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The paper presents experimentally evaluated parameters of **C and *Cl leaching from irradiated RBMK-1000 graphite
in aqueous media of various compositions, including distilled water and those stimulating the groundwater. To predict
further radionuclide migration and to demonstrate the disposal safety, an array of initial data was formed presenting
the characteristics of RBMK-1000 graphite stacks. The paper proposes an optimal approach describing numerically
the function of the leaching dynamics. It also compares the calculated dynamics of *C and *¢Cl leaching from GR 220
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Introduction

To date, three reactors out of eleven RBMK-1000
type reactor units, have been finally shut down in
the Russian Federation: power units No. 1 (2018)
and No. 2 (2020) at Leningrad NPP and No.1 at
Kursk NPP (2021). Operation time of each reactor
amounted to ~45 years. In keeping with a roadmap
implemented by JSC Rosenergoatom Concern, the
next decade will see a great increase in the number
of power channel-type uranium-graphite reactors
shutdown for decommissioning [1], [2]. RBMK-1000
graphite inventory accumulated to date in the Rus-
sian Federation amounts to ~25 thousand tons
(43 % of the total irradiated graphite inventory) [1].
However, neither a specific disposal option nor
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strategy has been clearly specified to date, which
is partly due to the lack of a sufficient array of ex-
perimental data on the characteristics that would
specify its potential hazard level.

In this regard, starting from 2020, R&D is imple-
mented to obtain experimental data on the char-
acteristics of irradiated graphite from already shut
down RBMK-1000 reactor units and to assess the
safety of different disposal options proposed [3]—[8].

Long-lived radionuclides “C (T, ,=5,730 years)
and *Cl (T,,=301,000 years) stand for the key
ones governing the potential hazard for the bulk
of graphite RW during its disposal [4]. Graphite is
basically considered being not prone to oxidization
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in air and in aqueous media under non-critical tem-
perature storage conditions (up to 350°C). However,
in aquatic environment, the intensity of long-lived
radionuclide (including “*C and 3Cl) release from
graphite RW will depend on the parameters of their
selective leaching, which, in turn, depend on the form
and the binding energy of long-lived radionuclides
within the graphite structure. Therefore, the charac-
teristics representing the potential hazard of graphite
RW stand for the specific activity of the waste in com-
bination with the parameters determining the resis-
tance of graphite RW to radionuclide leaching. These
properties will be considered as key ones during pre-
dictive assessments of graphite RW hazard during its
disposal according to a proposed option.

In 2020, to obtain experimental data, a statisti-
cally representative array of graphite samples was
taken from the graphite stacks of power units No. 2
and No. 3 of RBMK-1000 Leningrad NPP. At the first
stages of the study, which included the use of pur-
posely developed certified methods [9], [10], the fol-
lowing results were obtained [5]:

. specific activities of *C, *¢Cl and other radionu-
clides were calculated for the entire array of sam-
ples taken;
statistical analysis was implemented to evaluate
the array of experimental data on the radionuclide
content;
specific aspects of radionuclide accumulation and
spatial distribution in graphite stacks were identi-
fied and evaluated;
empirical regression dependences between *C
and 3¢Cl content in graphite stacks and the spatial
arrangement of graphite blocks were obtained;
the average specific and the total content of *C
and 3*Cl was calculated for individual zones of the
graphite stack and for the stack in general.
Present stages of research were focused on (2021):
experiments aiming to determine the characteris-
tics of “C and 3¢Cl leaching from graphite stacks of
RBMK 1000 reactors (power units No. 2 and No. 3
of the Leningrad NPP) in aqueous media assum-
ing various compositions: distilled water, water
simulating groundwater from the Yeniseiskiy site
(ZATO Zheleznogorsk, Krasnoyarsk Territory) and
sites, located in the vicinity of the Sosnovy Bor
city, not far from the site of FSUE FEO’s Leningrad
branch (former FSUE RosRAO) [11];
evaluation of various approaches providing nu-
merical description of the leaching processes;
- formation of an initial data array summarizing the
characteristics of RBMK-1000 graphite.

The above tasks should be properly addressed to
provide initial data for predictive calculations fo-
cused on radionuclide migration from graphite in
the repository siting area.

In recent years, JSC PDC UGR and IPChE RAS
named after A.N.Frumkin have been implement-
ing research to improve the correctness and reli-
ability of assessments focused on the characteris-
tics of irradiated UGR graphite [6], [7], [8]. It should
be noted that the results obtained testified in favor
of the fact that in earlier predictive assessments of
graphite RW impact on the environment and the
population [12] their potential hazard had been
significantly overestimated. The main reason for
this was the use of data obtained either from rough
conservative estimates or by methods [13], [14] not
accounting for some specific features of irradiated
graphite. In particular, this concerned the charac-
teristics describing the process of long-lived radio-
nuclide (LLR) leaching from graphite RW, which
were considered as key indicators of their potential
hazard.

Under the experimental studies of porous irra-
diated graphite structures and the process of LLR
leaching carried out in 2017-2018 [6], [7], a mod-
el that could be used to describe this process was
proposed and experimentally substantiated. This
model was also taking into account the properties
of the graphite structure (namely, a developed sys-
tem of open pores), as well as the features of *C and
3¢Cl formation, fixation and distribution in graphite.
Porous structure of graphite materials produced in
Russia (GR-76, GR-220, GR-280) [6] was studied: it
was shown that almost the entire volume of open
porosity in it (both in the original and in the irra-
diated one) was available for saturation if cooled
in aquatic environment. At a graphite density of
~1.7 g/cm?, the specific surface area (per unit mass)
of open pores (FS) was equal to some 225 cm?/g.
Based on the data obtained, one could conclude
that FS for the graphite of the studied grades was
significantly exceeding (by more than 2 orders of
magnitude) the surface area of graphite fragments.
This fact governs the nature of the leaching process
for the key volume-distributed long-lived radionu-
clides being similar to the "volumetric" one. In this
case, the contribution of open pores to the leach-
ing process intensity will prevail over the contri-
bution of the one associated with the open surface
of the fragments (in contrast to solid monolithic
materials).

Thus, after graphite RW is completely saturated
with water and the time equilibrium in terms of ra-
dionuclide migration from the graphite volume to
the surface is established (~50—150 days for large
fragments such as graphite plug, block), the leach-
ing process will tend to have a quasi-volumetric



nature with the leaching from the surfaces of the
pore walls that would provide key contribution to
14C and *Cl leaching intensity. Taking into account
the period of forecast assumed under the calcula-
tions focused on radionuclide migration from re-
positories (hundreds and thousands of years), it can
be argued that it is this process that would basically
give rise to the key potentially hazardous impacts
of graphite RW.

The leaching nature being similar to the volumet-
ric one explains the fact that in case of irradiated
graphite the “classical” leaching rate parameter R
will depend on the geometry of the element, sample,
fragment, namely, on the ratio between the surface
area and the volume. For this reason, according to
the studies [6], [7], parameter y was introduced: it
characterizes the leaching resistance and does not
depend on the geometry (which was shown experi-
mentally). It should be noted that this parameter
and its derivatives are widely used abroad in the as-
sessments of radionuclide leaching from irradiated
graphite [15], [16]. From a physical point of view,
parameter vy (the fraction of a radionuclide released
from samples of irradiated graphite block per unit
time) is a ratio between the activity of a radionuclide
released into the contact solution per unit time and
the total activity of the radionuclide contained in
graphite (sample, fragment, solid part), which can
be calculated using the following expression:

i G Gy (1)
Almt,  Alpvt,’

where: a' is the activity or amount of the i-th ra-
dionuclide released into solution during the n-th
leaching period, Bq; A is the specific activity of the
i-th radionuclide in graphite, Bq/g; m is the mass
of the entire sample, fragment, weighed portion
(in case of crushed material), cm?; p is the graphite
density for the entire sample constituting to a frag-
ment, g/cm?®; V is the volume of the entire sample,
fragment, cm?; t_is the duration of the n-th leach-
ing period, days.

Relationship between the fraction of the i-th ra-
dionuclide released from the RW material per unit
time during the leaching period y for samples of a
fixed geometry, solid parts and fragments of graph-
ite RW with the "classical" leaching rate related to
the geometric surface area of the sample, element
or fragment (R), can be represented by the follow-
ing expression:

R=th =t @
where: R’ is the leaching rate of the i-th radio-
nuclide during the n-th leaching period related
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to the geometric surface area of the sample or
fragment, g/cm*day; F, is the geometric surface
area of the entire sample, its element or frag-
ment, cm?.

In case of a graphite block geometry typical for
the RBMK-1000 reactor units (250250 x 600 mm,
the diameter of the inner hole is 114 mm), this pa-
rameter, R,, (g/cm*-day), can be calculated using the
following expression:

R,=vpV, /F,=5,62y )

where: v is the proportion of a radionuclide leaching

from the RW material per unit time, day!; p is the

density of graphite GR-280, p=1.65—1.70 g/cm?;

V,, is the volume of a graphite block from the

RBMK-1000 reactor, V,,=31,380 cm?; F,, is the geo-

metric surface area of a graphite block from the

RBMK-1000 reactor unit, F,,=9,200 cm?.

Under these studies the leaching tests were
implemented based on a method providing for a
long-term sample cooling in an environment with
the leaching solution being periodically discharged
and refilled. Samples of block graphite from power
units No. 2 and No. 3 of the Leningrad NPP were
used in the experiments.

The tests involved:

- cylindrical samples fabricated from the selected
cores;

. fragments of irregularly shaped graphite blocks
and graphite chips formed during graphite block
cutting that was performed to restore the resource
characteristics of graphite stacks.

A graphite sample was placed in a sealed polypro-
pylene container filled with a contact solution. The
ratio between the volume of the contact solution
and the surface area of the cylindrical samples was
equal to 10:1. The experiments were implemented
at a room temperature (25+3°C). The sample was
placed into a vessel in such a way that its entire
surface remained in contact with the solution. The
leachate was periodically sampled which also pro-
vided for a complete replacement of the contact so-
lution. The frequency of sampling was: 1, 4, 7, 14,
21, 28, 68, 208, 278 days from the date when the
cooling was started.

The following solutions were used as contact
ones:

. distilled water;

- model solutions (Table 1) simulating ground-
water in the area of the proposed deep RW dis-
posal facility at the Yeniseiskiy site near ZATO
Zheleznogorsk, Krasnoyarsk Territory (herein-
after, solution A) and groundwater from a site
in the area of FSUE FEQO’s Leningrad branch in
the vicinity of Sosnovy Bor city (hereinafter,
solution B).
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Table 1. Composition of groundwater simulators, mg/l

pH and chemical element content, mg/l

Type of
aqueous
media

ElS eI

SolutionA 85 1975 479 110 745 68 269
SolutionB 74 958 52 128 176 74 122

Figure 1 shows the curves representing “C leach-
ing dynamics in distillate and model solutions for
block graphite samples averaged over four graphite
samples from power units No. 2 and No. 3 of Lenin-
grad NPP for each model solution.

Figure 1. Dynamic curves of **C leaching in distillate and
model solutions for graphite samples from blocks: 1 — model
water of the Yeniseiskiy site; 2 — model water of FSUE FEQO’s
Leningrad branch; 3 — distilled water

As shown above, leaching intensity drops rapidly
in the initial period of cooling (~30—50 days) in
the contact solution. C leaching intensity during
this period decreases by 2—3 orders of magnitude.
In the future, the dynamics of the curves tend to
be the same nevertheless becoming less active. In
this case, the curves can show significant devia-
tions of the intensity from the general dynamic
trend (drops, bursts), which is considered a charac-
teristic feature for graphite due to its developed po-
rous structure. The shape of the leaching dynamics
curve is believed to be governed by a combination
of the following processes [6], [7]:

- in the initial period, leached is the part of radio-
nuclides located in those areas of the graphite
structure that are most proximate to the sample
surface in a water-soluble form and has the lowest
fixation strength in the material structure;

- there is a gradual filling of cavities in the graph-
ite structure that are most remote from the sur-
face and accessible to the contact solution (pores,
intergranular spaces, etc.), as well as an increase
in the effective leaching surface. However, the
exchange process between the contact solution

located in the structural cavities and the container

contact solution (outside the sample surface) be-

comes more complex.

As long as the filling of all cavities available in the
graphite structure is completed, the area of the ef-
fective leaching surface and the intensity of radio-
nuclide transport from deep regions to the surface
of the graphite fragment gets stabilized. In the sub-
sequent period, the leaching intensity to a greater
extent is already governed by the following factors:
- strength of radionuclide fixation (their physical

and chemical forms) in near-surface layers along

the effective contact surface with the solution,;

- mass transfer intensity of the contact solution
located in the structural cavities of the graphite
mass with the solution in the reservoir.

The tests have shown (Figure 1) that irradiated
RBMK-1000 graphite was less resistant to “C ra-
dionuclide leaching when kept in model solutions
compared to the distilled water cooling. At the same
time, the difference between the leaching dynam-
ics in the model waters of the two sites (Yeniseis-
kiy site and the one in the vicinity of FSUE FEQ’s
Leningrad branch) turned out to be insignificant.
After 280 days, the difference between the leaching
intensity measured for the model solutions and the
distillate was approximately one order of magni-
tude. Table 2 presents y and R values (leaching rate
related to the surface area, graphite RBMK-1000
block geometry) identified by the end of the tests
(280 days of cooling).

Table 2.y and R values measured for **C radionuclide
(graphite RBMK-1000 block geometry) established
at the end of the tests (280 days of cooling)

Type of aqueous media R, g/cm*day

" Distilled water 9.110-10 5110-9
| SolutionA 9.710-9 5410-8 |
| SolutionB 7110-9 4010-8 |

Figure 2 shows 3¢Cl leaching dynamics in distil-
late and model solutions averaged over four sam-
ples of block graphite from power units No. 2 and
No. 3 of Leningrad NPP for each model solution,
respectively.

It can be noted that the curves showing the dy-
namics of Cl leaching are characterized by the
same features as those established for *C. Never-
theless, the characteristic absolute values of y pa-
rameter indicate that the resistance to *Cl leaching
from graphite constituting to power units No. 2 and
No. 3 of Leningrad NPP is 3—4 orders of magnitude
lower than in case of “C.

According to the test (Figure 2), the irradi-
ated RBMK-1000 graphite did not demonstrate
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Figure 2.%Cl leaching dynamics in distillate and model
solutions for graphite samples taken from blocks:
1 — model water of the Yeniseiskiy site; 2 — model water
of FSUE FEO’s Leningrad branch; 3 — distilled water

statistically significant differences in 3¢Cl leaching
during its cooling in model solutions and distilled
water. Table 3 presents y and R values obtained at
the end of the test (280 days of cooling).

Table 3.y and R values representing *¢Cl leaching
(graphite RBMK-1000 block geometry) established at
the end of the tests (280 days of cooling)

Distilled water 3.4-10°¢ 1.9-10°°
Solution A 3.9-10°° 2.2:10°°
Solution B 3.3-10°° 1.9-10°

To identify the influence of the test sample geom-
etry and mass on the dynamics of *C and *Cl leach-
ing, some tests were performed in distillate for the
following types of samples:

- cylinder: diameter d~9.5 mm, height h~12 mm,
weight m~1.5 g, made of graphite core;

- large 3D fragment: [xbxh~20x30*x15mm, m~6.5 g;

- flat fragment: ~40x40x2 mm, m~4.5 g;

- weighed quantity of graphite chips: m~1 g.

The Dynamics of 14C and 36Cl Radionuclide Leaching
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Figure 3. Test samples taken from the graphite stack blocks
of Leningrad NPP: a — large 3D and flat fragments;
b — sample of graphite chips; ¢ — graphite core

Tests of samples in the form of graphite chips
were a continuation of earlier studies [6]. Under the
present study, the tests lasted for 1.5 years. Figure 3
shows the test samples taken from the graphite
stack blocks of power units No. 2 and No. 3 of the
Leningrad NPP.

As mentioned above, for the studied GR-280
graphite grades, the specific (per unit mass) sur-
face area of open pores (FS) amounts to ~225 cm?/g.
In this case, depending on the configuration, the
geometric surface area of samples in the form of
solid fragments with a mass of several grams will
be several tens of cm? (in the present tests, no
more than 34 cm? for a flat sample), which is in-
comparably less than the surface area of open pores
(225x4.5=1,012 cm? for a flat sample). Accordingly,
given a fully saturated sample and a steady leach-
ing mode, the leaching intensity will depend on the
surface area of open pores and not on the area of
the outer surface. Figure 4 summarizes the results
of tests that involved samples of various geom-
etries in distilled and model waters.

The tests showed (Figure 4) that for solid frag-
ments, differences in geometry appeared in the ini-
tial cooling period, which can be explained by the
fact that during this period the sample was getting

Figure. 4. Curves showing the leaching dynamics for **C (left) and *¢Cl (right) in distilled and model waters from samples
of different geometries: 1 — powder; 2 — cylindrical; 3 — flat; 4 —3D
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Figure 5. Curves showing the dynamics of **C and *¢Cl leaching from graphite GR-220 (PUGR ADE-5) and GR-280 (RBMK-1000)
in distilled water (left) and model solution of the Yeniseiskiy site (right)

saturated and leaching process was not affect-
ing the entire volume. Thus, the y fraction will be
lower for a “bulkier” sample (in this case, a bulky
fragment weighing 6.5 g). This effect is seen espe-
cially clear in Figure 4 (left). As the three samples in
the form of whole fragments are getting saturated
and the leaching mode is getting established, the
curves tend to approach each other more and more
later practically converging with each other.

The above effect was not noticed in case of graph-
ite chips sample: the curves sowing the dynamics of
4C and *Cl leaching are characterized by a higher
intensity (by a factor of ~3—5) compared to the
samples presented in the form of solid fragments.
The latter is explained by the fact then since the
graphite was crushed, its effective contact area with
the solution increased and the increase in the con-
tact area per unit mass of the chips turned out to
be comparable to the specific surface area of open
pores. Therefore, for example, given an average
particle diameter of ~0.25 mm, the increase in the
contact area would amount to 240 cm?/g, which is
comparable to FS ~225 cm?/g. This estimate is true
for spherical particles. The actual shape of the par-
ticles is irregular, which provides an even greater
increase in the contact area.

Figure 5 shows the dynamics of “C and 3%Cl
leaching from graphite GR-220 (PUGR ADE-5) and
GR-280 (RBMK-1000) into distilled water and a so-
lution simulating groundwater at the Yeniseiskiy
site. Obviously, when the leaching resistance both
with respect to “C and *Cl is evaluated for graphite
of different grades (GR-220 and GR-280), no statis-
tically significant differences are observed.

While elaborating on the results of the present
study, one can note that if experimental data on the
characteristics representing the accumulation of

6

key radionuclides (**C and 3°Cl) and the parameters
responsible for their leaching from block graphite
stacks of two power units No. 2 and No. 3 at Lenin-
grad NPP are compared, no statistically significant
differences can be observed.

Thus, due to the identity of the structures and
the same grades of block graphite (GR-280), these
characteristics are affected only by the parameters
common for the nominal mode of operation and
the length of reactor operation. Accordingly, the
data obtained can be extended with a high degree
of reliability to the remaining RBMK-1000-type
power units of NPPs taking into account the period
of operation at the time of their final shutdown of

~45 years. It should be noted that the incidents that

took place at some power units [1] could not sig-
nificantly affect the accumulation of *C and 3¢Cl
radionuclides and their leaching parameters. How-
ever, when the conditions providing safe disposal of
graphite from these power units are demonstrated,
the accumulation and leaching of transuranic ele-
ments should be additionally considered.

Thus, according to the results of this study, when
the initial data on the characteristics of graphite
RW subject to disposal in a repository are filled
in, the parameters and values presented in Ta-
ble 4 may be recommended. It should be noted
that in predictive studies [11], [12], the parameter
R (leaching rate per surface area) was used as a
leaching characteristic. At the same time, not the
actual dynamics of its change was accounted for in
it, but a value that was conditionally constant in
time and conservatively overestimated. According
to GOST [13], [14], the leaching rate established af-
ter 30 days of cooling, was taken under the assess-
ment. Therefore, according to the data presented
above, the intensive decrease in the leaching rate
continued for a longer time and the draft of a stan-
dard developed for graphite RW provided for a lon-
ger cooling period [8].
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Table 4. Data to be entered into the package of initial data on the characteristics of RBMK-1000 block graphite

Radionuclide type
Parameter/value of LLRN accumulation and leaching e ol

Specific activity, Bg/g

of up to 300 days, day*

Graphite grade, density, g/cm?
Graphite stack weight, t

Surface area of one block®, cm?

The volume of one block, cm?

Weight of one block, kg

Total activity of RBMK-1000 graphite stack (~45 years of operation), Bq

v(300) is the fraction of a radionuclide leached from samples of irradiated block
graphite per unit time established after 300 days of cooling, day*:

R(300) is the leaching rate related to the surface area (RBMK-1000 graphite
block geometry) established after 300 days of cooling, g/cm*-day

Approximating function of leaching dynamics y(t) in the range of a cooling time

Relationship between parameters y and R (RBMK-1000 graphite block geometry)

Relationship between leaching parameters from graphite chips and graphite block

Other characteristics of block graphite RBMK-1000

The number of graphite blocks in the stack, pcs.

Total surface area of blocks in the stack, m?

Min 2:10* 110t
Max 74-10° 7.7-10?
Average 1.6-108 5-10°
1.3-10% 1.4-10
Distillate 9.1-10°1° 3.4.10°°
Solution A 9.7:10~° 3.9-10-°
Solution B 7.1.10°° 3.3.10¢
Distillate 5.1-10°° 19-10°°
Solution A 5.4-10-8 2.2-10°
Solution B 40-10°¢ 19-10-°
Distillate  y()=4-107t19%  y(f)=1.52-103¢1®
SolutionA  y()=8-107t%77  y(t)=1.1.103t1%
Solution B y(f)=3-107t061%  y(f)=3.2-10-*¢ 087

R, =vpV, /F, =562y
Vo ()35 57,(0)

GR-280,1.65-1.7
1,750
~35,000
9,200
32,200
31,380
50-53

*The weight and size characteristics of individual blocks are given for the main type of blocks (250x 250 x600 mm, @

The studies focused on *C and *Cl leaching, in-
cluding the present study, indicate the following:
- the most intense release of radionuclides was ob-
served during the initial period of contact with the
aquatic environment (up to ~ 100 days);
at later stages, leaching dynamics tended to de-
crease, nevertheless becoming less sharp;
during the cooling time t of over 100 days, the
leaching intensity mainly depended on the sur-
face area of open pores and practically did not de-
pend on the surface area of the graphite element;
the use of the parameter y in predictive calcula-
tions seemed more preferable, since in this case
the cumulative yield of a radionuclide (the frac-
tion of the radionuclide amount contained in
graphite released into the aqueous medium dur-
ing the elapsed cooling period) would depend on
the mass of graphite and not on the surface area of
the fragments, which was believed to be optimal
and could be most reliably demonstrated;
when R being considered conditionally constant
in time and conservatively overestimated was
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hote = 114 mm).

used in predictive calculations, it caused great

overestimation of the cumulative radionuclide re-

lease compared to the characteristics represent-
ing actual leaching dynamics.

The curve showing actual leaching dynamics for
the test period (300 days) can be included into the
package of initial data both in the form of a numeri-
cal array being discrete in time and in the form of
approximating functions given that the use of pow-
er functions would provide the highest approxima-
tion reliability (Figure 6).

Under the commonly accepted approach, *C
leaching dynamics is characterized by a condition-
ally constantleachingrate R=2.0-10"°g/cm?-day[13],
[14]. Considering the “graphite block RBMK-1000”
geometry, R will correspond to y=3.6-10"-day!, ac-
cording to expression (3). Under the commonly ap-
plied approach, the conservative overestimation of
the values can be illustrated using the actual leach-
ing dynamics, in particular, considering the change
in the cumulative yield of “C from RBMK-1000
graphite (Figure 7).
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Figure 6. Approximated curves showing the leaching dynamics of *C (left) and 3¢Cl (right) in distilled and model water
for graphite samples taken from the blocks: 1 — model solution A, 2 — model solution B; 3 — distilled water

Figure 7. Dynamics showing the cumulative release of *C from block RBMK-1000 graphite considering different approaches
applied to provide numerical predictions of the leaching process (on the left — a forecast for 5 years, on the right — a forecast
for 1,000 years): 1 — approach No. 1; 2 — approach No. 2; 3 - approach No. 3

Figure 7 shows the expected cumulative dynam-
ics for 14C release from block RBMK-1000 graph-
ite in distilled water with the following three ap-
proaches applied to provide numerical description
of the leaching process to be used as input data for
predictive calculations of radionuclide migration
from the simulated RWDF:

- Approach No. 1: within the cooling time interval
t<300 days, vy is given as an approximating func-
tion of actual experimental dynamics (Figure 6)
v (t)=4-10""t19% (approximation reliability is 0.97),
in the interval t>300 days — the same function is
extrapolated;

- Approach No. 2: for the entire forecasting period
(up to 1,000 years), y is set as a constant value typ-
ical for the common approach — y=3.6-10"7 day};

- Approach No. 3: in the exposure time interval
t<300 days, y is given as an approximating func-
tion showing actual experimental dynamics
v(t)=4-10""t19%in the interval t >300 days — as a
constant value equal to y attained after 300 days of
leaching — y=y(300)=1.1-10"° days~..

The curve Limit for RW Class 3 corresponds
to the dynamics of the cumulative *C release at

y=1-10"% year!. Thisvalue,according to NP-093-2014,
corresponds to the maximum rate of radionuclide
release from a package with RW Class 3 (the share
of activity released from the RW package per year)
for beta-emitting radionuclides, with the exception
of tritium.

The predictive calculations showed that common
approach No. 2 resulted in a significant overesti-
mation of the forecasted results compared to the
approaches involving actual leaching dynamics
evaluated experimentally, i. e., more than two or-
ders of magnitude compared to approach No. 3 and
more than four orders of magnitude compared to
approach No. 1.

Although approach No. 1 resulted in the small-
est forecasted cumulative “C release as compared
to two other approaches, its main disadvantage is
that it’s not certain whether in the forecasting in-
terval t>300 days the decreasing leaching intensity
dynamics would be kept constant in keeping with
the law y (t)=4-10""t"1.0%5,

Approach No. 2 provides significant overestima-
tion of the forecasting results, which may lead to
unsatisfactory results, although with a smaller, but



guaranteed conservative margin, the safety of RWDF
could be demonstrated under other similar condi-
tions considered critical for the disposal safety.

Approach No. 3 appears to be optimal, since ac-
tual leaching dynamics is considered for the first
300 days: during this initial period, the most in-
tense “C release is observed and it is this release
that is responsible for the maximum predicted
radionuclide concentration at the control points
of the simulated area. Assignment of y during the
forecasting period t>300 days to a constant value
equal to that achieved after 300 days of leaching
appears reasonable as well, since there are no rea-
sons and prerequisites for an increased leaching
intensity during this period, while maintaining the
evolution scenario conditions set for the simulated
system. Due to this circumstance in the predictive
modeling of “C migration, the guaranteed margin
is more than 2 orders of magnitude less conserva-
tive than under the common approach.

The leaching dynamics from graphite were com-
pared for PUGR and RBMK-1000 as presented in
Figure 5: these are characterized by almost the
same potential hazard level. At the same time, it
can be noted that, considering similar reactor oper-
ation time, RBMK-1000 graphite is characterized by
a 30—40% lower content of #C than PUGR graph-
ite [1] while the leaching rates are almost the same.

According to NP-093-2014 [18], the rate of ra-
dionuclide release from RW package of Class 3
(mass fraction of activity released from the RW
package per year) for beta-emitting radionuclides,
except for tritium, should not exceed the level of
1-103 year~!. The maximum relative release con-
sidering the total amount of beta-emitting long-
lived radionuclides in the graphite will depend on
14C (its activity is 3—4 orders of magnitude higher
than the one of 3¢Cl).

Considering the obtained experimental results
(Figure 7), one can conclude that the maximum
relative release of beta-emitting long-lived radio-
nuclides from irradiated RBMK-1000 graphite will
not exceed ~2-10-° year™! in distilled water and

~2-10-° year~! in the ground water of the Yeniseiskiy

site and the site in the area of FSUE FEQ’s Lenin-
grad branch. It should be noted that the protective
properties of the container and other safety barri-
ers (engineered and natural) were not taken into
account in the assessments presented above.

1. Under the study, a number of characteristics re-
lated to the accumulation and leaching of the key
long-lived radionuclides found in the irradiated
graphite from the stacks of the RBMK-1000 reactor

The Dynamics of 14C and 36Cl Radionuclide Leaching
from Irradiated RBMK-1000 Graphite in Aqueous Media and Its Analysis

units No. 2 and No. 3 of the Leningrad NPP were
calculated: these characteristics govern the poten-
tial hazard of graphite RW of this type. Based on the
numerical values obtained, a data set was formed
on the characteristics of the irradiated RBMK-1000
graphite of the Leningrad NPP. This data set is sup-
posed to be included in the package of initial in-
dicators for the subsequent safety demonstration
covering all stages of the decommissioning process
and the subsequent period with RW being kept in
the RWDF. The results obtained can be extended
with a high degree of reliability to the remaining
NPPs with RBMK-1000 power units with a forecast-
ed operating period at the time of their final shut-
down of ~45 years.

2. According to the criteria presenting the content
of the key long-lived radionuclides (**C and *Cl) at
the time of the final reactor shutdown and accord-
ing to the parameters characterizing the resistance
of graphite to their leaching, there are no statisti-
cally significant differences between PUGR and
RBMK-1000 graphite. Assuming the same opera-
tion period for RBMK-1000 and PUGR, RBMK-1000
graphite is characterized by a lower “C content (by
30—40%). In terms of “C specific activity, the block
RBMK-1000 graphite can be rightly assigned to RW
Class 2 in accordance with the Decree of the Gov-
ernment of the Russian Federation No. 1069.

3.Accordingtothe criteria defined in NP-093-2014,
the rate of radionuclide release from RW packages
with irradiated RBMK-1000 graphite (mass frac-
tion of activity released from the RW package per
year) does not exceed the limit corresponding to
RW Class 3. At the same time, safety is provided by
graphite resistance to leaching, which is an impor-
tant factor, since considering the potential hazard
time for graphite RW (at least 10,000 years), it is
an extremely difficult task to demonstrate the reli-
ability of any material proposed for packaging pur-
poses considering this period.
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