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SUMMARY

The paper presents the results of a synthesis of current data on various concepts for the disposal
of radioactive waste (RW) in deep geological formations and information on the
implementation of RW deep borehole disposal (DBD) options. It identifies their features,
advantages and disadvantages in terms of operational and long-term safety. The obtained
results allowed us to draw the following conclusions. The geological environment of Ukraine
allows the use of DBD concept in crystalline rocks overlain by sediments for the disposal of
spent nuclear fuel, high level wastes and part of intermediate level wastes (fuel-containing
materials and graphite) at a depths of 2-5 km. Sites near all NPPs and in the vicinity of the
ChNPP can be selected as repository sites in crystalline rocks. Another promising option in
Ukraine is deep borehole disposal in the salt domes. To make a decision on the applicability of
the DBD concept, it is necessary to consider the cost, time factor and projected RW inventory.
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Introduction

Mankind's extensive use of nuclear energy is accompanied by the generation of radioactive
waste (RW) of various activity levels, which is a source of potential negative impacts on the
environment and humans. The safety of RW is ensured by its disposal in different types of
repositories. The safety concepts of these repositories are based on the principle of multi-barrier
protection, in which natural and engineered barriers work together and complement each other.
Geological repositories are used for the disposal of the most hazardous classes of RW (SNF,
HLW and ILW) (I4EA, 2009). The main concepts of geological disposal systems are mined
and borehole disposal. The safety concept of deep borehole disposal (DBD concept) is based
on the maximal use of the protective properties of natural barriers.

The aim of this work is to summarise the current data on the various options for RW borehole
disposal, identifying their specific characteristics, advantages and disadvantages from the point
of view of operational and long-term disposal safety. Based on this analysis, it will identify
promising options for Ukraine. The work does not consider the level of technological readiness,
the duration of the stages of the repository life cycle and the cost of disposal.

Theory and initial data

As early as 1957, the issue of geological disposal of SNF and HLW was considered in the USA (Freeze
etal.,, 2016). In the 70-90s, deep borehole disposal (at depths of 2-10 km and more) of different types
of RW (SNF, vitrified HLW, Cs and Sr capsules, weapons and civil Pu) in different types of host rock
(crystalline rock, salts) was investigated in many countries (USA, UK, Sweden, Denmark) (Nirex,
2004). Since the late 90s of the last century and the first decade of the current century, the possibility
of borehole disposal of SNF, vitrified HLW and accidental fuel-containing materials (FCM) from the
Shelter Object has also been studied in Ukraine (Shestopalov, 2006). In the last 20 years, there has been
a revival and growing interest in borehole disposal, for example in USA, UK, Australia, EU countries
(Beswik et al., 2014, Bracke et al., 2017, Freeze, 2021; Mallants et al., 2021). This is due to advances
in deep drilling technologies, widening of the waste inventory that can be disposed of in boreholes
(ILW, SIRS and SMR waste), increasing diversity of borehole disposal options.

In general, the DBD concept involves the placement of solid RW at a depth of several kilometers. This
is possible under conditions where the hydrogeological system is effectively stagnant and unlikely to
connected with the biosphere. Such conditions can result from stratification of groundwater density
(increased salinity) and deep fluids at depth, and a reduction in topographically driven hydraulic
gradients. Such conditions are beyond the technical feasibility of a mined repository and can only be
expected at depths of several kilometres (Chapman, 2019). The main differences between the concepts
of mined and borehole repositories are summarised in Table 1.

Generic safety cases have been developed for different borehole disposal options (Freeze et al., 2019;
Finsterle et al., 2020), which have shown the greater safety of the DBD concept compared to mined
repositories due to the greater degree of RW isolation.

The potential borehole disposal options considered (see Figure 1) differ in: purpose (or type of waste to
be disposed of); safety concept; type of host rock and geological environment; depth of waste
emplacement zone; borehole diameter; borehole geometry (inclination); structure of engineered barrier
system; and method of borehole closure.
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Tablel Comparison of mine and borehole geological disposal concepts.

Attribute Mined repository Borehole repository
Depth of placement A few hundred metres 2-5 (and more) km
Personnel in the repository Yes No
Lifetime of containers From tens to hundreds of thousands of years A few hundred years
Operation time Several decades Several years
Impact of repository construction Changes in hydraulic, transport and Local changes in transport
and operation on natural barriers geochemical parameters, fracturing parameters
Processes and events that can Resources extraction, groundwater use,

. 3 : g Hydrothermal processes,
accelerate the radionuclides climate change, erosion, hydrothermal .
? volcanism

release processes, volcanism
Vulnerability to surface impacts To be considered in the safety case Excluded
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Figure 1 Options for the siting and geometry of mined and borehole repositories
(modified based on (Nirex, 2004, Beswick et al., 2014, Freeze, 2021)).

Results

To assess the applicability of DBD concept in Ukraine, it is necessary to consider the nuclear energy
use scale, the specific features of the inventory and the availability of suitable geological conditions for
disposal in Ukraine. There are 15 reactors (VVER-1000 and VVER-440) in operation at four NPPs. 3
reactors of ChNPP (RBMK-1000) are at the stage of decommissioning. Ukraine will accumulate 17-20
thousand tonnes of spent fuel during the operation of the existing reactors, taking into account their life
extension. A strategy of delayed decisions on the final stage of SNF management is being implemented
for the next 50-100 years. Some SNF has been reprocessed in Russia and several hundred m® of vitrified
HLW may return to Ukraine. The decommissioning of the RBMK-1000 reactors will produce about
5,500 tonnes of irradiated graphite (ILW). The Shelter contains about 600 m* of accident FCM with
more than 1% irradiated fuel and about 40,000 m® of ILW (destroyed reactor structures).

There are all types of host formations (crystalline, clayey, saline) potentially suitable for mined disposal
in Ukraine (Shestopalov et al., 2016). Previously, the feasibility of the DBD concept for the disposal of
SNF in vertical boreholes at depths of 2-4 km in crystalline rocks in the ChEZ was demonstrated
(Shestopalov, 2006). 1t should also be noted that geological conditions at all Ukrainian NPP sites are
suitable for the location of borehole repositories.

Table 2 summarises the results of the consideration of the applicability of different options of the DBD
concept in Ukraine.
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Table2 Applicability of the DBD concept in Ukraine.

EAGE

Features of Factors influencing the choice of an option: Applicability in
DBD preferences and constraints Ukraine
Intended use Applicable to all classes of RW. Cost efficiency is determined by the For disposal of

(waste class)

total amount of RW and its distribution by class. The DBD concept is
attractive for small amounts of SNF, HLW and ILW, while the mined
concept is more efficient for large amounts of RW, especially for ILW.

SNF, HLW, ILW
(FCM, graphite)

Safety concept  Should be consistent with RW hazards. Depends on depth of RW All concepts can
disposal, choice of formation and geological conditions of the site. be applied
Type of host Limited by the geology of the country. Rocks barrier properties May be located in
rocks determine selection. The level of RW isolation increases in the the crystalline
(geological sequence: crystalline rocks - clays - salts. Thermal conductivity rock of the
environment)  increases in line: clays - crystalline rocks - salts. Mechanical strength Ukrainian Shield
and requirements for engineered barriers increase in the order of: salt - and salt domes of
clay - crystalline rock. The presence of additional barriers in the Dniepro-Donets
overburden reduces the requirement for engineered barriers. depression
Depth Determined by the barrier properties of the host rock, site geology and 2.5 km - in
the potential hazard of the waste. Maximum depth of RW emplacement, crystalline rocks;
which is economically justifiable and technically achievable, is preferred 1...2 (3) km in
for disposal in crystalline rock. The depth of the groundwater stagnation  salts
zone determines the minimum disposal depth. The technological drilling
capabilities of the required well diameter (at least up to approximately 5
km) determine the maximum depth.
Diameter Limited by the dimensions of the primary RW package and the technical Diameter of at
ability to drill to the target depth. The borehole diameter for SNF and least 0.75 m
HLW should be suitable to accommodate containers with a diameter of
approximately 0.75...1 m.
Borehole Due to vertical placement in the borehole, vertical loads must be limited ~ Vertical and
inclination to ensure the integrity of the containers. Vertical wells are the easiest to  inclined boreholes
drill and place containers in, but the loads are maximized. Inclined in crystalline
boreholes reduce vertical loads, but the drilling process becomes more rocks, vertical
complicated. Horizontal boreholes solve the problem of limiting vertical  inclined and
loads, but complicate the drilling process, construction of engineered horizontal
barriers and waste placement. Branched boreholes are difficult to drill, boreholes in salts
but allow an increase in the volume of waste disposed of at the site.
Engineered Determined by the characteristics of the host rock. Crystalline and Will be depended
barriers clayey rocks require a full list of barriers. For salts, it is possible to on host formation
retrieve the casing after container placement without buffer and backfill
Method of Conventional method involves using bentonite, cement, asphalt plugs. Conventional
borehole Rock melting (as alternative) provides a greater degree of RW method is more
closure containment but is technologically more complex. probable
Conclusions

The geological environment of Ukraine allows the use of DBD concept in crystalline rocks overlain by
sediments for the disposal of SNF, HLW and part of ILW (FCM and graphite) at a depths of 2-5 km.
Sites near all NPPs and in the vicinity of the ChNPP can be selected as repository sites.

A promising option for Ukraine is deep borehole disposal in salt domes. In this case the depth of RW
placement can be less, respectively the borehole diameter can be larger. Because of the plasticity of the
salts, there is no need to use backfill. Disposal in horizontal boreholes avoids the limitation connected
with vertical loads.
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To decide on using DBD concept for RW disposal, it is also important to consider cost, time factor and
forecasted RW volumes. In addition, it is necessary to re-evaluate the feasibility of implementation of
two types of geological repositories in Ukraine - a mined repository for SNF and a DBD for SNF and
HLW, as previously proposed in the (Shestopalov et al., 2016).
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