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Brief review of the most well-known analytical and methodological materials devoted
to the theory and practice in characterization of radioactive waste (RAW) generated at
NPPs is presented. The basic principles of method for building scaling factors (SF) and
the main features of SF application in technological chain of RAW management are dis-
closed. It was demonstrated that the basis that allows using the SF methodology is the
availability of functional relationships between the activities of various radionuclides,
which are simultaneously accumulated during reactor campaign and contamination of
various materials. In the course of special investigation, it is needed as follows: to take
a representative sample of waste from each stream of materials subject to radiation
monitoring; in the laboratory to determine the content of all radionuclides to be cer-
tified; when using the methods of statistical data analysis, to identify the key nuclides
(KN) and calculate the SF average values, which make it possible, based on the results of
gamma-spectrometry of KN content, to estimate alpha and beta-emitting radionuclide
activities in RAW packages, whose measurement demands high material costs and time
(for DTM - difficult to measure radionuclides). An illustration of impact of different
factors and mechanisms, which form DTM nuclides and KN content ratio in solid waste
characteristic of RBMK-type reactors, is delivered. The basic requirements and proce-
dures, which are to be reflected in the method to characterize solid RAW from Chornobyl
NPP for DTM radionuclides certification using the SE, are determined.

Introduction

dures at any of its steps can cause important consequences,
not only in follow-up steps, but, in some cases it brings

Radioactive waste (RAW) is produced from a range
of activities resulting in waste streams varying by its form,
activity, physical state, etc. The RAW sources are often
called as “point of origin” [1], which also contain each
nuclear power plant (NPP). During the normal operation
of reactor installations or during a NPP decommissioning,
a large amount of RAW is generated [2]. Appropriate
monitoring of chemical and radiochemical parameters of
RAW within the entire life cycle of waste management,
and careful testing of the quality of final waste forms and
waste packages, are the principal components of any waste
management strategy [3]. A failure in monitoring proce-

to generation of waste packages, which are not compliant
with the waste acceptance criteria for long-term storage
or burial. The characterization of RAW includes estab-
lishing a list of radionuclides, together with their specific
activity, inside each package [3, 4]. The evaluation of ra-
dionuclide activities in radwaste is required for its dis-
posal in final repositories. The inventory of radionuclides
to be declared with each waste form is numerous and
diversified (alpha- and/or beta-emitters). Some of these
radionuclides are easy to measure (ETM) with using NDA
(non-destructive assay) or DA (destructive assay), but
most of them are difficult to measure (DTM) and need
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DA in a laboratory or a calculation with using special
codes (e.g. pure beta-emitters). Some of them are impos-
sible to measure (ITM) even in a laboratory. However, it
is not true for the other techniques for waste characteri-
zation, namely, NDE (non-destructive evaluation), NDA
or DA. The technology available today for NDE and NDA
is reliable, but costly.

To solve the existing problem, numerous studies
were conducted, which allowed establishing quantitative
relationships between the activities of ETM and DTM
radionuclides in other RAW streams [5]. In subsequent
years, the results were confirmed by more detailed studies
and made the basis of scaling factor (SF) methodology
[6-9].

Similar difficulties hamper full and large-scale char-
acterization of RAW accumulated in large quantities
within the territory of Chornobyl NPP (ChNPP) Exclu-
sion Zone. In addition, beside various RAW formed as
a result of mitigation of ChNPP Unit 4 accident in 1986
and located in temporary repositories and at ChNPP
Shelter object, other RAW sources also exist in the Ex-
clusion Zone: producible under decommissioning work,
sites for interim storage of RAW, works related to decon-
tamination of equipment and materials [2, 10].

To characterize operational solid RAW of ChNPP
origin, introduction of SF methodology (SFM) in
Waste Characterization Systems was recommended
[11, 12]. This approach also reflects the policies of
IAEA and WANO to extend possible application of
SEM to characterize the RAW producible during de-
commissioning of nuclear facilities and problematic/
legacy wastes, which are to be retrieved from existing
storage structures.

The aim of this work is to study SEM basic princi-
ples and those used in characterization of different RAW
generated in a reactor installation, and also to highlight
the main requirements and procedures, which are pre-
scribed in Technique of SF identification to characterize
solid RAW accumulated over normal operation period of
ChNPP Units.

Basic principles and international standards
used in the field of scaling factor methodology

The disposal of RAW requires the knowledge of its
radioactivity content in terms of specific radionuclide
concentrations. This information is used by a repository
operator and/or regulator to trace radionuclide invento-
ries and concentrations, which are generally limited by
repository safety assessment and operating licence [6].

Many of important long-lived radionuclides contained in
the RAW are DTM from outside a waste package with
using non-destructive techniques because they are of low
energy, and non-penetrated by beta or alpha emitting nu-
clides (i.e. non-gamma emitters). Identification of these
DTM nuclides requires the creation of methods, which,
in general, involve analysis of waste samples with using
complex chemical analyses to separate various radionu-
clides for measurement. This method is not practical for
large amount of waste packages.

Several theoretical techniques for nuclide determi-
nation, such as modelling of activation in structural com-
ponents of reactor core and prediction of fuel nuclide
composition in nuclear fuel with using the codes, such
as MCNP or SCALE, can be applied [6, 8]. However, it is
difficult to predict the nuclide content in very low level-,
low- and intermediate-level RAW by purely theoretical
methods due to physical and chemical processes involved
in RAW generation. Therefore, for such situations it is
recommended to implement experimental measurement
techniques [7]. Moreover, experimental measurements
of nuclide content are the basic tool for validation of
theoretical predictions. The main steps in implementing
the SFM for RAW characterization in NPPs are shown in
the Fig. 1.

A methodology for empirical determination of SFs is
described in International Standard ISO 21238:2007 [7].
The SFM is widely used to evaluate DTM nuclides.
The SFM is based on development of a correlation be-
tween ETM gamma-emitting nuclides (key nuclides -
KN) and DTM nuclides, which are contaminated by dif-
ferent materials in nuclear reactor [6]. The activities of
DTM nuclides in waste packages are estimated by KN
activity measurements and subsequent multiplication of
this value by SF coefficients calculated on the basis of ra-
dionuclide data obtained by sampling and radiochemical
analysis (according to established ratios of radioactive
concentrations of DTM nuclides/KN). The document [7]
gives guidelines for the SFs used in the characterization of
RAW producible in water-cooled NPPs and other types
of reactor.

One of the most important and responsible steps
in successful application of SFM is SF determination for
all radiologically significant radionuclides, which must
be measured and certified in relation to State regula-
tion. As noted in [4], in many countries, characteriza-
tion is carried out, mainly, to ensure radiation safety of
personnel during the RAW management, nuclear safety
and control of commercial product losses. Under the
absence of control of long-lived radionuclides, the solu-
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Fig. 1. SF methodology for RAW characterization in NPPs

tion of tasks to assess long-term safety of RAW dumps
is difficult and, practically, impossible. For solid RAW
accumulated during the normal operation of ChNPP,
the list of radionuclides to be certified includes 23 radio-
active isotopes, whose majority refers to DTM long-lived
radionuclides [13].

Nowadays, SFM methodology was developed to be used
in all NPP types: Boiling Water Reactor (BWR), Pressurized
Water Reactors (PWR), Gas-cooled Reactor (GCR), wa-
ter-cooled, water-moderated power reactor (WWER), High
Power Channel-type Reactor (RBMK), Pressurized Heavy
Water Reactor (PHWR), and others. They are, primarily,
applied to operating reactors, but are also used for shut-
down reactors and reactors undergoing decommissioning
(Japan, Spain, Slovakia, the USA, Lithuania and Ukraine)
[6]. As it is described below, some special considerations
may be required for reactors undergoing decommission-
ing, as well as for those, which may have had major fuel
damage or environmental contamination incident.

It is important to note the following thing. First,
the sampling practices, calculation model and data main-
tenance practices may differ in various countries (for ex-
ample, sampling at some stages of development process
and/or sampling of waste streams). As a part of this arti-
cle, we will not discuss this issue in detail, except for dis-
cussing the importance of separating waste into streams,
which will be done below. An example of basic principles
to determine the amount of samples, which are to be taken,
may be found in [16].

Second, in the majority of countries, two main
methods to calculate mean SF values are used: arithmetic
mean (such as Japan, Slovenia and the UK) and geomet-
ric (logarithmic) mean (such as Brazil, Canada, France,
the Republic of Korea, Italy, Spain, Sweden, Ukraine
and the USA). The SF “mean value” is based on the as-

sumption that the relationship between a KN and a DTM
nuclide is linear over the range of activities of interest.
The arithmetic mean will tend to produce a conserva-
tive (i.e. high) value, while the geomeltric mean will tend
to produce a more representative average value when
the data points are spread over several orders of magni-
tude. The Fig. 2 shows an example illustrating a degree of
SF value overestimation with using a second data analy-
sis method. Other countries, such as Germany, Hungary,
Lithuania, Mexico and Slovakia, use a logarithm regres-
sion analysis to calculate the SF values.

'Third, the KN and DTM grouping practices may
also differ. In theory, KN selection is based on consid-
erations relating to production mechanism, transport
parameters and stream exposure in various processes. In
practice, the main criterion is the ability to show that a
correlation exists between the KN and the DTM nuclide.
The Table 1 shows the results of established correlations
between various radionuclides in the spectrum of radio-
active contamination of waste, and identifies the best KN
for a group of radionuclides united by general nature of
their origin [1, 3, 6, 11, 14, 15]. In all cases, the impor-
tant point to be considered is, whether or not, KN and
DTM nuclides show an ‘acceptable’ correlation for given
circumstances. The ultimate determinant in establishing
a viable KN is that, which is easy measurable with using
gamma-spectrometry available at the point of generation
or place for packaging for disposal.

Fourth, there are some cases where no reliable cor-
relation has been found between KN and DTM nuclides.
For example, development of SFs for *H and '*C has been
problematic in the USA for some waste streams [6]. In
many of these cases, average values, theoretical values or
upper bound values were used instead of SF calculated
values (ITM, see Fig. 1).
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Fig. 2. Distribution of Ni-63 (a) and Co-60 (b) logarithm specific activities and their ratio logarithm (c) in irradiated copper [9].
Statistic parameters such as geometric mean (g. mean). mean and median, are represented
together on the background of normal logarithmic curve

Table 1. Radionuclides to be, apparently, found in spent fuel treatment facility and solid RAW of normal and accident origin

Number of Groups of radionuclides Key nuclides
group general characteristics nuclides (tracer)
Activation products = - . =, .
1 - P L 19B¢; 2H, “C,%Fe, ¥ Co, ¥Co, ®Co, ¥Ni, ¥Ni, “Co
(cooling water and steels)
2 Platinum-group metals '7pd, '%(Ru+Rh), '*Ru, '"Ru '%Ru
3 Fission products TGS, 192Gs, ¥1Cs, V5121, RTe ¥ Zs. ¥ Nb B7Cs:2C0
4 Lanthanides e, ¥Pm; ¥'Sm; " Eu; *Eu 3 Bu
Actinides - 2 242 2 2
5 s ; . MCm, 7PCm, 220, M Am, 29 m; 2B A HAm
(similar chemical behavior)
i Actinides 25, 236, 238(J, 357Np, %8Py BIPy, 0Py 24Py 7G5, 9Co
(spent fuel particles in solid RAW) 2Py 21 Am, **Am ’

And finally, the fifth one, RAW is produced from
a range of activities resulting in waste streams varying by
their form, activity, physical state, etc. The sources of RAW
are often called as “point of origin” [1], which also include
each NPP. On the example of Ignalina NPP, which is closest
to Chornobyl NPP by reactor type, the main sources and
transfer channels of radionuclides in the RBMK systems
can be represented in the form of diagram shown in Fig. 3.

The reactor core is the main contamination source
due to generation of radionuclides during neutron cap-
ture or nuclear fission and activation of reactor core com-
ponents. The diagram in Fig. 3 clearly demonstrates three
main routes that contaminated coolant of main circulation
circuit can be further transferred to the final waste. The
found features of formation of radioactive contamination
of various materials and stable ratios of radionuclide ac-

tivities in their mixtures make the basis in using the SEM
to characterize different RAW streams. The above-men-
tioned features dictate the need in establishing separate
SFs for the streams differing in the nature of radioactive
contamination occurrence.

Practical SFM application and challenges

The measurement of the KN activity in waste pack-
ages is performed by one of two methods:

direct gamma assay (at the energy level associated
with the KN);

dose rate measurement in relation to activity conver-
sion, where gross gamma dose rate is measured at some
distance from waste package surface, and is used to as-
sume KN activity via a calculation model.
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Fig. 3. Example of NPP radioactive waste streams. MCC - main circulation circuit [14]

While direct gamma assay can provide a more accu-
rate KN measurement, it also requires more sophisticat-
ed equipment than the dose rate to activity conversion
method. On the contrary, while dose rate to activity con-
version method requires simple equipment, it still requires
developing multiple conversion factors for various waste
package types and geometries and/or waste types, and
the use of well-defined measurement geometries in order
to ensure result reproducibility.

In practice, the procedure for empirical determina-
tion of SFs values for all nuclides to be certified includes
the following elements [6]:

sampling of waste streams (including determination
of waste streams to be sampled, how many samples are
required, how the samples are collected, etc.);

radiochemical analysis for the radionuclides of concern;

analysis of data for correlation;

selection of KN based on evidence of correlation,
modeling, or on established practice;

selection of appropriate SF calculation method
(e.g. geometric mean, linear regression of logarithms);

assessment of feasibility in combining or grouping the
data (for different waste streams, different reactor types, etc.);

systematic or additional sampling to validate the
SFs, if the nature of waste contamination has changed
(e.g. significant changes to major reactor component ma-
terials and/or indication of significant fuel failuresand/or

waste treatment methods, etc.), and to reduce the sum-
mary uncertainty.

Let us briefly mention another important aspect of SFs
application problem that has a significant impact on the fi-
nal accuracy of characterization results. The uncertainty in
the SF value derived in determination stage is influenced by
the following factors: number of radiochemical analyses;
dispersion or variance of data (regression is based on nor-
mal distribution) and determination method used (geomet-
ric mean, linear regression of logarithm, etc.). Among the
possible sources, a limited number of radiochemical anal-
yses are the most important contributors to the summary
uncertainty associated with the SF estimation. To reduce the
uncertainty, additional radiochemical analysis data may be
needed. However, it is necessary to consider the following
thing: “The number of data points is sufficient when invest-
ment in additional sampling and measurement produces no
appreciable improvement in the statistical uncertainty” [16].

In the case of reactor shutdown and of those under-
going decommissioning, ratio of KN to DTM nuclide
will change with the time. The KN such as “Co and/or
¥7Cs will decay faster than the radionuclide of interest
(alpha-activity of DTM, which have typically long half-
lives). Thus, decay correction shall be taken into account
when developing and using the SFs. This also must be
considered for legacy wastes (e. g. wastes that have been
stored for a long period before characterization).
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In the case of those NPPs that have undergone major
fuel damage incidents or accidents, different amounts of var-
ious radionuclides may have been transported and deposited
to various areas inside and outside of the plant, as based on
chemical transport properties and volatility of the elements
involved. The most representative example of a situation,
when it is necessary to take into account such factors affect-
ing the SFs value, is 1986 Chornobyl accident and the peculi-
arities in formation of radioactive contamination at different
distances from the accident epicentre [10]. In 2011, a tech-
nique for determination of specific activity of radionuclides
in solid RAW of emergency origin on the access port monitor
directly in the back of a truck was developed and approved
[15]. The results of this work can be considered as a unique
example of practical implementation of SF method to charac-
terize solid waste, which were radioactively contaminated as
a result of severe accident at NPP.

Conclusions

The analysis of information materials, revealing the ba-
sic principles of SEM, as applied to the tasks to be solved
at the ChNPP, allows making the following conclusions:

1) to characterize solid RAW from the number of
operational origin waste, received in specially equipped
near-surface repository for solid radwaste (SESRSRW),
from non-emergency Units or until April 1986, it is suf-
ficient to follow the standard procedure for establishing
the SF according to the results of data analysis for repre-
sentative samples of solid RAW;

2) the most promising for implementation should
be considered the procedure set out in ISO 21238 and,
moreover, which is repeatedly recommended by the ex-
perts of WANO support mission;

3) the procedure for empiric establishing the SF
should include: sampling of waste materials related from
selected stream; laboratory analysis of radionuclides con-
tent; analysis of data for correlation results; selection of
KN and estimation of SFs values for all DTM nuclides to
be certified; systematic sampling to validate the SFs for
“problematic” DTM nuclides and to reduce the summary
uncertainty of certification results.
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Incmumym npobnem 6esnexu AEC HAH Yipainu,
syn. Kiposa, 36a, m. Hoprobuns, 07270, Ykpaina

TeopermyHi Ta MPAKTHIHI ACTIEKTH 3ACTOCYBaHHS
mMeTopy MacmTabHux KoedinieHTis s
XapakTepusanii TBepANX pagioaKTMBHIX BiX0-
iB, w0 yrBOproThca Ha AEC

[IpencraBieHo KOPOTKMI OS] HAMOIIBIT BifIOMMX aHa-
MITUYHUX 1 METOMYHUX MaTepia/liB, IPUCBAYEHNX TMTaHHAM
Teopii 1 MpaKkTUKKM XapakTepusallii pajioakTUBHMX BIJIXOJIB
(PAB), sixi yrBoprororbes Ha AEC. Poskpuro 6aszosi mpun-
iy 1mo6yzioBu Metopty Macitabumnx koedinientis (MK) ra
OCHOBHI 0COOMUBOCTI IOTO 3aCTOCYBAHHS B TeXHONTOTTYHOMY
JIaHITi031 TTIoBOKeHHs1 3 PAB.

TTokasaHo, 10 (YH[AMEHTOM, KU JIO3BOJISAE BUKOPUCTO-
ByBarn Metogoorito MK, e HasBHICTD (yHKITIOHABHMX B3ae-
MO3B’SI3KIB MJK aKTUBHOCTSIMY PISHIMX PajiiOHYKTIJ(iB, sIKi HaIpa-
IIbOBYIOTBCSI OJ(HOUACHO B XOJTi KaMITaHiil peakTopa i 3a6pyjiHIOI0Th
pisHi MaTepia/y. Y Xofii CIeL[ia/IbHOIO JOCTIKeHHs HeoOXifHo:
IpoBecTH Bifthip perpeseHTaTMBHOI BUOIPKM 11po6 BIIXOJB Bij|
KOXKHOTO TIOTOKY MaTepia/liB, 110 IHIATaloTh pajialiifHoMy
KOHTPOJIIO; B YMOBax jlabopaTopii BU3HAYMTH BMICT YCiX pajiio-
HYK/IIB, 110 [JIATAI0TH ACIOPTU3aLlil; BUKOPUCTOBYIOUM MeTO-
T CTaTUCTIYHOIO aHa/li3Y JaHMX, PO3paxyBaTH CepefiHi 3HaueH-
ua MK, siki J103BOIAIOT 3a pesy/IbTaTaMy 'aMMa-CIIeKTpoMeTpii
aKTMBHOCTI pertepHyx papionyiiyis (PP) omiammi B yrakoBkax
PAB axruBHicTh aib(a- 1 GeTa-BUNPOMIHIOIOUNX PajiioHyKITiJIiB,
BYMipPIOBaHHSI SIKMX BUMarae 3HaYHMX MaTepia/lbHAX BUTpPaT i yacy
(papioHyKIi, 1110 BaXKKO BUMIpIOIoThCs — PBB).

Haouno 1pojieMOHCTPOBaHO BIVIMB OCHOBHMX (pakTOpIB i
MeXaHi3MiB, 10 (OpMYIOTh CIIiBBifHOMIeH s BMicTy PBB/PP y
tBeprux PAB, o e xapakrepunm s peakropis Ty PEMK.
BusHaueHO OCHOBHI BUMOIM Ta IPOLENYpH, SKi ITOBUHHI OyTH
BioOpakeHi B MeTozmIli Xapaktepusariii TBepimx PAB Yopho-
6unbepkoi AEC nipu nacrioprusarii PBB i3 Bukopucrannsam MK.

Kmiowosi cnosa: AEC, pajiioak TMBHI BIIXOIM, XapaKTepusarlis,
MacirTabHmit KoeirtieHT, periepHi paionyKmim,
BaXXKKOBUMIPIOBaHI pajiioHyK/Iiu, KoeillieHT KopesIslLii.

A. B. Muxaiinos, B. A. Kpacuos, B. H. besmbinos

Hncmumym npobnem 6esonacnocmu ASC HAH Yipaumnwt,
yn. Kuposa, 36a, m. YepnoGoine, 07270, Yxpauna

TeopeTuyeckne M NPaKTHIECKNE ACHEKTHI
NpMMeHEeHN MeTOA MacIITaGHbIX

K03 PHIMeHTOoB /ISt XapaKTepU3aIuu TBEPABIX
PaAMOAKTHBHBIX OTXO0B, o0pasyromuxcs Ha ADC

IIpepcraBien KpaTkuit 0630p Haubosee M3BECTHRIX aHa-
JIMTUYECKMX Y METOJIMUECKMX MaTepUasIoB, TTOCBSIICHHBIX BO-
IIPOCaM TeOPUU U IIPAKTUKY XapaKTepUsalluy paiioaK TUBHBIX
orxonioB (PAO), xotopple obpasytorcst Ha ADC. PackpbiThl
6a30BbIe IPUHIIUIIBL IOCTPOCHUS MeTOofla MaclTabHBIX KO9(-
¢urmentos (MK) 1 ocHoBHBIE 0COOEHHOCTH €ro TIpUMEHEHM s
B TeXHO/IOTMYecKoM Ier obparenus ¢ PAO.

[Tokasano, uTo yHIaMEHTOM, IO3BOISIONIMM UCTIONb30-
BaTh MeToftonoruio MK, siBiisiercst Hannume hyHKIIMOHATbHBIX
B3aMMOCBSI3€/l MEX/Iy aKTMBHOCTSMM PasjIMuHBIX PajiMoHy-
K/IMJIOB, KOTOPBIe HapabaThIBAIOTCS O HOBPEMEHHO BXOJle KaM-
ITAaHUM PeaKkTopa M 3arpsI3HsIOT pasimndHble MaTepuansl. B xone
CIIeIMaIbHOTO MCCIeOBaHUA HeoOXO[MMO: IIPOBecT 0T6Op
perpeseHTaTMBHOM BRIOOPKH IPOO OTXOOB OT KaXKIOTO I10-
TOKa MaTepuasIoB, MOUIeKAIUX PajMalluOHHOMY KOHTPOJIIO;
B 1abOPaTOPHBIX YCHOBMSX OIIPEIENUTh COflepsKaHme Beex
PaJMOHYK/IMJIOB, TIO[JIeXKAlMX I1acIlOPTU3AIIMN;
3ysl METOJIbI CTATMCTMYECKOrO aHa/M3a JIAHHbIX, PacCUnUTATh
cpennue sHadeHuss MK, koTopele IO3BO/IAIOT 110 pe3y/AbTaTaM
ramMmMma- CrieKTpOMeTPUIECKOTro OIpejie/ieHM s aKTUBHOCTH pe-
HepHBIX pajnoHyKmoB (PP) B ymakoBkax PAO oreHUTH ak-
TUBHOCTD anbga- 1 Gera-M3nyyaonmx pajuoHyKIuiioB, U3-
MepeHye KOTOPBIX TpelyeT GONBIIMX MaTepUalbHEIX 3aTpar
1 BpeMeHN (TpyjHou3MepsieMble paimnoHykanant — TUP).

HarnisiHo  IIPOJIeMOHCTPUPOBAHO  BIIMSAHME OCHOBHBIX
bakTopoB M MexaHM3MOB, (POPMUPYIONIMX COOTHOIIEHME aK-
tuHocTeit TVIP/PP B mBepppix PAQO, XapakTepHoe s pe-
axropos turia PBMK. Omnpepenennl ocHoBHBIE TpeboBaHMs
U TIPOLEAYPhl, KOTOPBIE JO/DKHBI ObITh OTPajkeHbl B METOJIMKe
xapaxrepusarmy TBepipix PAO Yepnobpuibckoit ADC ripu ma-
crioprusaryu TUP ¢ ucnonbsopanem MK

UCIIO/Ib-

Kniwouesvie cnosa: ADC, paioak TUBHbBIE OTXOJ(bI,
Xapakrepusars, MacuTabHbIi Koo puIMenT, perepHole
PaMOHYK/IMJIBL, TPYAHOM3MEpsieMble PaIMOHYK/IIBL,
Koo PUIMEHT KOPp eIy,
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