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The article presents the calculated possible volume of heat-generating radioactive waste that can be disposed of in
a deep disposal facility assuming that the temperature in the bentonite buffer material would not exceed 100 and
125 °C. FENIA 3D. Version 1.0, i. e., “Software for thermal mode, stress-strain state and strength calculations in radio-
active waste disposal facilities” developed by the Nuclear Safety Institute of RAS and certified by Rostekhnadzor was
used to perform the calculations. The paper considers three emplacement options for vitrified high-level waste pack-

ages with heat release of 0.6; 1.0 and 2.0 kW/m?.
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High-level waste (HLW) management concept
currently provides for its disposal in deep geologi-
cal repositories (DGR) [1] sited in stable geological
formations.

In the Russian Federation, the Yeniseiskiy site in
the Nizhnekansk rock mass (the Krasnoyarsk Re-
gion) has been proposed for DGR construction.

The DGR with its design dimensions of approxi-
mately 300 x 750 m bounded by elevations of + 5 and
—70 m according to the Baltic Height System (BHS)
was proposed to be excavated within a crystalline
rock massif. The baseline engineering designs (the
disposal concept) provide for HLW container em-
placement into vertical 75-meter-deep boreholes
connecting the disposal galleries at two distinct
horizons [2]. Such layout necessitates the applica-
tion of a raise boring technology [3].

The long-term disposal safety is provided by a
multi-barrier safety system involving “waste matrix —
canister — overpack — disposal container — buffer

materials — host rock.” Concrete and bentonite
clays are proposed as buffer materials; they are de-
signed to retard radionuclide releases beyond the
disposal zone in case if the waste matrix packaging
loses its sealing capacity.

Although bentonite clays swell upon hydration,
they lose these properties at temperatures of over
100—125°C [4]. For this reason, it seems critical
that during HLW package emplacement into the
DGR the temperature of the buffer layer materials
remains below the above threshold. A primary fac-
tor influencing this parameter for the Engineered
Barrier System (EBS) accounts for the residual heat
release from the HLW at the time of its final dis-
posal. Particular attention is paid to Class 1 RW
(RW-1): the specific residual heat release from such
a waste package can reach 2 kW/m? [5].

Thermal calculations were performed under the
designs providing for the disposal of RW-1 with
heat release levels of 1 and 1.5 kW/m3. It was



demonstrated that over the facility's life cycle tem-
peratures within the DGR would exceed 100 °C [6],
thus, the existing layout required certain optimi-
zation. Option-by-option evaluation of alternative
RW-1 package emplacement designs is performed
based on the baseline disposal concept and the
underground DGR layout [7]—[9]. Currently, three
alternative disposal methods are being considered:
“trench,” “drift/chamber” and “borehole” (with blind
boreholes). Along with safety concerns and risks of
radionuclide releases into aquifers and their fur-
ther transport, the key aspects associated with the
decision-making on the optimal option include the
efficiency of underground space utilization and the
implementation cost of the proposed engineering
design [7], [9]-

This study presents thermal mode calculations
for the three RW-1 disposal concepts involving va-
rious residual heat release levels considering both
the accumulated and the forecasted waste invento-
ries. Based on the calculations, recommendations
are provided on how the heat release should be li-
mited to ensure efficient DGR space utilization; the
potential disposal capacity was calculated for each
concept.

The considered concepts take into account the
existing underground designs, which envisage the
construction of 30 parallel extended excavations/
disposal chambers (DC) at each level spaced at a
distance of 23 m. Canisters with vitrified RW-1 are
to be placed into metal containers with a diameter
of approximately 0.7 m (a non-returnable overpack
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with a wall thickness of up to 20 mm). The prelimi-
nary height of containers designed to hold three
canisters is 3.36 m and the one designed to accom-
modate two canisters — 2.5 m.

Under this concept, rectangular trenches are ar-
ranged below the DC floor and are used for RW-1
package emplacement. RW-1 packages are placed
at a certain distance from each other along the en-
tire length of the trenches accounting for 288 m
(Fig. 1).

In case of the trench concept, the underground
structure can be properly pre-arranged for RW con-
tainer disposal (by plugging the potential cracks in
the rock and by controlled installation of a barrier
made of bentonite blocks). The key advantages pro-
vided by the trench disposal concept can be sum-
marized as follows:

- the quality of the bentonite barrier (buffer) instal-
lation process can be monitored visually and in-
strumentally before the RW-1 packages are loaded
into the trenches;

- relatively thin-walled containers can be applied
since a reliable bentonite barrier is in place;

- the underground space is used efficiently due to
dense RW-1 package layout.

The blind borehole concept requires only some
minor changes to the underground DGR layout.
The annular gap between a RW-1 container and the
borehole wall is filled with a buffer material, i. e.,
a sand-bentonite mixture. “Top to bottom” drilling
is performed from the DC floor via the blind-hole
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Fig. 1. Concept sketch for RW-1 disposal in trenches: a) cross-section of a disposal trench showing the RW container
emplacement process; b) cross-section of a disposal trench, view after the RW container emplacement and EBS installation;
¢) safety barriers and structural elements of the disposal system; d) longitudinal section of a disposal trench.

1 — disposal chamber; 2 — enclosing host rock; 3 — excavation lining (mesh wire, concrete-bentonite mixture); 4 — bentonite buffer
layer (compacted bentonite blocks); 5 — buffer backfill in a disposal cell (aluminate concrete or bentonite pellets); 6 — container

with RW-1 (consisting of a non-returnable container, canister, RW glass matrix (aluminophosphate glass), inert material for void filling);
7 — base slab for container positioning; 8 — copper sheet lining (adopted based on radionuclide transport calculations);

9 — bio-protection slab; 10 — gate device; 11 — transport-loading container; 12 — electric rail platform for transport-loading container
delivery; 13 — thermal insulating barrier (adopted based on thermal calculations); 14 — concrete load-bearing slabs of the disposal

trench cover; 15 — protective plug.



Fig. 2. Borehole concept. Layout of a borehole DC with 3 containers

sinking technology. Fig. 2 illustrates this concept
with three containers in a borehole.

The drift concept

In addition to trench and borehole disposal, a
drift/chamber disposal concept is also being elabo-
rated. This concept provides for RW-1 container
emplacement horizontally directly in the DC [10].
This concept is based on the Canadian disposal
concept proposed for spent nuclear fuel (SNF) from
CANDU reactors (Fig. 3).

According to this concept, before the waste is
emplaced into DGR, RW containers with canisters
are packed into an overpack made of compacted
(pressed) bentonite blocks (CBB). Two design op-
tions are being considered: with three or two ca-
nisters. The latter option seems more preferable
due to smaller dimensions and easier transport
and processing flowchart involved. The CCB with
RW-1 containers can be placed into a DC the di-
mensions of which would be similar to those con-
sidered under the trench concept. In case of such
layout these can be arranged in two tiers in a sta-
ggered pattern.

Each of the above-mentioned RW-1 disposal con-
cepts have certain advantages and disadvantages.
However, prior to their comparison according to
feasibility indicators, we should take a closer look
on how each of them may cope with the disposal of
the accumulated and forecasted RW-1 inventories
in a given section of the massif.

For the alternative concepts, the variable para-
meter accounts for the distance between the waste
containers in a trench or a DC, i. e., the DGR’s filling
density. The following constraints are imposed on
the variable parameters:

- spacing between the containers shall be wide
enough for EBS installation (in case of drift and
trench concepts);

. the distance between the axes of adjacent bore-
holes shall provide for the technical possibility of
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Fig. 3. Concept providing for the disposal of
SNF from CANDU reactor units in drifts [11]

their construction excluding the wall collapse risk

(in case of the borehole concept);

- the distance between the containers and bore-
holes shall be selected in a way that the bentonite
temperature does not exceed 100—125 °C.

The minimum possible distance between the
container axes technically enabling the EBS instal-
lation was preliminarily estimated at 2 m for the
trench concept, 1.5 m for the drift concept (between
the centers of containers on the same tier) and 4 m
for the borehole concept (between the axes of adja-
cent boreholes). Therefore, the maximum number
of RW-1 packages that can be emplaced into a sin-
gle DC under the trench, drift and borehole layouts
accounts for 145, 300 and 225 pcs. respectively.

If the DGR’s filling density is defined as a ratio be-
tween the total volume of the canisters with RW-1
and the number of DC filled with them, then the
maximum density is limited only by the design pa-
rameters presented in Table 1.

Table 1. Maximum DGR filling density

Number of | Maximum number of | Maximum filling

Disposal

concept cacr;irs‘it:::: :rer containers/canisters |  density, m

‘ Trench 3 145/435 87 ‘
‘ Drift 2 400/800 160 \
‘ Drift 3 400/1200 240 \
‘ Borehole 3 225/675 135 ‘

The influence of HLW heat release
on the DGR’s filling density

Thermal conditions expected in the DGR were
calculated for each of the considered alternative
concepts to demonstrate the feasibility of final
RW-1 disposal in a DGR proposed at the Yeniseis-
kiy site. These calculations were performed in the
FENIA 3D. Version 1.0 software developed by the



Disposal of Radioactive Waste

Nuclear Safety Institute of RAS and certified by
Rostekhnadzor [12]. Figs. 4—6 illustrate the pre-
liminary design layouts and provide a grid repre-
sentation of the calculation model for each of the
considered options.

In the calculations, the distances between waste
containers varied for three initial decay heat re-
lease rates, which corresponded to the heat re-
lease rates inherent in the RW-1 inventory accu-
mulated at the PA Mayak site (0.6 and 1 kW/m?),
as well as an increased decay heat release rate of
2 kW/m?®. The distance between the DC remained
unchanged and was assumed to be equal to the
design one of 23 m. Thus, permissible distances
between the waste containers in a DC were cal-
culated, so that the bentonite temperature would
not exceed 100—125°C. The properties of the
rock, bentonite and steel container overpack were
assumed constant, independent of temperature
(Table 2), which at the DGR depth (approximately
500 m) was assumed to be equal to 9°C. For the
temperature fields, it was conservatively assumed
that the RW-1 containers were to be emplaced si-
multaneously into the DGR.

Table 2. Physical properties of DGR materials

Parameter Host rock | Bentonite | Steel | RW-1
Density, kg/m? 2,750 1,980 7,800 2,500
Thermal conductivity,

W/mK 2.61 1.2 90 24

Specific heat capacity, 784

JkgK 1,150 450 800

The decrease in the residual heat release rate (Q)
over time was taken into account using the analyti-
cal relationship proposed in [13].

Table 3 presents the minimum calculated dis-
tances between adjacent containers/boreholes, at
which the bentonite temperature does not exceed
100°C.

Table 3. Dependence for the distances between adjacent
containers/boreholes and residual heat release rates
(for a maximum bentonite temperature of 100 °C)

Distance between containers/boreholes*, m

Residual
heat :
release, Trench Drift concept Borehole

kW/m> | concept mm concept
13 2

0.6 15 33
1 20 24 3.5 5.7 ‘
2 4.6 59 15 15 ‘

* given the design distance between DC being equal to 23 m.
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Fig. 4. Preliminary layout and calculation model for
the trench RW-1 disposal concept

Fig. 5. Preliminary layout and calculation model
for horizontal RW-1 disposal in DC
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Fig. 6. Preliminary layout and calculation model
for horizontal RW-1 disposal in blind boreholes

Given a residual heat release rate of 0.6 kW/m?3,
adjacent containers and boreholes with RW-1 can
be theoretically arranged at distances being shorter
than the maximum ones and provided the opportu-
nities for the practical implementation of the ad-
opted designs. For this reason, in the calculations
assuming DGR filling with RW-1 with a heat release
of 0.6 kW/m?>, the minimum spacings between waste
containers and boreholes were established based
on the design constraints, namely, 2 m between the
axes of waste containers under the trench and drift
layouts (1.5 m for containers holding two canisters
in the drift concept) and 4 m between the borehole
axes under the borehole concept. In other cases,
the minimum permissible spacing was determined
based on thermal calculations (Table 3).

At increased residual heat release rates (2 kW/m?),
the temperature of the EBS materials grows: to
reduce it (below 100°C for bentonite), spacing
between waste containers should be increased
(Table 3) resulting in lower DGR filling density
(Table 4), which is calculated for each concept as a
ratio between the number of waste containers in a
DC given minimum permissible spacing (Table 3)
and the maximum technically feasible number of
waste containers (Table 1). The resulting filling
density calculated in this way cannot be used as a
basis to compare the considered disposal concepts
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but rather demonstrates the sensitivity of each of
them to HLW heat release rates.

Table 4. Relative filling density for the DGR

Residual Relative DGR filling density

release, | Trench LcONCED) Borehole

1 1 1 1 ‘
‘ 1 1 0.63 0.57 0.69 ‘
‘ 2 0.44 0.25 0.13 0.27 ‘

* given the design distance between DC being equal to 23 m.

This is particularly noticeable in case of the
drift disposal concept: relative filling density in it
amounts to 25% for containers holding two can-
isters and less than 15% for containers with three
canisters.

At the same time, more bentonite is required to fill
the voids in a DC between the adjacent containers. In
the trench and borehole concepts providing for higher
heat release rates of RW-1, the relative filling density
does not exceed 45 %. Thus, an acceptable DGR filling
density is achieved in case if the heat release from the
disposed RW-1 is no more than 1 kW/m?>.

Calculation of the DGR filling

Based on the permissible residual heat release
rates considered feasible for the RW in terms of ef-
fective DGR filling, the corresponding number of
canisters that can be disposed of on its two horizons
was calculated for the three alternative disposal con-
cepts. The calculations considered that the heat re-
lease of RW-1 generated before 2010 (approximately
13.2 thousand canisters) accounted for 0.6 kW/m?.
The heat release assumed for the accumulated and
potential waste inventories after this period ac-
counted for 1 kW/m?. Table 5 presents the calculated
DGR filling indicators considering the maximum
bentonite temperatures of 100 °C and 125 °C.

Table 5. Calculated DGR filling with RW-1 inventories

Trench concept (3 ca-

Parameter

Drift concept Borehole concept (3 ca-

nisters per container)

Total inventory of accumulat-
ed RW-1 with Q=0.6 kW/m?

nisters per container) | canisters per container)| (3 canisters per container)

13,153 canisters

Threshold bentonite temperature of 100 °C
Distance between containers, m
Q=0.6 kW/m? 2 15 2 4
Q=1 kW/m? 2 24 3.5 5.7
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End of table 5

Drift concept

nisters per container) | canisters per container)| (3 canisters per container)

Number of containers in a DC

Borehole concept (3 ca-
nisters per container)

Trench concept (3 ca-

Parameter

0=0.6 kW/m? 145 400 300 225

Containers with Q=1 kW/m? 145 250 170 156
Number of DC required for RW-1 with different heat release rates

Q=0.6 kW/m? 30.2 16.4 14.6 19.5

Q=1 kW/m? 29.8 436 454 40.5

TOTAL number of containers 8,700 17,466 12,034 10,704

TOTAL number of canisters 26,100 34,932 36,102 32,112

Threshold bentonite temperature of 125 °C

Distance between containers, m

Q=0.6 kW/m* 2 1.5 15 4
Containers with Q=1 kW/m? 2 1.7 2.8 44
Number of containers in a DC
Q=0.6 kW/m? 145 400 400 225
Q=1 kW/m> 145 352 214 204
Number of DC required for RW-1 with different heat release rates
Q=0.6 kW/m* 30.2 164 11 19.5
Q=1 kW/m> 29.8 436 49 40.5
TOTAL number of containers 8,700 21,909 14,878 12,649
TOTAL number of canisters 26,100 43818 44,634 37947
Distance between DC — 23 m.
From these, it follows that if the heat release du- Key findings

ring RW-1 disposal does not exceed 1 kW/m3, the
studied alternative concepts may enable the dis-
posal of a larger RW-1 inventory in the DGR than
the one accounted for in the designs (7,500 con-
tainers/22,500 canisters). Moreover, the trench
and borehole layouts also allow for the disposal of
packages containing Class 2 RW (RW-2) in the DGR
(Table 6).

Table 6. Characteristics of DGR filling

Relatively bigger RW-1 inventory
in the DGR compared to the design
capacity*

Concept
Threshold ben- | Threshold ben-

tonite tempera- | tonite tempera-
ture of 100°C | ture of 125°C

* 7,500 containers (22,500 canisters with RW-1)

Thermal DGR calculations suggest that at initial
heat release rates exceeding 1 kW/m3, the residual
heat release rate of RW-1 significantly influences
the temperature distribution in the EBS materials. At
2kW/m3, permissible temperatures of 100—125°C
can be maintained in the DGR only in case of a larger
spacing between the RW-1 packages and, accordingly,
if a lower total volume of waste is subject to disposal.

To increase the filling density of a given rock
mass section, one should reduce the maximum ini-
tial residual heat release rate of RW-1 to 1 kW/m?.
If this condition is met, all alternative disposal op-
tions will be able to accommodate the design RW-1
inventory (22,500 canisters). The borehole and the
drift concepts are characterized by a higher filling
density and, if the bentonite temperature reaches

Trench 1.16 1.16 Yes _ _
Drift (2 canisters 125°C, the RW-1 volume subject to disposal my
pelr cc(JntainIer) 1.55 195 No grow to 67 % and 95 %, respectively.

Drift (3 canisters

per container) 16 1.98 No References

plind boreholes B Le7 Yes 1. Federal Law of July 11, 2011 No. 190-FZ (as

amended on December 21, 2021) “Ob obrashchenii
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