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The paper focuses on a computational study seeking to estimate the radiation characteristics of reactor graphite from
RBMK power units at their decommissioning stage based on the case study of Leningrad NPP and its unit N° 2. The
calculations performed in the MCU-RBMK software via the Monte Carlo method were verified based on a data array
with experimental specific activities of radionuclides found in the reactor graphite. The paper presents the estimated
distribution of radioactive waste volumes represented by reactor graphite according to relevant waste categories with
due account of amendments introduced into the radioactive waste classification system since January 1, 2024.
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Introduction

Currently, 7 RBMK reactor units are operated at
three NPPs in the Russian Federation: Kursk, Len-
ingrad and Smolensk NPP. New power units with
this reactor type neither are planned for construc-
tion nor were included in the concept of further nu-
clear power development [1], and some of them (the
first and the second power units of the Leningrad
and Kursk NPPs) have already been shut down for
decommissioning.

In RBMK reactor units, graphite is used as a
moderator and neutron reflector and is exposed
to intense neutron fields during reactor operation,
which drives radionuclide formation due to the ra-
diation capture reaction. Irradiated reactor graph-
ite is specifically characterized by its activity, which
is mainly associated with the long-lived carbon '*C
isotope with a half-life of T, ,=5,703-10° years. Due
to large RW volumes (over 1,700 tons per power
unit) generated from RBMK decommissioning, the
management of RW and irradiated graphite, in par-
ticular, may contribute considerably to the total de-
commissioning cost [2]. As noted in [3], in terms of
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specific activity, quite considerable portion of ac-
tivated reactor graphite corresponds to Class 2 RW
requiring disposal in deep geological repositories
(DGR) [4]. Owning to new amendments introduced
to the RW classification system [5], [6] on January 1,
2024 that reduce conservatism in waste assign-
ment to particular RW classes based on the content
of long-lived radionuclides, it seems reasonable
to evaluate the distribution of reactor graphite in
accordance with the new classification system and
taking into account the influencing factors.

This article summarizes the calculations focused
on radionuclide activities in the reactor graphite
of Leningrad NPP Unit 2, which was shut down to
perform necessary pre-decommissioning opera-
tions. The calculations were performed based on a
full-scale RBMK-1000 reactor model implemented
in the MCU-RBMK software [7], [8]. The paper also
evaluates the distribution of graphite RW by RW
classes established depending on the waste dispos-
al routes by the new classification system. The cal-
culation results were compared with the currently
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available experimental data. The article also sum-
marizes another study performed to determine
the radiation characteristics of metal RBMK-1000
reactor structures and to attribute the RW to cer-
tain classes according to the new RW classification
system [10].

Calculation model developed
for the RBMK-1000 reactor unit

A model of a RBMK-1000 reactor unit was deve-
loped to evaluate the radiation characteristics of
activated reactor graphite. MCU-RBMK software
was used to perform neutron transport calculations,
as well as to calculate relevant flux densities and
the specific activities of activated radionuclides
by the unit elements [7], [8]. This software pack-
age consists of several modules and is absolutely
identical to the MCU-6 code, which was verified in
benchmark experiments when the functionals of a
wide class of neutron multiplying systems, inclu-
ding the burnup function, were calculated [11].

To solve a system of nuclide kinetics equa-
tions, the MCU-RBMK leverages the BURNUP mo-
dule [12],[13]. The calculations implied an ap-
proximation, in which the neutron flux densities
remained constant at a time step.

Based on MCU-RBMK, one can build detailed mod-
els of changes associated with particle energy fluc-
tuations during collisions (based on a continuous
dependence between the cross-sections and the en-
ergy), spectra of prompt and delayed neutrons, the
changes in neutron energy during moderation tak-
ing into account the resonant nature of absorption.

When calculating the changes in the isotopic
composition, the entire period of material irradia-
tion is divided into successive time intervals, dur-
ing which the power of the studied system is as-
sumed to be constant. The calculation system is
divided into zones, within which the reaction rates
required to calculate the changes in the isotopic
composition of the fuel at a given time interval are
recorded. In each zone, the average isotopic com-
position at the end of the time interval is calculated.
Thus, the problem is split into two subproblems:

- the zone-averaged nuclide reaction rates at the
beginning of the time interval are calculated via
the Monte Carlo method,;

- changes in the nuclide composition of the zone
are calculated at recorded reaction rates on differ-
ent nuclides.

The MDB650 constant library provided constant
support to the MCU-RBMK software. The library
provides for a set of sections that can be used in cal-
culations involving different particles and different
submodules of the composite physical module.
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The MDB650 library consists of the following
sections:

ACE — a library providing data on the cross-sec-
tions of neutron interactions with nuclei for dif-
ferent nuclides in the epithermal energy region
as a pointwise representation uploaded from
ENDEF/B-VI files and other sources;

LIPAR — resonance parameters of nuclides in the
resolved resonance region;

KORT — a library of featured neutron-physical con-
stants in the low-energy region (pointwise repre-
sentation, upper limit — 5 eV);

VESTAM — a library used to model neutron colli-
sions with moderator nuclei in the thermaliza-
tion region; presented in the form of probabil-
ity tables evaluated based on the scattering laws
S(a,B);

BOFS6 — a library of generalized phonon spectra of
moderators;

DOSIM — a library of activation cross-sections pre-
sented in a pointwise manner;

BURN6 — contains information required to solve
the nuclide burnup problems: half-lives of nuclei,
yields of fission fragments, chains of radioactive
transformations, etc.

Full-scale calculation models of the RBMK-1000
reactor unit (Fig. 1) were built in MCU-RBMK tak-
ing into account a transition to more enriched fuel
and full compliance of the operating mode with the
thermal power levels scheduled for the power unit
No. 2 of the Leningrad NPP.

Fig. 1. Cross-section fragment of the reactor core (RC) and
the simulated structure (SS): 1 — concrete shaft, 2 — sand,
3 — water biological shield tank, 4 — gas cavity, 5 — gas cavity
inside the reactor jacket (RJ), 6 — cooled reflector channels,
7 — reflector columns, 8 - RC channels



Initial chemical composition
of graphite and its characteristics

Chemical composition of system elements ex-
posed to the neutron fluxes is seen as a main pa-
rameter of the calculation model [14]—[18]. To
calculated it, relevant scientific literature sources
were analyzed [19]—[29]. The composition of re-
actor graphite revealed based on this analysis was
refined. For this purpose, the inverse problem was
solved based on the best description of the experi-
mental parameters.

¢ is the radionuclide providing the key contribu-
tion to the specific activity of graphite [25]. This ra-
dionuclide can be generated both in neutron radia-
tion capture reactions on stable carbon '3C(n, y)*C
and in reactions on nitrogen, which is present in
graphite as an impurity. In this case, due to the
large neutron capture cross-section, the reaction
on nitrogen “N(n, p)'*C may turn to be the domi-
nant mechanism responsible for '4C occurrence in
graphite. In addition to the basic inventory of nitro-
gen impurities (4-10~* wt. % [16], [20]) found in the
graphite stack, certain effect may be produced by
the cooling mixture of helium-nitrogen gases fill-
ing the sealed RU area that may get absorbed into
graphite pores at an excess pressure of 1.5 kPa at
the inlet of the reactor space. In addition, it is pos-
sible to use nitrogen purging alone during reactor
operation at a power capacity of up to 800 MW [37].
The flow rate in this case should be 300—400 m®/h.
Nitrogen purging at a flow rate of up to 1,000 m3/h
and a pressure of up to 6.0 kPa is allowed during
stack drying. Estimates show [21] that in the case
of GR-280 graphite with a porosity of 23% and a
pressure of 1.5 kPa, the additional nitrogen compo-
nent in the pores of the graphite stack is expected
to be equal to 5.96-107 wt. % and, given a pressure
of 6.0 kPa, it may account for 2.38:1072 wt. %. Since
this component may be of decisive importance as
regards '*C generation, the most conservative in-
dicator presented in the literature [19]—[29], i.e.,
1-1072 wt. %, [24] was used in the calculations.

Table 1 presents the graphite composition con-
sidered in the calculation model.

Graphite density of 1.71 g/cm3 was adopted in
the model, which is close to the average density
recorded during the operation of power unit No. 2
[36] and is considered optimal based on previous
neutron-physical calculations performed to verify
the MCU software [11].

Calculated induced activity of the graphite stack

Calculations performed based on the operation-
al data available on the second power unit of the
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Table 1. Composition of GR-280 graphite assumed
in the calculation model

Element Li B N 0 Na Mg
Chemical
Gy 4107 310 1072 1,8107% 1,7:107% 1,1-107°
% wt.

Al Si Cl K Ca Sc
Chemical
ey 3107 3,310 32107 3107 31072 5-10°°
% wt.
Element I \ Cr Mn Fe Co
Chemical
Gl 5-107* 1,3-107° 4,110 6107° 107 91077
% wt.
Element Ni Cu Zn As Zr Nb
Chemical
iy 31070 3-107° 2,6:107* 1,05-107° 5,7-107° 61077
% wt.
HEGELE Mo Ag Cd Sb Cs Eu
Chemical
Ll 6107 3510715107 3107 2:10°%  2-1077
% wt.
Element Hf Ta W Th U C

0 5,8-10771,9-1077 4107 2,5-1077 7-107% 9,99-10
% wt.

Leningrad NPP after one year of cooling showed that
the total specific activity of beta-emitting radionu-
clides in the graphite blocks was ranging from 1.19-10*

(in the side reflector) to 2.79-10° Bq/g (in the central

section of the reactor core), which is explained by the

spatial anisotropy of the neutron flux density (Fig. 2

shows its distribution in the graphite blocks by height
(a) and radius (b) of the reactor core). During the cool-
ing period that may last for up to 1,000 years, graphite

activity in the blocks is expected to correspond to the

total specific activity of beta-emitting radionuclides

and, within a timeframe of thousands of years, would

be still referred to the category of intermediate-level

waste (ILW) according to the criteria set forth in the

OSPORB-99/2010 [30].

Fig. 3 shows the dependence between the average
specific activity of radionuclides in graphite blocks
and the cooling time.

The activity of graphite is mainly contributed by
the radionuclide '*C with an average specific ac-
tivity of 8.01-10° Bq/g assuming a cooling time of
1,000 years. It was found that within 10—20 years, a
large portion of it would account for the isotope *H
(up to 25%) with a specific activity of 2.52-10° Bg/g
formed due to (n, a) reaction on °Li impurities.
However, as noted in [31], the values calculated for
the graphite stack may be somewhat overestimated
due to high tritium mobility.
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Fig. 2. Integral neutron flux density (IFD) in graphite blocks
and its distribution by height (a) and radius (b) of the reactor
core

Fig. 3. Dependence between the average specific activities
of radionuclides in graphite blocks and the cooling time

In keeping with the former classification system
that was effective until January 1, 2024, in terms of
specific activity, graphite inventory mostly (99 %)
corresponded to RW Class 2. Calculations per-
formed under the new RW classification system
showed that the graphite stack of the RBMK power
unit can be divided into RW classes as follows: 36 %
belongs to RW Class 2; 63% — to RW Class 3; 1%
to — to RW Class 4. Fig. 4. represents the above dis-
tribution graphically (vertical section through the
central part of the graphite stack).

RW Class 2 shall be disposed of in a DGR, whereas
RW Class 3 is subject to disposal in near-surface dis-
posal facilities [4], [32]. As of 2024, the disposal tar-
iff for RW Class 2 accounted for 858,198.59 rubles,
which is 4.6 times higher than the one established
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Fig. 4. Graphic representation of RW distribution by classes
(vellow color — Class 2, red — Class 3, blue — Class 4)

for RW Class 3 [33]. Thus, the new classification
system [5] may considerably reduce the overall dis-
posal costs when it comes to spent reactor graphite.
At the same time, the challenge associated with the
development of appropriate graphite RW process-
ing and conditioning methods still remains to be
addressed.

Verification

To verify the calculation results, the following ex-
perimental data on the specific activity of graphite
samples were used:

- 31 samples for *C and 3°Cl [34];
.15 samples for **Mn, ®Co, °°Nb, '**Cs and

137Cs [35];

. 15 samples for **Mn, *°Fe, ®Co, *Zr, *Nb, '3Cs,

124sb, 137CS [9]

The calculation results were compared based on
the available data on the inventory of the above-
mentioned radionuclides in graphite samples. In
general, their convergence turned out to be satis-
factory. The discrepancy in the individual samples
could be explained by uneven distribution of impu-
rity elements according to their content both in dif-
ferent graphite batches and by the volume of indi-
vidual stack elements, which was also noted in [18].

14C is the radionuclide responsible for the graph-
ite stack radioactivity (from 51 % in the first year of
cooling and up to 95% after 1,000 years). The con-
tribution of other isotopes to the specific activity
of graphite is much smaller, and they usually origi-
nate from the activation of impurity elements, the
content of which varies widely across the stack. In
this regard, and also given that the class of graph-
ite RW mainly depends on the *C inventory, data
on radiocarbon content may be reasonably consid-
ered in the first place when one needs to verify the
graphite stack calculations.

In the verification process, it was found that the
relative deviation of the measured '*C activities



from the calculated ones averaged some 24 % with
a standard deviation of 36 %.

The calculated activity of #C largely (70—
90%) [18] depends on the amount of activated ni-
trogen included in the calculation model, which is
found as a graphite impurity that tend to get ac-
cumulated in the pores and on the surface of blocks
and graphite rings during reactor operation. The
systematic exceedance of the calculation results
over the experimental data by 24 % can be primar-
ily attributed to somewhat overestimated initial
concentration of nitrogen activated in the graph-
ite pores, as well as its variation both along the
graphite block volume and between the individual
blocks [25].

To determine the content of activated nitrogen in
graphite pores one should solve a complex multi-
factorial problem with its result being contingent
on:

- graphite purging background,;

- graphite operating temperature conditions;

- the initial graphite structure and its deformation
during reactor operation.

Given considerable uncertainty in the amount of
nitrogen found in graphite in its initial state and
its changes during reactor operation, a discrepan-
cy between the calculated and measured values of
24 % with a standard deviation of 36 % appears to
be quite satisfactory and confirms the adequacy of
the applied algorithms and the calculation model.

Moreover, to reduce the discrepancy between the
calculation and measurement results, it is advis-
able to increase the representativeness of the ex-
perimental data sample. Currently, Rosenergoatom
Concern is running R&D to evaluate the residual
radioactive contamination of irradiated graphite
from RBMK reactor units. These studies are expect-
ed to provide more detailed experimental data on
the specific activities of radionuclides in graphite,
based on which the verified calculated values can
be further refined.

Conclusion

Calculations were performed based on a full-scale
reactor model implemented in the MCU-RBMK
Monte Carlo software package to determine the
induced activity of a graphite stack. The calculated
values were found to be in good agreement with the
experimental data available on the '*C radionuclide
governing its radioactivity within a timeframe of
thousands of years.

It was found that under the newly introduced RW
classification system, a large graphite inventory
(up to 64 %) can be categorized as RW Class 3 or
even Class 4, which greatly facilitates the task of its
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disposal and paves the way for some practical steps

providing for graphite RW transfer for disposal to

the National Operator after the corresponding con-
ditioning methods are identified.

At the same time, the study revealed great degree
of uncertainty in the calculated data resulting from
the inaccuracy of information on activated impuri-
ties found in graphite.

To increase the reliability of the calculated ra-
diation characteristics of reactor graphite in RBMK
units undergoing decommissioning, some fur-
ther experimental studies can be recommended,
including:

- a study focused on the chemical composition of
reactor graphite seen to determine the boundaries
for the impurity element concentrations;

- a study focused on the specific activity of the key
radionuclides and their distribution by the graphite
stack volume for reactor units with different oper-
ating histories to compile a verification matrix;

- a study focused on the effect that nitrogen purg-
ing has on the graphite stack in terms of its in-
duced activity.
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