radiacinés apsaugos lygi, iSspresti
radioaktyviyjy atlieky tvarkymo technologinius uZdavinius, suprasti radioaktyviyjuy
izotopy sklaidos gamtinéje aplinkoje désningumus bei geriau suvokti jonizuojanciosios
spinduliuotés poveikio aplinkai ir Zmogui aspektus. Tai aktualu optimizuojant profesing
ir gyventojy radiacing sauga eksploatuojant branduolinius irenginius, taip pat perdirbant,
saugant ir laidojant radioaktyviasias atliekas. Sie klausimai ypa¢ aktualdis nutraukiant
branduoliniy objekty eksploatacija, nes daugybé naujy technologiniy bei radiacinés
saugos aspekty, susijusiy su dideliais radioaktyviyjuy atliekuy srautais, iki Siol galutinai
néra aisSkis. Todél darbo tema glaudZiai siejasi su svarbiausiu Sio deSimtmecio Lietuvos
energetikos pramonés uzdaviniu — saugiai nutraukti Ignalinos atominés elektrinés
eksploatacija. Tam turi biiti naudojamos Siuolaikinés radioaktyviyjy atlieky tvarkymo,
utilizacijos ir laidojimo technologijos, kurios garantuoja ilgalaike sauga ir minimaly
jonizuojanciosios spinduliuotés poveiki aplinkai ir Zmogui.

Pirmasis Zingsnis, siekiant jvertinti galima radioaktyviy atlieky radiologini poveiki, -
nustatyti ju radionukliding sudéti. Vieningo reikSmingy radionuklidy, vertinant
jonizuojanciosios spinduliuotés poveiki aplinkai ir Zmogui, saraSo, tenkinancio visa
branduoliniy irenginiy gausa, néra. Todél aktualu, atsizZvelgiant | branduolinio kuro ir
reaktoriaus struktiriniy medziagy sudéti bei neutrony srauto charakteristikas, remiantis
teoriniais ir eksperimentiniais vertinimais, nustatyti radionukliding kuro ir aktyvuoty
medZiagy sudéti bei apibrézti radiacinés saugos poZzitriu reikSmingy radionuklidy sarasa.
Sukauptos mokslinés Zinios apie eksploataciniy ir eksploatacijos nutraukimo metu
susidaran¢iy radioaktyviyjy atlieky nuklidinés sudéties teorinius ir eksperimentinius
vertinimus, blity naudingos pasirenkant optimaliausias technologijas, {vertinant galimus
radionuklidy sklaidos 1§ kapinyny scenarijus, prognozes ir nepageidautinos
radioaktyviosios tarSos pasekmes.

Pagrindinis §io darbo tikslas - sukurti radioaktyviyju atlieky srauty susidarymo
Ignalinos AE technologinése grandyse modeli ir srauty radionuklidinés sudéties
vertinimo metodika. Svarbiausi §io darbo rezultatai, atspindintys jo naujuma ir svarba:

Parengtas reikSmingy radionuklidy saraSo sudarymo metodas, kuris remiasi dvejais
atrankos kriterijais - radionuklidy puséjimo trukmés (didesné nei 0,5 m.) ir radionuklidy
savityjy aktyvumuy ir jy nebekontrolivojamyjy lygiuy santykiy - R; lyginimo su %Co
savitojo aktyvumo ir jo nebekontroliuojamojo lygio santykiu - R¢, (Ri/Rc, didesnis nei
107). Po to saraas papildomas kapinyno saugos vertinimui svarbiais radionuklidais,
remiantis preliminariais priimtinumo laidoti atliekas kriterijais. Remiantis Sia metodika
sudarytas reikSmingy radionuklidy saraSas, tikslintas kiekvienam srautui atsizvelgiant i
radioaktyviyjy atlieky srauto savybes ir atlieky Salinimo btida.
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IStirta radioaktyviyju atlieky sudéties kitimo seka, aprépianti technologinius
procesus nuo radioaktyviyjy atlieky susidarymo iki ju laidojimo, ir sudaryta
radioaktyviyjy atlieky susidarymo schema, paaiSkinanti skirtingos radionuklidinés
sudéties radioaktyviyjy atlieky srauty susidarymo esme.

Pirma karta pasitlyta ir idiegta nauja sunkiai matuojamy nuklidy netiesioginio
vertinimo metodika atominei elektrinei su RBMK reaktoriumi. Darbe kompleksiSkai
taikyti kompiuterinio modeliavimo, radiocheminés analizés ir branduolinés
spektroskopijos eksperimentiniai metodai.

Eksperimentiniais rezultatais pagristas nuklidinio vektoriaus metodo tinkamumas
charakterizuoti RBMK radioaktyvigsias atliekas. Pateikiamos rekomendacijos dél
proporcingumo daugikliy taikymo charakterizuojant skirtingus radioaktyviyju atlieky
srautus. Atraminiais nuklidais charakterizuoti RBMK reaktoriaus radioaktyviasias
atliekas tikslinga pasirinkti ®°Co ir/arba '*'Cs. Kai radionuklido “’Co savitasis aktyvumas
yra apytikriai lygus arba didesnis negu radionuklido B7Cs savitasis aktyvumas ir stebima
gera §iy radionuklidy aktyvumy koreliacija, atraminiu nuklidu tikslinga pasirinkti ®’Co,
nes Sio radionuklido aptikimo slenkstis radioaktyviyju atlieky pakuotése yra mazesnis
negu “'Cs ir stebima gera ®Co ir aktinoidy aktyvumy koreliacija (koreliacijos
koeficientas yra tarp 0,8-0,93). Jei radionuklido “Co savitasis aktyvumas yra daug
mazesnis negu radionuklido YCs savitasis aktyvumas, atraminiu nuklidu tikslinga
pasirinkti '*’Cs. Tais atvejais, kai $iy radionuklidy aktyvumy koreliacija silpna (pvz., kai
nagrin¢jamas apimantis filtry sistema radioaktyviyjy atlieky srautas), reikia pasirinkti du
atraminius nuklidus: ®*Co ir *’Cs. Analizuojant eksperimentinius rezultatus, pasitlyti
pagalbiniai atraminiai radionuklidai aktinoidy ir dalijimosi produkty proporcingumo
daugikliams nustatyti.

Darbe pirma karta sudaryti RBMK reaktoriaus eksploataciniy radioaktyviyju
atlieky srauty - apdoroty skystyjy radioaktyviyjy atlieky bei vandens valymui naudojamy
filtry bei kietyju radioaktyviyjy atlieky - proporcingumo daugikliy rinkiniai (nuklidiniai
vektoriai). Taip pat ivertinta atominés elektrinés jrangos radioaktyviosios tarSos
nuklidiné sudétis. Kietyjy atlieky sraute iSskirti 8 srautai, apibiidinti atskirais nuklidiniais
vektoriais.

Nustatyta, kad koroziniy radionuklidy ir %Co aktyvumy santykiai (proporcingumo
daugikliai keoco) praktiskai (dydzio eilés tikslumu) yra vienodi visose RBMK reaktoriaus
radioaktyviosiose atliekose. Aktinoidy ir %Co aktyvumuy santykiai ivairiuose RBMK
reaktoriaus radioaktyviosiose atliekose kinta nedaug (pvz., maZiausi %y
proporcingumo daugikliai keoc, dujuy filtruose ir cementuotose atliekose skiriasi nuo
didziausiyju dujuy kontiro jrangoje ir ventiliacijos sistemoje apie 30 karty). Taciau
dalijimosi produkty ir °Co aktyvumy santykiai jvairiuose RBMK reaktoriaus
radioaktyviosiose atliekose gali Zymiai skirtis (pvz., B proporcingumo daugikliai
Keoco kinta nuo 9-107 ventiliacijos sistemoje iki 40 bitumuotose atliekose, “Sr - nuo
1-10* iki 2-107%). "*C ir “Co aktyvumy santykis skirtinguose atlieky srautuose kinta nuo
7-107 turbiny salés irangoje iki 17 dujy kontiiro jrangoje. Tod¢l tikslinga RBMK
reaktoriaus radioaktyviosiose atliekose iSskirti atskirus atlieky srautus, kuriuose
proporcingumo daugikliai kinta nedaug, ir Siuos radioaktyviyjy atlieky srautus
charakterizuoti skirtingais nuklidiniais vektoriais.
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