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1. Introduction
1.1 Foreword
Many countries are developing a geological disposal project to dispose of their high-level radioactive
waste (HLW) and potentially their intermediate, long-lived radioactive waste (ILW-LL) as well as spent
nuclear fuel (SF) when considered as waste. The most widely selected option is the deep geological
repository (DGR) concept, a mining repository located underground in a geological layer, in which
conditioned waste is disposed of. Many countries are currently investigating this option; in particular,
sites for such DGR has been selected in Finland, France and Sweden. Implementation of DGR
programmes have started in Finland and Sweden. A site selection process is underway in several other
countries, such as the United Kingdom, Germany, Switzerland, the Czech Republic...
Besides the DGR concept, the concept of borehole disposal is or was also considered in some countries.
It relies on two main safety functions similar to those of the DGR: isolate waste from natural surface
phenomena, thereby significantly reducing the risk of human intrusion, and lean on the geological
environment to ensure long-term passive containment. Several very different concepts of borehole
disposal have been studied and sometimes implemented in the past, or are still under consideration:
1.

Deep injection of liquid waste through boreholes, which has already been implemented for low
and intermediate-level radioactive waste in the USA and Russia (§3.2);

2.

Deep disposal of exothermic waste so that waste provokes local fusion of the surrounding rock
and that both are mixed up; various options intensively studied in the seventies and eighties
are no longer studied today, to our knowledge. However, the possibility to bring fusion of a
surrounding granitic rock to seal the disposal zone in a borehole at depth is still examined by
the international scientific community (§3.1);

3.

Disposal of small solid waste in small quantities (such as disused sealed sources), in a several
tens to several hundred meters depth borehole (depending on site, waste activities…): a guide
was developed by the International Atomic Energy Agency (IAEA) and there are several
projects, some of which are underway, such as in Ghana (see §3.3.2);

4.

Finally, the disposal of larger quantities of solid waste and potentially of HLW or SF, in a Deep
Borehole Repository (DBR) at a depth of several hundred to thousands of meters, is being
considered in few countries (see §3.3.3) and is being actively studied in the USA, including for
SF disposing.

The two first above-mentioned concepts are “historical” projects that are abandoned nowadays for HLW
and SF; reasons and main scientific outcomes of the research or tests carried out are documented in
this review project. The third concept is considered in this report only as a potential solution for the
management of very small quantities of small waste packages (such as disused radioactive sources).
The fourth borehole disposal concept, the DBR, is the only one being studied today for HLW; therefore,
it is the main focus of this report. The concept was first considered in the 1950s but rejected as it was
considered to be beyond drilling capabilities. Improvements in drilling and associated technologies,
together with sealing methods progress have led to reconsider this option for the disposal of HLW,
including SF if considered as waste. In this DBR concept, it is planned to bury the waste as far as 5 km
beneath the Earth’s surface; it relies primarily on the thickness of the natural geological barrier to safely
isolate the waste from the biosphere and the environment for a very long period of time so that it should
not pose a threat to humans and the environment. The waste would be placed in the lower part of such
a hole, within basement rock while the upper part of the borehole would be filled with materials (e.g.
asphalt, bentonite, concrete or crushed rock) that are expected to contain the radioactivity and thus
protect humans and the environment during geological time.

The DBR concept drew the attention of some institutional organisations but also of some environmental
Non-Governmental Organisations (NGOs), some of which are part of SITEX, as a potential alternative
to a DGR. However, some issues are controverted, and several institutions see DBR as an
unappropriated option for management of HLW and SF. That motivated SITEX.network to launch a
bibliographic review about DBR as well as a workshop for discussing this topic among several members
of the network and other interested parties.

1.2 Disclaimer
This bibliographic report is the result of a collective action by several authors within the SITEX.Network
and does not commit the SITEX.Network members ‘organisations. Depending on the countries, the DBR
concept is an option explicitly considered in or excluded for the long term management of radioactive
waste. The report does not have the objective to question the choices made in national radioactive waste
management programs. The report is only intended for informational purposes about the concept of
DBR.

1.3 Objectives and report structure
Many studies have been published on the DBR concept with information on the concept itself, waste
packages, geology, construction issues, deployment strategies and methods, disposal operation,
backfilling and sealing, and safety analyses. The goal of this study is to provide information from a
number of different perspectives so that everyone has the key elements to debate the issue. This
information is collected through a bibliographical review of several references detailing the investigations
carried out on the DBR concept throughout the world, the current or planned solutions, the reasons for
abandonment and/or challenges identified for future R&D.
Therefore, the sub-objectives of the present SITEX.Network bibliographic review are:
•

To investigate and summarize the main outcomes from the previously initiated DBR projects
and studies: (i) what were the results and the reasons for the termination of activities, ii) for the
latest DBR concepts: what they look like, what technical solutions are foreseen, what challenges
still remain ,

•

To highlight the safety (i.e. operational safety including a potential retrievability of waste
packages and closure operations, as well as long-term safety) related information for DBR with
regard to the current regulatory framework and to identify challenges and open R&D issues to
be dealt with in the future,

•

To document the societal concerns, especially the opinion of Civil Society and NGOs towards
the DGR and DBR options, and other factors like economic matters.

The methodology for the study is provided in chapter 2. Chapter 3 gives a short historical overview of
various borehole disposal options, including DBR, studied since the 1950s. Chapter 4 is the focus of the
report, in which the reviews of identified literature dedicated to DBR are summarized from the
perspective of safety, R&D needs, societal concerns and regulatory challenges. Chapter 5 provides a
summary of the discussion from SITEX.Network Topical Day (held on 25th of November 2020) and is
followed by the concluding chapter 6.
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2. Methodology
Based on the participants experience to this SITEX.Network activity, the list of related reports and
articles devoted to the DBR concepts are compiled in the Annex 1. It consists of 62 documents that have
been further investigated for their relevance in terms of project objectives:
•

Studies, tests or implementations carried out in the past (“historical publication”),

•

Safety issues,

•

Social concerns,

•

R&D needs,

•

Regulatory needs.

Each of the documents in the list has also been labelled according to importance for the report with
different colours:

Relevant for further studies
Out of scope or poor interest (but some
information to save)
Interest only for historical section of the report
The review interest was given by the relevant documents identified for further study (white background),
based on their further reading: in light grey for studies with less interest, and in dark grey for studies with
high interest (as in Annex 1). When possible, information on the objectives covered were provided as
shown in the table with the list of related studies.
The project participants (six SITEX.Network members’ representatives) identified their review
preference, before performing the reviews in a template covering the followings: title of the document,
reviewer and organisation, context of the work (who developed it, who was the funding institution, what
was the purpose), summary of provided content developed by the main viewpoints/objectives and
extraction from the document. In total, twenty-two papers and reports were analysed (labelled in red in
the Annex 1) and are presented in this report. In addition, one document developed by a NGO and a
recent paper (Krall et al., 2020) have been included in the collected information.
The first draft of the report was presented during the SITEX.Network Topical Day on 25th of November
2020 to an audience composed by SITEX.Network members and “external” participants. The discussion
was organised in five groups, based on the findings from the present review activity and on key questions
collected when the participants registered. The discussions in each group were recorded as tables of
the advantages and disadvantages of the DBR option, and then summarized.
Based on these discussions, the safety and social issues identified and the potential R&D and regulation
needs, a conclusion is reached with potential prospect for SITEX.Network and more broadly, for
concerned institutional and non-institutional organisations.
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3. Overview of various borehole disposal developments since the
1950’s
The following chapter is a summary of the section of a report initially produced by IRSN in 2019 as part
of the preparations of the public debate on the French National Plan for the Management of Radioactive
Materials and Waste 2019-2021 (PNGMDR 2019-2021). The IRSN report includes an inventory, on an
international level, of the research on alternatives to geological disposal of high-level (HLW) and
intermediate-level long-lived waste (ILW-LL).
Borehole disposal is the placement of waste in vertical structures drilled into the rock to isolate it from
natural surface phenomena, to reduce the possibility of contact with humans by reducing their
accessibility and, to prevent the dispersion of their contents into the environment. This option is similar
to the deep geological repository option in its objectives and because it involves the geological
environment. Yet, it is distinguished by some important specificities. While geological disposal is based
on the digging of an underground facility into which the waste is transported and then emplaced in
specially designed and equipped cells, all the operations of borehole disposal are carried out from the
surface, from the digging and handling of the packages to the closure operations. For one same type of
waste (HLW, SF or ILW-LL), the target depth for some borehole disposal concepts can be much greater
than that of a geological repository.
Three types of borehole disposal can be mentioned according to the type of waste:
•

Embedding of exothermic waste1 (such as SF or vitrified HLW from its reprocessing) in a
vitreous gangue resulting from the melting of the host rock. In order to trigger the melting
phenomenon, the concept is to place the waste in a rock that dissipates little heat and has a
sufficiently low melting point, such as granitic rocks. Since temperature naturally increases with
depth, the use of deep boreholes can be a favourable element (see §3.1);

•

Injection of liquid waste directly into the rock. In this case, the rock, located several hundred
meters below the surface, is chosen for its injection capability (characterised in particular by its
porosity), as well as for its hydrogeological characteristics, the objective being to limit horizontal
and vertical transfers (see §3.2);

•

Stacking of solid waste packages in a borehole. In this case, the waste is placed at a depth that
depends in particular on its characteristics, and then the borehole is sealed (see §3.3).

The presently studied concepts for deep borehole disposal of HLW or SF benefit from the studies and
tests carried out in the past: for this reason, a brief historical overview is provided below.

3.1 Embedding of exothermic waste in molten rock (“rock melting”)
As informed in Nirex 2004 report entitled “A Review of the Deep Borehole Disposal Concept for
Radioactive Waste”, the attempt for early deep borehole disposal concepts was developed as part of
the United States Department Of Energy (US DOE) programme, which began in the 1970s, to
investigate the disposal of HLW. The deep borehole concept was compared with other concepts being
considered at the time, including disposal in space and beneath the seabed (see IRSN, 2019), as well
as more conventional mined repository concepts. As a result of this initial analysis, the three disposal
concepts that were selected for the next stage of the analysis were the so-called mined geologic, very
deep hole and sub-seabed disposals. Later, only the mined geologic concept appears to have been
selected for the next assessment phase by the US DOE, even if the concept of very deep borehole
continued to be studied as a potential option.
It was believed that the main potential advantage of the very deep borehole concept was that its use
would allow the waste to be placed further away from the biosphere, in a location where circulating
groundwater was unlikely to communicate with the biosphere. At the time, it was known that this would
not be a suitable disposal route for the larger volumes of TRU (i.e. ILW in United Kingdom’s jargon) and

1

Release of heat by waste due to its radioactivity (energy released during radioactive decays).
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that it was not certain that it would be possible to drill the number of holes required at the suggested
depth and size.
The approaches being explored around the world to achieve this option are to place the waste in cavities
or boreholes in magmatic rocks² so that the heat they generate causes the surrounding materials to
melt. In some concepts, the waste is placed in a capsule designed to maintain its integrity while the
surrounding rock melts and forms a protective gangue as it cools. In other concepts, waste is intended
to mix with the rock and can be injected in a liquid form. The objective is that during cooling, the whole
forms a vitreous mass that incorporates the radionuclides, potentially in a larger volume than initially
(and therefore of lower mass activity). Most of these concepts were explored in the United States (US).
We can mention in particular (see Heuze, 1981):

2

•

The Deep Underground Melt Process (DUMP) concept, developed by the Lawrence Livermore
National Laboratory in the 1970s (Cohen & Steinborn, 1979; Cohen et al., 1972; Schwartz et
al., 1978). This project aimed to introduce exothermic waste into a cavity made from a borehole,
either using conventional explosives or by means of a nuclear explosion, at a depth of between
2 and 4 km. The goal is to place a large amount of waste in the same cavity;

•

The Deep Self Burial (DSB) concept (Figure 1-1), originally developed by Sandia National
Laboratories (Hardee & Sullivan, 1974; Logan, 1974). This concept aimed to taking the waste
down to a depth of 2 km, enclosed in high-density containers, possibly cooled in cased
boreholes, then if necessary in disconnecting the cooling system so that the waste melts as it
sinks deep into the liquefied rock, under the effect of its own weight. Renewed interest in an
option derived from this concept emerged in the 1990s, particularly in Russia, China and the
United Kingdom, aimed at eliminating small quantities of HLW (Kascheev et al., 1992; Chen et
al., 2013). The new option was only involved at partial melting of the host rock, the waste itself
being protected by a container2 not intended to melt and mix with the molten rock;

•

The Deep Rock Disposal (DRD) concept (Figure 1-2), also developed by Sandia National
Laboratories (Klett, 1974; Bertram, 1976). The concept combines elements of the previous
concepts and the one developed in the chapter 3.2 because it does not envisage waste being
placed in containers, but rather directly injected in liquid form (essentially liquid effluents from
SF reprocessing plants) into deep boreholes. However, contrary to the concept developed in
the next chapter, due to their exothermicity, they would melt the surrounding rock;

•

The solidified Waste In Situ Melting Concept (Angelo, 1976) (Figure 1-3) consists in mixing
the solid waste with rubble inside a cavity. The average thermal load of the waste-rubble unit
should allow the melting of the rubble to be carried out while avoiding a thermal degradation of
the rock beyond the molten rock zone. Likewise, the voids in the embankment are imagined to
allow the expansion of the rock during the melting, thus reducing the risk of causing the
surrounding formations to fracture.

The melting temperature of steel (which begins to melt at 1400 °C) is higher than that of a basalt.
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The various initial concepts presented above are no more subject to official studies, as far as we know.
On the other hand, an option derived from DSB is still under study in the United States (Gibb, 1999,
2003; Attrill & Gibb, 2003; Yang et al., 2019). In particular, it is considered as a disposal solution for
Hanford caesium and strontium sources (see §3.3.3 below). Its principle is based on the partial melting
of a granite-based material ("rock welding”, see Figure 2) placed around or above the waste packages.
The heat released by the waste is, for this concept, high enough to cause the melting of the material
that surrounds it but remains low enough not to deteriorate the containers in which it is enclosed. When
cooling, it is expected that the granite-based material will naturally seal the area around the waste in the
deep boreholes. Current research focuses on materials (especially crushed granite) that would allow
effective recrystallization for sealing.

Figure 2: Granite core (2 cm long) partially melted after 570h at 800°C (at 2.55% humidity).
The arrows indicate "glass" areas (uncrystallised molten mass because rapidly cooled) (Gibb, 2003).

3.2 Liquid waste injection in deep boreholes
Direct injection of waste in liquid form (or incorporated in a solution after crushing in the manner of a
cement grout) in a geological layer requires that the rock be sufficiently porous and permeable to allow
injection. Its characteristics must also make it possible to limit the horizontal or vertical migration of
radionuclides. The choice of a porous and permeable geological formation, but with weak hydraulic
gradients and framed by formations of low permeability, is therefore favourable.
In the United States, after initial tests in 1959 and 1960, the Oak Ridge National Laboratory in Tennessee
has regularly conducted radioactive effluent injection operations. Between 1966 and 1979, about 7,500
m3 of waste was injected in the form of cement mortar at a depth of about 300 m (Sun, 1980; Weeren
et al., 1982), in shales previously treated to increase their porosity and permeability based on hydraulic
fracturing techniques. These experiments were followed up by the IAEA (1983). In 1972, HLW injection
in crystalline rock under the Savannah River site (South Carolina) was abandoned prior to its
implementation, due to public concern (NRC, 1972).
In Russia, injection operations have been carried out since 1962 in sedimentary rocks on three sites: in
limestone and sandstone formations at a depth of 1400 meters in Dimitrovgrad (injections on this site
have now ceased), as well as in two porous sandstone beds capped with clay at a depth of 400 meters
in the Krasnoyarsk-26 ("Severny" site) and the Tomsk-7 (Sversk Sites 18 and 18a) (e.g., Russia, 2017).
Since 1962 on the Krasnoyarsk-26 site, eight boreholes were used for the injection of intermediate and
high-level liquids and four boreholes were used for the injection of low-level liquids. In total, a few tens
of millions of m3 of high and intermediate-level waste were injected into all the sites. Nowadays, four of
the boreholes near the reactor site and the SF reprocessing plant in Krasnoyarsk are still being used to
inject low-level effluents. However, the volumes injected have considerably decreased since the
shutdown in 1992 of two plutonium production reactors and the slowdown of the fuel reprocessing
activities on this site (Compton et al., 2000).
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In 2013, the practices of injecting waste and effluent into rocks were the subject of a technical review
under the auspices of IAEA. This review was based on the standards laid down by the agency3 which
require under the principle of "in-depth defence", that a geological disposal system be designed
according to a multi-barrier device, in which the failure of one element can be compensated for by the
existence of others. According to this principle, the disposal system performance must be based not
only on the host rock but also on engineered barriers. The interpretation of these standards (e.g.,
Savaleva et al., 2017) was discussed during this review and the compatibility of the direct injection of
liquid effluents into rocks with fundamental safety principles remains today a matter of disagreement
within the international community (Russia, 2017).
In the United Kingdom, the injection of liquid radioactive waste into rocks, after examination based on
the work conducted in the United States and Russia (Committee on Radioactive Waste ManagementCoRWM, 2004; Nirex, 2005), is now considered to be contrary to United Kingdom’s regulations in force;
the latter requiring in particular that the waste be managed exclusively in solid form. The NNC Limited
report (2004) commissioned by CoRWM on the option of Direct (liquid) Injection included a survey on
direct injection of liquid radioactive waste, which has been implemented in the US and Russia as
mentioned above. Pros and cons are discussed, especially the need for liquidation of existing waste.
Prerequisites for such a process were vaguely defined, the problematic of public acceptance was
mentioned. Experimental results (from the BORIS project, which was financed by European
Commission) may help for ordinary DGR post-closure performance assessment (§4.1.4.2).
To our knowledge, rock injection is not currently being considered by any country as a permanent
management option for ILW or HLW.

3.3 Solid and packaged waste disposal in boreholes
3.3.1 First concept in the 1950s in USA
The first concept of solid waste disposal in boreholes was developed by the National Academy of
Sciences of the United States in 1957 (National Academy of Sciences, 1957). It aimed at drilling
boreholes, at sea or from the mainland, in crystalline or sedimentary rocks to a depth of up to 5,000 m
and then placing packages of radioactive waste in them.
Research into this option was abandoned in the 1970s in favour of research into disposal concepts in
mines or underground facilities, due to the difficulties in attempting to drill boreholes of sufficiently large
diameters and depths with the technologies available at that time.

3.3.2 IAEA’s concept of borehole at intermediate depth
The principle of solid waste disposal in boreholes has particular relevance to countries with very limited
amounts of waste, including mainly small objects, such as sealed radioactive sources from medical and
industrial applications. The concept is not a DBR but a borehole at intermediate depth (some tens to
300m). In 2009, the IAEA published a guide (SSG-1) specifically dedicated to the borehole disposal of
sealed radioactive sources withdrawn from service and small volumes of waste. The solution described
in this document (see Figure 3) consists in the drilling of boreholes with a maximum diameter of a few
tens of centimetres and with depths varying between a few tens and a few hundred meters, depending
on the activity of the waste. It offers a "multi-barrier concept" including the waste and its container, the
rubble and the borehole casing, and finally, the host rock. These successive barriers are designed as
obstacles against the transfer of radionuclides to the biosphere. The guide specifies that, for waste
placed in a borehole less than 30 meters deep, it is recommended to refer to the safety principles for
disposal in near-surface facilities ; and for waste placed at a depth of more than 30m, to the safety
principles for disposal in deep geological layers (IAEA, 2017a, b).

3

See Requirements 7 and 8 of the IAEA Guidelines “SSR-5” of 2011, in particular.
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Figure 3: The concept of multi-barrier disposal applied to borehole disposal (according to IAEA, 2009, modified).

Since the issuance of the IAEA Guide "SSG-1" mentioned above, extensive research and development
has focused on the concept of borehole disposal at intermediate depth (i.e. boreholes where the waste
is placed more than 30 m below the surface and less than few hundred meters depth) for implementation
in a number of weakly-nuclearized or non-nuclearized countries. For the long-term management of
sealed radioactive sources, countries such as Ghana, Malaysia, the Republic of Cyprus, Moldova and
Brazil have adopted the concept proposed by IAEA as a benchmark option. For small volumes of waste
(excluding HLW), the United Arab Emirates (2018) and Indonesia (2018) have also adopted this concept
as a reference, while this option is under consideration in the United States, Australia, Cuba and Jordan
(IAEA, 2018). The quantities and activities of the waste concerned by these various programmes are
incommensurate with those of HLW/ILW-LL resulting from the operation of a fleet of nuclear power
reactors.
In addition, as reported in Cochran et al. (2018) and in IAEA 2017a the IAEA has developed an
integrated program that supports the Member States efforts to manage and dispose of disused sealed
radioactive sources (DSRS) in Borehole Disposal Concept (BDC). This concept is especially appropriate
for countries with small inventories of DSRSs. The engineered barriers consist of an inner stainless steel
“capsule” with a 3-mm wall thickness which holds the DSRS and is leak-tested after being welded shut.
An outer stainless steel “container” with a 6-mm wall thickness holds the capsule. A buffering cement
containment barrier fills the space between the capsule and the container. The waste packages are
disposed of in a narrow-diameter borehole (26 cm) at depths greater than 30 m. This type of borehole
disposal creates an exceptionally small footprint, removes the waste from normal human surface
activities, and isolates the waste packages from near-surface processes.
The IAEA has assisted Ghana, Malaysia and the Philippines in assessing their inventories and
conditioning their DSRS, in drilling investigation boreholes (groundwater characterization programs to
map the geology, to define the groundwater geochemistry) and characterizing their proposed sites, and
in designing their disposal systems. The IAEA has supported the development of two software tools that
can be used by Member States and develop the Generic Post-Closure Safety Assessments (GSA)
(IAEA, 2017a) which shows that, with a suitable combination of inventory (e.g., DSRS or very small
quantity of waste), near field design and geological environment, the BDC is able to provide a safe
solution for the disposal of both long lived and short-lived radionuclides.

3.3.3 The comeback of DBR concept
The significant technological advances of the past thirty years have recently led some countries to reexamine the DBR option. In the United States, a development of the initial DBR concept (of 1947 by
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National Academy of Sciences), has been proposed by Sandia National Laboratories (SNL) at the
request of the US DOE (Arnold et al., 2011). The aim is to place 400 waste containers at the bottom of
a deep borehole of approximately 5,000 m. Above the 2,000 m in which the waste would be deposited,
SNL proposes the construction of a seal consisting of bentonite and concrete that would occupy an
1,500 m long uncased part. The upper part, also representing a length of 1,500 m, would be filled
according to standard methods.

Research on DBR has also been conducted in several countries such as Denmark, Switzerland, Sweden
(e.g., Juhlin et al., 1998; Ahal, 2006; KASAM, 2007), Finland (see in NEA, 2003) and the United Kingdom
(Nirex, 2004; Chapman & Gibb, 2003).
In the case of nuclearized countries, some maintain a watch on the subject (e.g., Sweden: SKB, 2013a,
b; SSM, 2018; Germany: GRS-405, 2015; GRS-423, 2016; Bracke et al., 2017, 2019; Bollingerfehr et
al., 2018; United Kingdom: Beswick et al., 2014; Chapman, 2019; Collier et al., 2019; Korea: Yun & Kim,
2013; Schwartz et al., 2017) and others consider borehole disposal as a possible option, the same as a
geological repository (e.g., Belgium and Australia; FANC, 2011, 2015; Australia, 2020). However, it
seems that only the United States are pursuing advanced studies (U.S. NWTR Board, 2016; WNN,
2019; Muller et al., 2019; Freeze et al., 2019a, b; Finsterle et al., 2019; Payer et al., 2019; Yang et al.,
2019; Krall et al., 2020…):
•

A report published in October 2013 by Sandia National Laboratories indicates that preliminary
deep borehole disposal assessments show significant and robust waste isolation potential, and
that the concept could be faster to implement definitive management solution for some types of
waste than geological disposal in an underground facility. This position has recently been
developed in several scientific articles published in leading international journals (e.g., Nature
(Tollefson, 2014) and Science (Cornwall, 2015)). More specifically, studies on the disposal of
civilian SF estimate the number of boreholes required at around 800 (Brady et al., 2016) for the
reference design described above;

•

In January 2016, the company Battelle was commissioned by the DOE to drill a 4,880-meter
test-borehole in a crystalline basement of North Dakota (WNN, 2016) for the disposal of caesium
and strontium sources that are currently stored at the Hanford site, as well as possibly highlevel calcinates and salts resulting from the electrometallurgical treatment of sodium fuels (DOE,
2016). The site identified in North Dakota having been abandoned as a result of protests, the
DOE and Battelle have successively considered several other sites for this test-borehole (South
Dakota, New Mexico, Texas, etc.; Voosen, 2016). They had to abandon them in turn due to
local opposition (Voosen, 2017). The DOE announced the termination of its test-borehole
project on the 23rd of May, 2017 (see DOE, 2016).

Although the studies underway in the United States cover a priori all types of waste, borehole disposal
is currently not retained by the DOE for the long-term management of SF (DOE, 2014; USA, 2017).

3.3.4 An example of very recent initiative: the IFNEC webinar
In the last few years, interest has grown significantly and today a number of unrelated activities are
underway to develop and demonstrate the practical application of this technology. The number of
scientific publications increased as well as the number of time such topic appeared in international
forums. As an example, the webinar in the organisation of IFNEC (International Framework for Nuclear
Energy Cooperation) in October 2020 presented the status and objectives of these activities4. On the
first day overview of the technology was given, identifying not only the opportunities to the disposal of
SF and HLW, but also the challenges that remain to be addressed. The second day was devoted to
understanding the current activities underway to develop and demonstrate the technology.
The latest development in the frame of IAEA were given by main editor of draft document with the title
Disposal Options for Small Radioactive Waste Inventories that explores disposal options for small

4

Presentations available on https://www.ifnec.org/ifnec/jcms/g_13596/webinar-understanding-deep-borehole-disposaltechnology-in-the-context-of-spent-fuel-and-high-level-radioactive-waste-disposal-history-status-opportunities-andchallenges-november-4-and-5-2020.
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amounts of radioactive waste requiring underground disposal. One of the options included is deep
borehole repository. Some pros and cons for DBR are mentioned in the document. The concept has the
potential to provide a high degree of containment and isolation for the highest activity and most
problematic waste streams. It also provides for more limited scope of site characterisation work than for
repositories at 100s of meters depth. As the constrain the borehole diameter with the limitation in the
size of packages that can be lowered into the borehole is mentioned, and in addition also available
experience on the licensing and implementation of the concept.
The representative of Arius presented his paper (Chapmen, 2019), also analysed in this report, on the
potential utility of DBR for different types and scales of national radioactive waste management
programs. He concluded that development of this concept could be led by smaller inventory countries
with limited amount of RW where the combination of a surface or near-surface facility with a deep
borehole repository facility could be investigated.
The work performed by Sandia National Laboratory, USA, addressed the latest development on the
DBR for nuclear waste. The last papers are also analysed in this study (Brady et all, 2016, U.S. NWTR
Board, 2016 ). Presentation included all different activities related to the DBR including the technical
evaluation with demonstration of DB field test and a preliminary safety assessment. The outcomes
pointed the need for R&D with drilling and operational (waste handling and emplacement) feasibility,
seal characteristics and evolution and deep subsurface characterisation. In addition, also development
in the Deep Borehole Disposal Research Group, University of Sheffield, in UK was given. The
representatives addressed several issues related to the disposal of SNF including the concepts for
consolidated disposal, the design and emplacement of sealing and support matrices, seal longevity and
sealing of critical pathways. Plans for future R&D focuses on the design improved seals, emplacement
methods and plugs, although mostly modelling, however a field test would be required for validation and
refinement. The last presentation on the first day included the work of Nuclear Energy Agency (NEA) on
strategic safety case development, i.e., safety functions, integration of safety assessment, uncertainty
management, and communication strategies.
On the second day the first presentation was by the Deep Isolation, as the leading deep borehole
disposal commercial company. The presentation addressed the directionally-drilled technology which
combines vertical drilling with horizontal disposal space design for the needs of a specific inventory and
geology. Such solution provides a feasible, scalable, safe and affordable option for HLW. The UK case
study is under development as alternative option with purpose to provide NDA with information that
enables it to assess the potential suitability of Deep isolation’s horizontal borehole disposal. ERDO
Working Group work on this subject was also presented. It focuses on the borehole disposal concept,
based on the available drilling technology and anticipated waste inventory form ERDO participating
nations. The representative of the Commonwealth Scientific and Industrial Research Organization
(CSIRO) Australia discussed their program for evaluating this technology for application in Australia. It
stressed that many of the key components/technologies for demonstrating deep borehole disposal
feasibility are available or need some, but limited modification. A full-scale, integrated drilling, waste
emplacement and sealing test has not yet been undertaken, but is achievable in a 7-10 years timeframe.
International experience and collaboration should lessen the technical challenges including the resulting
benefits for other industries.
It was concluded that even using current technology, albeit that the borehole diameters are larger than
are normally required for other drilling applications, the gap between what can be achieved in deep
drilling and the equipment and technology necessary to construct a borehole for DBD has narrowed to
the point that a demonstration borehole should be seriously considered as soon as possible. Only then
would the remaining issues be resolved and the viability of DBD as an option for the disposal of
radioactive wastes be widely accepted.
Some technical challenges remain, mainly related to modification or upgrading of down-hole drilling and
casing equipment and the crucial matter of borehole sealing, together with relatively minor details such
as designing a waste package running and release tool and the surface shielding arrangements – the
latter being well understood by the nuclear industry.
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All the main surface equipment required is already available and proved. A concerted effort to address
the remaining challenges is overdue. The costs of implementing a (non-active) full-scale, demonstration
borehole are small compared with what has already been spent on other options.
The principal obstacle to the implementation of DBD is not really an engineering issue, but is the need
for a comprehensive safety case (Chapman, 2013). Some work on the safety case development is
already done (Brady et al., 2009, Arnold et al.,2013, also analysed in this report). A successful borehole
demonstration would confirm the engineering viability, but much remains to be done to gain regulatory
approval for the disposal of radioactive wastes.
A successful demonstration should remove doubts about the viability of this potentially superior option,
but further progress clearly requires acceptance of the concept and support by government and/or
national waste management organisations as it appears to be happening in the USA.
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4. SITEX.Network bibliographic review
4.1 Aspects associated to the safety of DBR
4.1.1 DBR reference design
The DBR referred to in the literature have similar designs, i.e., a borehole reaching crystalline basement
at several kilometres depth, all referring to the concept developed by the National Academy of Sciences
in 1957 (see §3.3), i.e., drilling boreholes in crystalline or sedimentary rocks to several kilometres depth
at the bottom of which are placed packages of solid radioactive waste. In its simplest form, the deep
borehole disposal (Brady et al., 2016) consists of drilling a large-diameter (up to 43 cm/17 in.) borehole,
or array of boreholes, into crystalline basement rock to a depth of about 5,000 m, emplacing waste
packages in the nearly lower 2,000 m portion of the borehole, and sealing and plugging the upper portion
of the borehole with a combination of bentonite, cement, and cement/crushed rock backfill.
The presence of dense, saline and reducing brines at depth provides a barrier to the upward movement
of water to the fresher water above. The reducing and oxygen-poor conditions at depth slow down the
degradation of SF and keep most of the radioelements in their lower valence states, which decreases
the solubility controls of the radionuclides and stabilises the more strongly adsorbed forms of the
radionuclides. In addition, the large depth of deep borehole disposal reduces the number of surface
effects to be considered for long-term performance.
Hydrological conditions at depth should also limit the upward advective transport of radionuclides in
deep groundwater. Crystalline basement rocks generally have very low permeability. The only driving
force for the upward flow of water could be the expansion of water caused by the heat of radioactive
decay in the waste. The thermal heat pulse is an early feature that dissipates within approximately the
first few hundred years after emplacement, or sooner depending on the waste type. Borehole seals of
cement and/or bentonite would limit fluid movement during the early thermal pulse, and possibly for
longer periods of time.
Appropriate geological sites might be identified by avoiding sites with disadvantageous characteristics,
such as upward vertical fluid potential gradients, economically exploitable natural resources, high
permeability connections from the waste disposal zone to the shallow subsurface, and significant
probability of future seismic and/or volcanic activity.
Favourable characteristics are the followings:
•

Depth to crystalline basement of less than 2,000 m, allowing for a 2,000 m disposal zone
overlain by at least 1,000 m of seals within the crystalline basement

•

Crystalline basement geology that tends toward regionally more predictable structure and
lithology

•

Relatively low differential horizontal stress to avoid drilling difficulties

•

Low seismicity, no recent tectonic activity

•

Low potential for deep circulation of meteoric ground water

•

Favorable geochemical environment: high density, stratified salinity, and geochemically
reducing conditions tend to reduce radionuclide mobility

•

Low/normal geothermal gradient: geothermal heat flux can lead to the potential for upward
hydraulic gradients and is also related to the potential for geothermal drilling, a potential natural
resource

•

No mining resource potential.

However, the various detailed designs described in the literature slightly differ, notably in terms of
orientation of the borehole disposal zone (USA private companies developing a concept of horizontal
borehole: Muller et al., 2019; WNM, 2019), of waste emplacement and sealing including partial melting
(e.g., Brady et al., 2016; Yang et al., 2019) or not. Most publications rather consider crystalline host
rocks but disposal in sedimentary rock is also considered, especially in Germany.
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The preferred concept in Germany is a site covered by at least two redundant or diverse geological
barriers (clays for retardation and containment, salts for sealing) acting as “containment providing rock
zone”, that is a part of a rock formation in which disposal systems ensure the safe containment of
radioactive waste in a disposal facility in coaction with engineering and geotechnical seals. Ideally, a
site is seeked with a porous rock acting as gas trap below these barriers (Bracke et al., 2019).
As given in Nirex, 2004, safety concept for deep borehole disposal, in all cases and for all forms of waste
whether it is plutonium, ILW, HLW or SF, is almost based entirely on natural geological barrier
containment, the concept being that of essentially complete containment within the host rock formation.
Therefore, the normal evolution scenario anticipates a zero release of radionuclides by groundwater
(beyond the rock mass immediately surrounding the disposal zone), perhaps for periods of more than
one million years; although there is always the possibility of gaseous releases. This makes the deep
borehole concept fundamentally different from any disposal concept involving a mined geological
repository. The following key elements for DBR were identified (either by facts that are substantiated by
direct evidence or representing expectations):
•

The rate of fluid movement is expected to be so slow that any mass transfer will occur by
diffusion or by advection at rates approaching those of diffusive transport. Pore fluids are
expected to be highly saline with elevated fluid densities, density-stratified groundwater system,
combined with low hydraulic gradients that would yield hydro-geologically stable systems with
residence times of millions of years.

•

The disposal waste would be only weakly heat emitting or would be sufficiently cooled prior to
disposal, so that induced heat would not cause fluid convection over the first few hundred years.
However, it was unclear at that time what problems can be caused by high temperatures.
Indeed, nobody had carried out any relevant calculations (see also §4.1.3.2 on heat transient).

•

A long system of borehole seals isolates the disposal zone from overlying rock formations and
groundwater systems. The length of the seal zone and its design would be highly site-specific
(borehole into basement rocks or through sedimentary formations…).

•

Wider diameter upper casing sections could be cut above their casing shoes. To prevent any
borehole collapse, high density mud might be used to reconstitute as closely as possible the
natural hydraulic properties of the rock.

•

To conceal the position of one or more disposal borehole and destroy the top tens of meters of
the borehole to make re-entry very difficult, it would be possible to backfill a borehole with a
mixture of hard, angular rock pieces and a softer matrix, so that any attempt to re-drill the hole
would be foiled.

•

Waste packages could be emplaced without the need for any of the additional engineered
barriers (overpacks and buffer) that are familiar in conventional repository concepts. The waste
could be in sealed, relatively thin-walled metal containers intended only to facilitate
emplacement. It will not be possible to design canisters to remain intact for long periods under
the extreme conditions of high stress, high temperatures and high salinity at depth, e.g. for
requirements of retrievability. Depending on the waste being considered, surface handling of
these canisters might require shielded facilities at the borehole site to transfer the packages
from their transport casks into the borehole using remote handling equipment.

•

The waste packages size is dependent on many factors, including, i.e. the types of waste being
emplaced, the diameter of the borehole and the presence of any additional equipment that might
be emplaced with the waste canister to permit its easy movement to its disposal location and to
ensure that it is emplaced and centralized in the borehole.

•

There are significant limits on the maximum diameter that a borehole can be drilled in hard rock
to depths of about 4 kilometers, and allowing maximum amount of waste per borehole, there
will be a relatively small annulus between the canister and the borehole wall limiting the
possibility for thick, low-permeability backfill or buffer around the canister.

The requirements on the natural barrier system are detailed in the §4.4.1.
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4.1.1.1 Targeted radioactive waste for DBR
The reference design for DBR in the United States is generally studied for the Cs/Sr defence waste, that
would require only a single borehole (Brady et al., 2016; Freeze et al., 2019, requiring a 534 m to 1100
m-long borehole disposal zone depending on the options). However, disposal of granular solids of
calcined HLW (Idaho Nuclear Technology & Engineering Center), of borosilicate glass of vitrified HLW
(Glass Waste Storage Buildings at Savannah River Site) and of salt wastes from electrometallurgical
treatment of sodium-bonded fuels are also studied (Brady et al., 2016; Muller et al., 2019; U.S. NWTR
Board, 2016), as well as disposal of SF from commercial nuclear reactors (Arnold et al., 2011; Brady et
al., 2016; U.S. NWTR Board, 2016). Cornwall (2015) indicates that other military waste types including
plutonium (stored as softball-sized metal spheres at a DOE facility in Texas) are also potential
candidates in the United States.
In Europe, Beswick et al. (2014) studies DBR in the United Kingdom for SF, HLW from its reprocessing
and plutonium. GRS and BGE (GRS-405, 2015; GRS-423, 2016; Bracke et al., 2017, 2019; Bollingerfehr
et al., 2018) evaluate DBR for HLW in Germany. Chapman (2019) examines the interest for DBR for all
kinds and quantities of high hazard potential and long-lived radioactive materials (including vitrified HLW
and SF). SSM, the Swedish Safety Authority, compared various disposal options for SF, notably KBS-3
excavated geological repository and DBR at Forsmark in the frame of the license application submitted
by SKB for a final DGR-type repository in Forsmark (SKB, 2013b; SSM, 2018).
Disposal of SF in DBR is also studied by geoscientists in Korea (Yun & Kim, 2013; Schwartz et al.,
2017).
Given such radioactive waste variety, the detailed designs described in the literature can be very
different (borehole depth, diameter…). Regardless of the waste, corrosion-resistant alloy is desired for
canisters. For instance, Muller et al. (2019) consider highly corrosion-resistant canisters Ni-Cr-Mo alloys
(Alloy 22 or 625) that are:
•

very stable in the expected hot, reducing chloride environments

•

ensuring robust resistance to the localized corrosion processes of pitting, crevice corrosion and
stress corrosion cracking

•

In the passive state, metals protected by a thin, self-forming film on the surface, leading to very
low general corrosion rates (0.01 m/y). With thickness of 1 cm, it would take more than 50,000
years

•

Among the most resistant to microbially-induced corrosion.

The waste packages requirements are detailed in the §4.4.2.

4.1.1.2 Borehole geometry and equipment, waste emplacement
Muller et al. (2019) details the effective components of the engineered barrier system, which may be
more or less the same for any option found in the literature:
•

for the disposal of SF, the ceramic UO2 fuel pellets and the zircaloy cladding of the assemblies

•

any material that fills the spaces within the canisters (Arnold et al., 2011, evoke welded plugs
for sealing the waste in the canister)

•

the canisters, made of corrosion-resistant alloy

•

the buffer material between the canister and the casing

•

the carbon steel casing

•

plugs that seal the vertical access hole

•

backfill materials.

The drillhole has a telescoping design (for instance, according to Arnold et al., 2011, hole diameter from
36 inch at surface to 17 inch at 5,000 m depth). The detailed history of canister, borehole and seal
designs proposed in the literature is already long and is well summarized by Arnold et al. (2011).
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A conductor is required to guide the drilling (in particular for disposal in horizontal drillholes, Muller et
al., 2019).
As reported in Brady et al. (2016) important elements of drilling technology to be considered are:
•

how drilling torque is applied to the drill bit

•

how directional control is maintained to ensure borehole straightness and verticality

•

the type of drill bit.

Historically, drill rigs applied the torque to the drill bit through the drill pipe by an uppermost kelly5 section.
Top-drive motor involve the rotary motor being directly connected to the drill pipe at its top. These allow
a better control by the operator than the stationary kelly system.
Downhole mud motors are a modern alternative method for applying torque to the drill bit. In these
systems the drill pipe is not rotated; a positive displacement motor is part of the bottom of the drill string
above the drill bit. Pumping mud down the drill string (i.e., direct circulation) then turns the pump, which
results into torque applied directly at the drill bit.
Modern directional control is done by computerized active directional controls located at the bottom of
the drill string above the drill bit. Modern electronics in rotary steerable systems are now typically tolerant
to high temperatures.
Drilling bits used in hard rock are typically rotary roller-cone type bits that have multiple rotating
components covered in carbide buttons, which rotate and break up the rock at the bottom of the hole
through compressive failure. Polycrystalline diamond compact (PDC) bits are a newer type of drilling bit
developed for use in sedimentary rocks. Some advanced PDC bits and hybrid roller-cone/PDC bits have
recently been developed for drilling in hard rock.
Hammer drilling is an alternative to the downhole mud motor. The hammer then compressively breaks
up the rock at the bottom of the hole through rapid vertical up-and-down motion. This technique is often
objectionable at significant depth because the difficulty to remove water that flows into the borehole with
only air circulation.
Regarding site characterization, as the hole is being drilled, rock cores, fluid samples and well logs are
collected. The horizontal section may be drilled in 2 stages, with a first small-diameter stage for
evaluation and testing of the disposal section (Muller et al., 2019). Arnold et al. (2011) envision an initial
exploratory borehole for logging (geological and hydrological characterization), testing bit selection and
drilling techniques.
Casings are also considered in all reference designs for waste emplacement, allowing:
• to protect freshwater aquifers in the vertical section,
•

to facilitate the emplacement (and potential retrieval) of the canisters and support backfilling
operations in the horizontal disposal section,

•

Emplacement and cementation after drilling of each section, then drilling of the next section with
smaller diameter.

Waste emplacement operations, as reported in Brady at al. (2016), are expected to be safe and
accidents rare, the consequences of accidentally breaching a package during emplacement operations
could be costly. Accordingly, waste packages and systems for handling and emplacement must be
designed with appropriate factors of safety that may exceed the safety factors typically assumed in
oilfield applications.
Various methods for emplacement, done in an oil-based fluid with bentonite, have been proposed (Brady
at al., 2016; Arnold et al., 2011; Muller et al., 2019…): (1) lowering strings of waste packages (assembled
with threaded connections for instance) on drill pipe; (2) stacking packages in a conveyance casing and

5

The kelly is a piece of non-round cross-section drill pipe that is turned using a motor.
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lowering that on drill pipe; (3) lowering one or a few packages at a time on coiled tubing; (4) lowering
one package at a time on an oilfield-type electric wireline and (5) dropping packages one at a time for
free fall to the bottom of the borehole.
Lowering packages a few at a time (and especially one at a time), using lighter wireline or coiled tubing
equipment (options 3 and 4), decreases the risks in the event of an accidental drop.
Waste package must withstand the bottom hole hydrostatic pressure and stacking loads from packages
emplaced one on top of another, while maintaining containment for a period of years until emplacement
and sealing are completed. Two approaches could be used (Brady at al., 2016):
•

robust waste packages

•

less robust waste packages filled with a fluid and equipped with pressure equalization –
disadvantage is that the fluid interacts with waste, and the possibility of a fluid mobilizing solid
waste in the event of accidental breach.

Stacking loads on waste packages emplaced in a borehole can be limited by installing bridge plugs and
cement plugs in the borehole to bear the weight of additional packages.
Some publications lead by American private companies (in particular, Deep Isolation Inc., e.g., Muller
et al., 2019) consider a repository concept for the disposal of HLW in horizontal drillholes. After several
kilometres of vertical drillhole, it tends towards horizontality with a radius of curvature large enough to
avoid any impedance during casing installation and waste emplacement, with a smaller-diameter hole,
having a build angle of less than 0.25 per meter. Horizontal repository section may have a slight tilt, for
inducing density- or buoyancy-driven fluid gradients towards the dead-end of the drillhole. This
horizontal “disposal section” would be up to two miles in length (WNN, 2019). Muller et al. (2019) argue
that several drillholes may be completed from the same surface pad, using separate vertical access
holes, or drilling multiple laterals (potentially at different depths) from a single access hole. However, a
multi-lateral system increases the complexity of the waste emplacement process and is not
recommended by Beswick (2008).
In Payer et al. (2019), corrosion performance of a representative engineered barrier system (EBS)
configuration is analysed and related aspects of the EBS design and drillhole environment (1,000 m
depth) to the corrosion performance are discussed. The analysis comprised determining the metal loss
and time-to-perforation for the canisters and casing (Alloy625, L80steel), and the amounts of hydrogen
generated and metal oxide formed, taking into account the evolution of the environment (temperature
and aqueous chemistry). Features reducing the analysis complexity of performance for a deep horizontal
drillhole repository that may contribute to the development of the safety case are identified.
The requirements on the waste emplacement and the borehole equipment are detailed in the §4.4.2.

4.1.1.3 Borehole closure
All forms of geological disposal have one point of attention (Vate et al., 2018) in common: the guarantee
of the quality of the seal in the very long term. There is no 100% guarantee, despite the extensive
international experience in sealing mine shafts and wells in empty gas and oil fieldsthat a seal will
continue to function for tens of thousands of years. However, for the deep boreholes, there is an extralarge safety margin at this point: the great depth and the stagnant, stable conditions there, which provide
an extra-large retardation factor should waste be released.
Borehole seals (Brady et al., 2016) are important for limiting the vertical fluid movement. An effective
seal should have a low permeability (e.g., less than 10-16 m2), bind effectively to the surrounding
damaged zone, be free of fractures and void spaces, be relatively straightforward to emplace, be
resistant to chemical alteration that might affect permeability, and perform for at least a few hundred
years during the thermal pulse. Seals performance for longer periods of time would be welcome, though
the absence of a driving force for vertical fluid flow after the passing of the thermal pulse makes longterm seal performance less critical.
Traditional candidates for borehole seal materials are bentonite and cement. Bentonite is considered by
Brady et al. (2016) as attractive because it expands in contact with water. However, swelling properties
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can be limited by the expected high salinity of the downhole fluids and the elevated temperature. The
review of bentonite and cement seals stability has come to detailed conclusions and observations by
Arnold et al. (2013), such as the effect at depth of high hydrostatic pressures (115 - 340 bar) and
temperatures (up to 150°C: may accelerate reactions and shift the mineral equilibria), the interaction
with cement (high Ca+2) and with degrading steel (high Fe+2 and Ni+2), the reduction by brines (high
ionic strengths, divalent cations such as Ca+2, Mg+2, Fe+2, produced during the anoxic corrosion of
steel casing).
Arnold et al. (2013) mention other options like low melting temperature metal alloys, but indicate that
challenges remain concerning the operational emplacement and suitability of these materials. Rock
welds and thermite are recently developed sealing concepts. Rock welding (see §3.1) uses a resistance
heater to melt crushed granite into a “weld” similar in makeup to the native crystalline rock. Thermite
plugs form rapidly upon ignition of an Al-Fe metal-oxide charge. Arnold et al. (2013) estimate the option
of rock welding by placing crushed rock within the borehole and in the surrounding host rock as highly
durable thanks to a chemical and mineralogical equilibrium with the physical and chemical conditions at
depth.
The design in salt rock relies on self-sealing by salt creep, becoming even faster with increasing
temperature (Bracke et al., 2019). In crystalline rock, Arnold et al. (2011) consider two possible designs,
depending on whether radioactive decay of the waste canisters generate high enough temperatures to
induce partial melting of the host rock around the waste packages (higher than 700°C) or not (usually
below approximately 250°C). The borehole is then filled with rock, bentonite and other materials (WNN,
2019). The borehole sealing in the US design for SF detailed in Arnold et al. (2011) is done between
1,500 m to 2,900 m and targets a permeability below 10-16 m2 using a series of compacted bentonite
seals, bridge plugs, cement plugs and backfill.
Regarding the sealing of the vertical section above the disposal zone, all authors focussing on this topic
consider that the casing should be removed in this section (to ensure strong coupling of the seal
materials to the rocks and to avoid creating pathways from the corrosion of steel casings; Schwartz et
al., 2017).
Muller et al. (2019) prescribe backfilling:
•

between the casing and the drillhole wall (cementitious materials), to stabilize the casing during
canister emplacement and to keep the casing centralized

•

within the canister: suitable material (against mechanical damage from impact and vibration,
increase thermal conductivity, include boron to absorb neutrons…)

•

between the canister and the casing, once emplaced in the disposal section: material providing
stability and mechanical protection, increased heat conduction, reduced fluid flow, control the
chemical environment (inhibiting corrosion and increasing the adsorption)

•

along the vertical (and curved, if any) access sections.

The requirements on the borehole closure are detailed in the §4.4.2.

4.1.2 Site selection guidelines
In Arnold et al., 2013 some site selection guidelines are given:
•

The depth to crystalline basement could be anything less than 2,000 m: for a borehole disposal
zone occupying the bottom 2,000 m of a borehole and allowing for an overlying 1,000 m length
seal zone within crystalline rocks, the maximum depth to the crystalline basement would be
2,000 m for a borehole depth of 5,000 m or less).

•

With respect to long term post-closure safety, plutonic rocks, and large felsic igneous intrusive
rocks in particular tend to be more homogeneous and contain fewer preferential pathways than
metamorphic rocks or volcanic igneous units.

•

Basement structural complexity is not a disqualifying characteristic of a potential site, but it does
increase the probability of drilling difficulties (e.g. directional control) and hydrogeological
characteristics that potentially are not favourable to waste isolation.
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•

Differential horizontal stress can result in borehole breakouts at greater depths, potentially
interfering with drilling, setting casing, and borehole seals integrity, and creating zones of higher
permeability along the borehole walls. A smaller differential in horizontal stress at depth would
therefore result in reduced uncertainty, provide for a more isolative capability, and provide for
smoother safer operations.

•

Tectonic uplift has no direct impact on performance, but occurs in areas of tectonic activity
implying an increased risk of seismicity, volcanism, and active faulting.

•

Minimal faulting or evidence of volcanic activity implies robust isolative capacity because of the
low possibility of high permeability pathways connecting the waste emplacement zone with the
surface or potential for direct release of waste by a volcanic eruption.

•

Elimination of sites with significant geothermal heat flux results in reduced likelihood of human
intrusion.

•

Lower vertical temperature gradients can help reduce vertical flow and instabilities that can
develop resulting in increased isolation capacity and reduced vertical transport.

•

Reduced temperature conditions can help reduce difficulties in drilling and waste emplacement
operations, which can increase confidence in the safety of pre-closure operations.

•

Mineral resources potential increase the risk from inadvertent human intrusion.

•

Because sites with low topographic relief are likely to have extremely low groundwater flow rates
at deep borehole disposal depths, such sites would be expected to provide increased
confidence in isolation capability because of a decrease in the likelihood of vertical hydraulic
gradients, a decrease in communication with upper ground water, and an increase in the
likelihood of very old, highly saline fluids at depth. Higher salinity at depth also contributes to an
increase in fluid density gradient, which further acts to reduce upper vertical flow and migration
of dissolved radionuclides.

4.1.3 DBR construction and operation
4.1.3.1 Advantages/disadvantages compared to mined repositories
The main advantage found in the literature in terms of operational safety of the DBR, compared to the
“classical concept” DGR, i.e., repositories constructed with tunnels and caverns, is “no humans
underground”: human activities underground considerably affects the near-field of the repository
(drainage leads to fluid flow in the host rock and depressurization, ventilation leads to desiccation
cracking and introduces oxygen) (Muller et al., 2019). However, safety of disposal operation in terms of
radiation protection requires to be based with the remote and personnel- free transfer and handling of
canisters/containers as the retrievable containers drafted by Bracke et al. (2017) are not self-shielded
by design.
Also, nuclear safeguards requirements would motivate guaranteed total isolation with no real prospect
of retrieval and misuse (Chapman 2019).
In terms of waste acceptable type, some authors underline that DBR would host a large variety of waste
types, for instance very high specific activity wastes, even though they contain only short-lived
radionuclides or allowing disposal of a waste that is causing technical problems for storage (Chapman,
2019), and that DBR is relatively insensitive to both the composition of the waste (as long as it is solid)
and its heat output thus allowing relatively early disposal of heat-generating waste without any increase
in the volume of host rock required (Beswick et al., 2014). However, other authors consider that volumes
of thousands of cubic metres would require several to many boreholes (Chapman, 2019): the volumes
and sizes of waste materials that can be emplaced in a narrow borehole are limited compared to an
excavated cavern or tunnel. In addition, maximum diameters of useable borehole space at several
kilometres depth are around 400 to 500 mm (see §4.3.2.2): it thus requires small package size
(Chapman, 2019),
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Several technical hurdles are also underlined (some of the following topics will be developed in §4.3
relative to R&D needs):
•

SF rods from commercial power reactors, for instance, are often bundled into casks that are
about 2 meters across, and would need to be repacked (Cornwall 2015)

•

No one has drilled large holes of 5 km into solid rock (Cornwall 2015). However, SSM considers
that it possible to achieve 5 km of deposition holes with a maximum diameter of 0.445 m with
known technology, although this has not yet been demonstrated in practice (SSM report, 2018;
Schwartz et al., 2017). SSM adds that canisters with SF are believed to be deposited in strands
at 3 to 5 km depth using a technique based on what is used today in the oil industry (see also
Brady et al., 2016). However, the review done by Krall et al. (2020) tends to show that
progressively, to face this difficulty to drill deep boreholes, the concepts trended toward
shallower disposal horizons in the last decade

•

If a hole is not smooth and straight, a liner could be hard to install, and waste containers could
get stuck (Cornwall 2015)

•

Methods for plugging the holes haven’t been sufficiently tested (Cornwall 2015).

Other advantages or disadvantages with a link with operational safety, such as costs, ability to answer
quickly to a demand, spatial flexibility and irretrievability are developed below in §4.2. Site selection and
site characterization relative to post-closure safety is analysed in §4.1.4.
Muller et al. (2019) compared their concept of deep horizontal borehole to DOE concept of deep vertical
borehole:
•

vertical disposal-section length is limited by depth and load, even if accumulated mechanical
load on the canisters in the vertical disposal borehole can be reduced by multiple bridge plugs

•

drilling technology is considered sufficiently advanced for both options

•

free-fall method for waste emplacement is not available for a horizontal drillhole repository.

4.1.3.2 Operational safety
Brady et al. (2016) describe that deep boreholes techniques were successfully operated for 44 Class I
wells with long-lived non-nuclear hazardous waste. Even if it is less hazardous to handle such nonradioactive waste, it brings interesting experience. To a large extent, Brady et al. (2016) list all the types
of incidents to assess: transportation safety, surface handling, worker exposure, and the effects of
external events such as flooding, extreme weather, seismicity and sabotage. Pre-closure safety
considers potential hazards associated with waste package surface handling and downhole
emplacement activities, which would require radiation shielding and/or remote handling operations;
hazards include worker occupational safety, worker dose, and the potential for operational failures (e.g.,
waste packages stuck in a borehole above the disposal zone). Freeze et al. (2019) complements with
events occurring during “pre-closure” that may have potential impact on post-closure safety: waste
package stuck in borehole and abandoned, dihydrogen gas generation from metal corrosion, efficacy of
borehole seals and plugs…
The potential events developed below are specific to DBR or require specific approaches. In particular,
events of canister stuck, dropped or breaching are in the to-do list of several authors (Arnold et al., 2011;
Brady et al., 2016; Bracke et al., 2019; Muller et al., 2019; Freeze et al., 2019).
Event of canister stuck above disposal zone
Bracke et al. (2019) indicate that if a canister is stuck in the disposal zone or even in the « containment
providing rock zone », borehole can be abandoned and sealed; if it is in the transfer zone, a removable
liner should have been foreseen. Brady et al. (2016) prescribes the use of guidance casing of constant
size, from the surface to total depth of the borehole. Ultimately, a package stuck in the disposal zone
could be left alone, and a package stuck above the disposal zone could be removed by pulling the
guidance casing.
Muller et al. (2019) considers that:
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•

the risk is lowered by large radius of curvature and the precision of current rotary steerable
drilling technology

•

a caliper or dummy canister can be lowered beforehand into the drillhole

•

tools and procedures to retrieve a stuck canister routinely used for oil and gas operations.

To the contrary, the U.S. Nuclear Waste Technical Review Board (“NWTR Board”) concluded in 2016
that the potential for problems with the use of a liner to guide waste packages down to the disposal zone
(or with either drill-stem or wireline emplacement) “are obviously greater than those accompanying
mined geologic repositories. In the case of an accident, e.g., stuck or dropped containers, a return to
normal operations might not be possible. Similarly, radionuclides might leak from a package shortly after
emplacement”.
Event of canister falling in the vertical section
Brady et al. (2016) evaluated the following events for each alternative emplacement method:
•

package drops from the top;

•

package drops during the trip in;

•

one or more packages getting stuck in the borehole during a trip in;

•

drill pipe or wireline and tools dropped during a trip out

They conclude in a much higher probability of incident-free wireline emplacement but much lower
probability of package breach and radiation release because dropping a single package (with impact
limiter) has little or no potential to breach a package compared to dropping a string weighing 100 tons
or more.
Muller et al. (2019) consider that the velocity and impact can be limited by:
•

the presence of water, brine or other viscous fluids present in the casing,

•

a self-deploying breaking (expandable centralizer, parachute mechanism, use of foams),

• the use of an impact absorber placed on the front end of the canister.
Event of mechanical breaching of a canister
Leakage pathways may result from handling during emplacement (Arnold et al., 2011), by corrosion or
mechanical destruction (Muller et al., 2019) but also due to disruptive events such as earthquakes, rock
consolidation or volcanism (Muller et al., 2019) (inducing new faults, fault reactivation or magmatic
intrusions, or may impact pressure gradients) or even flooding and extreme weather (Brady et al., 2016;
Freeze et al., 2019). The United Kingdom’s Nuclear Decommissioning Authority (NDA) (Baldwin et al.,
2008) found borehole disposal of SF to be “ineﬃcient” and unsafe from an operational perspective,
given the remaining risk of waste canister rupture during emplacement, before the most active and
geochemically mobile SF radionuclides have appreciably decayed.
However, Muller et al. (2019) estimate that:
•

these events have low probabilities of occurrence

•

there are sufficiently high barrier performances, and multiple engineered barriers

•

In the case of horizontal disposal zone, nuclear waste emplacement is decentralized and
stretched out linearly in multiple drillholes.

There are two main strategies for loading of containers. Using a string of drilling rods, as many as 40
waste packages could be lowered at one time into the disposal zone. The wireline approach has
packages placed individually. Bridge plugs in the casing would prevent a string of containers from
crushing those deeper in the hole.
Avoiding radionuclide releases during borehole emplacement requires strong containers, also due to
pressure (Schwartz et al., 2017). Muller et al. (2019) consider that the risk is mitigated to some extent
by the strength of the canister wall:
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•

carbon steel casings lifetime in a reducing environment can reach several hundred years, long
enough for retrieval

•

metal oxides and hydrogen gas lead to volume expansion; thus the pressure increases. The
use of corrosion-resistant materials allows most of the hydrogen to dissolve in the liquid and
diffuse away.

Following Payer et al. (2019), a short “aggressive” period of about 100 years is identified for canister
and caging corrosion (due to higher temperatures, initial aerobic conditions, and fresh metal surfaces).
Such a system is much easier to describe for nearfield evolution; there is no two-phase flow, only
temperature and geochemical environment dependent corrosion rates. In total, long canister and caging
life times were predicted.
Regarding leakage of radionuclides from containers, Bracke et al. (2017, 2019) mention that
contaminated fluid must be dealt with: following a crack in the wall or break of a single container during
disposal, the SF or glass might get into contact with the borehole fluid; dissolution of the glass or an
instant release or radionuclides from SF would contaminate the borehole fluid. That implies the need (1)
to monitor fluids for radioactivity at any time to detect leakage and (2) to provide enough fluid storage
and treatment facilities.
SKB performed calculations of the consequences of the breech of a canister, that would be trapped for
any reason at a significantly shallower depth than intended (density layer expected over 1 km depth):
the doses are dominated by 137Cs (half-life of 31 years) (SKB, 2013b). SSM (SSM report, 2018) conclude
from this study that the impact will depend on the assumptions about the barrier properties of the canister
and the distribution pathways with the groundwater. Calculated risks depend on the estimated
probabilities of the accident. They consider that there is insufficient data (design, rock mechanical and
hydrological conditions at the repository site) to assess this risk. SSM also estimates that it should be
demonstrated that the handling of the canisters will be remotely operated.
Impact of earthquakes
Muller et al. (2019) assume that earthquakes would induce small potential damage to the engineered
barrier system for the following reasons:
•

highly unconsolidated sediments, in which potential strong effects are feared, are not suitable
for a repository

•

below the surface, accelerations are considerably smaller

•

the casing and cement also substantially attenuate earthquake vibrations due to elastic
impedance contrasts between the rock, the cement and the casing

•

fuel rods held within the canister by the structure of the fuel assemblies and the filling material,
canisters embedded in their respective backfill materials and a cemented backfill materials and
a cemented-in casing mitigate the effects…

They evaluated the possibility that one or several canisters will be shared by a new fault or by a fault
reactivation. The authors consider that:
•

the probability is lowered by orienting the drillholes sub-parallel to the direction of existing faults,
and keeping a standoff distance of 100 metres from an active fault

•

the ductility of the canister is greater than that of most types of rock

•

for small fault offsets, the canister would rotate or deform rather than rupture

•

many faults are not water conducting and the induced pressure gradients are transient.

Criticality
The risk has been evaluated or mentioned by several authors (e.g., Arnold et al., 2011; Muller et
al.,2019…). Muller et al. (2019) recognize that criticality could be initiated by the intrusion of water that
acts as a neutron moderator but:
• DBR is placed in a linear configuration
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•

empty space in canisters will be filled with a sand-like material

•

neutron absorbers (such as boron) could be added to the filler.

However, for waste containing high rates of plutonium, all authors mention that the criticality issue would
have to be carefully evaluated.
Retrievability, readmission and reversibility
One should herein distinguish several facets of reversibility:
•

Recovery is the retrieval of radioactive waste from a final repository as an emergency measure.
During or after the operational phase is over. This emergency may happen after the borehole is
closed. In this case, ability to retrieve waste is a question of safety.

•

Retrievability can be a legal or regulatory requirement also answering to political and social
wishes, in a larger frame of the reversibility of decisions about radioactive waste management.
It is a requirement in several countries (United States, Germany, France…), even after closure
of the disposal facility or borehole.

As an example, the U.S. law (10 CFR 60.111) requires retrievability for “up to 50 years after the waste
emplacement operations are initiated” or “until the completion of a performance confirmation program”.
For Muller et al. (2019), one option would be to leave the vertical access drillhole open for the first 50
years. However, they consider that plugged boreholes can be reopened. They mention the
demonstration made on 15th November 2018 of a dummy canister of Cs/Sr capsule placed in a 690 mlong drillhole (242 m vertical, 326 m curved and 122 m horizontal hole) retrieved several hours later and
repeated on 16 January 2019. They conclude on the needs to further examine the retrievability for the
larger SF canisters and for conditions prevalent in a backfilled, heated, potentially sealed disposal
section.
There is no requirement in Sweden. However, SSM consider that it should be considered a radiation
safety advantage if a concept of geological isolation offers at least some degree of reversibility (SSM
report, 2018) because:
•

it cannot be entirely ruled out that issues that could indicate smaller safety margins may arise
during implementation. Such issues could lead to risks with financing as well as resources to
achieve a safe final disposal

•

there is a risk that events occurring during the operation lead to difficulties in recovering fuel
that has become stuck before reaching the disposal depth.

Withdrawal of the fuel from a borehole repository will be difficult, since it can in any case only touch the
latest submerged canister string. US DOE's feasibility studies conclude that the significant technical
difficulties are associated with construction that take place before operational phase. Anyway, SSM
conclude that uncertainties remain on the possibility to minimize the risk contribution by the design.
The Nuclear Waste Management Organization (NWMO) of Canada (Jackson and Dormuth, 2010)
observe that waste retrieval, an important criterion for their program, is incompatible with deep
boreholes.
In Germany, a time period of 500 years is required for a possibility to recover waste containers. To
assess the technical feasibility of a DBR with the option of retrievability, Bracke, et al. (2017) drafted a
Deep Borehole Container-Retrievable (DBC-R) using austenitic steel, with three canisters and one rod,
but its efficiency has not been tested yet (see §4.3 on R&D needs).
Thermal heat transient phase
Brady et al. (2016) indicate that the transient will dissipate within approximately the first few hundred
years after emplacement. Borehole seals of cement and/or bentonite would limit fluid movement during
the early thermal pulse. However, they consider that temperatures will rise approximately 100°C or less.
Old formation water will re-enter and re-equilibrate with the borehole, the waste packages will corrode,
and, at some point, radionuclides will likely be released from the packages into the borehole. To the
contrary, some authors showed that in the close proximity of the borehole, the temperature of the host
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rock will be more than 100°C (for 50 years at 5 cm in case of a BWR-type SF assembly following
Finsterle et al. (2019) for instance).
Muller et al. (2019) consider that the risk of excessive temperature perturbations can be decreased by:
•

linear arrangement of waste canisters with relatively low energy density

•

cylindrical heat dissipation regime

•

drillhole filled with water during all stages of the repository’s lifetime

•

high hydrostatic pressure, suppressing boiling.

Krall et al. (2020) underline the possibility that decay heat from the spent nuclear fuel disrupt the density
stratiﬁcation (considered as a major advantage of DBR compared to mined repositories, see §4.1.4.1)
and that even if it can be managed by careful borehole spacing and capacity, the impact assessment
on thermohaline stability at such depths only rely on thermohydraulic modelling. These authors also
mention the potential impact of heat on bedrock minerals, notably on clays, such as smectites, if any, in
particular on their self-sealing capacities.
Inadvertent intrusion and terrorist Intrusion
Muller et al. (2019) consider that the consequences need to be evaluated but:
•

the waste is placed well below potable water resources,

•

located in regions with no commercially viable natural resources,

•

U.S. regulations mandate that a marker be placed above the site to alert future generations of
the presence of the repository.

Regarding terrorist intrusion, they consider that it is feasible for a professional service company, but it
does not lend to a surreptitious terrorist attack because not inexpensive or quick and requires terrorists
to rig shielding and safety equipment.
Quantitative safety analysis of operational phase
Freeze et al. (2019) performed a simplified “pre-closure” safety analysis of the probability of a successful
borehole completion (probability of success = “1 – probability of failure”):
•

With base case assumptions, the probability of a successful borehole completion is 95.4%, the
probability of a minimal or moderate incident is 4.6%, and 0.0005% for a potentially significant
event

•

with minimization of human error and increased component reliability, there is 99.4% of
successful probability and 0.0001% of significant event.

Unfortunately, the hypotheses chosen and their results are not detailed in the paper and no other safety
analysis has been found in the literature.

4.1.4 DBR post-closure phase
4.1.4.1 Advantages/disadvantages compared to mined repositories
Confidence enhancement on post-closure isolation relies on multiple facets of the DBR concept.
Great depth of disposal
The definitive asset of DBR concept regarding long term safety is the great depth of disposal. DBR
provides an exceptionally high level of isolation, plus an aura of permanence: containment over tens of
millions of years appears achievable (Chapman, 2019). In details, it offers the following advantages:
•

human intrusion is less probable and possible (WNN, 2019; Brady et al., 2016; Schwartz et al.,
2017; Muller et al., 2019)

•

such depth decreases surface effects (Muller et al., 2019): groundwater infiltration, intrusion,
effects from climate change including glaciation (Brady et al., 2016) , sea-level rises (Beswick
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et al., 2014, earthquakes (Schwartz et al., 2017)… Beswick et al. (2014) take that DBR is
inherently secure against even high-magnitude tectonic events because seismic shaking and
shear waves would have little effect on the density stratification of saline fluids in the host rock
•

Muller et al., 2019 also argue that depth increases migration distance to the environment, which
is enhanced by multiple confining layers, and also provide more competent rock and
hydrogeological conditions more stable

•

the environmental impact of DBR is considerably less than a mined repository. Irrespective of
the number of boreholes at any one site, they would probably be drilled and filled one (or at the
most two) at any one time. Consequently, the surface facilities and disruption would be small
compared with the construction and operation of a repository and is likely to last for less than 2
or 3 years (Beswick et al., 2014)

•

depth avoids many of the proliferation-prone steps involved with reprocessing and recycling
fissile material from SF (Schwartz et al., 2017), as, according to Beswick et al. (2014), after
sealing the retrievability is very difficult and expensive. Cornwall (2015) underlines that
proliferation would be better as the nuclear material (like Pu) could be placed in such boreholes.

Isolation and long residence time of deep groundwater
SSM considers that the primary safety function for deposition in deep boreholes is the delay caused by
the groundwater at these depths being assumed to be mainly stagnant (SSM report, 2018); transport
times to the biosphere for radionuclides are significantly longer than for KBS-3 concept unless rapid
transport routes have been created via the borehole or via unidentified routes in the rock. Beswick et al.
(2014) argue with the likelihood that any fluids in the rocks at these depths will be saline brines out of
physical and chemical contact with the near surface circulating groundwaters, which rarely extend below
1 or 2 km (Park et al., 2009). Also, according to WNN (2019), such rock that is saturated with brine has
no commercial value.
Density stratification of brine at depth
The groundwater at several kilometre depth can be almost stationary and layered so that next to no
replacement occurs with more superficial and less salty groundwater (SSM report, 2018). The presence
of dense, saline brines is a barrier to buoyant upward movement of the water into overlying fresher
water, inhibits long-term vertical advection of groundwater and radionuclides (Brady et al., 2016). It has
been virtually stagnant for millions of years (WNN, 2019). This density stratification, combined with low
lateral flow rates and almost no vertical flow, ensures that any radionuclides that eventually escape from
the waste packages and disposal zone will go effectively nowhere in one million years or so required for
most HLW to become radiologically harmless, and certainly not back up to the biosphere (Beswick et
al., 2014). In addition, the surrounding rock and the salty water would dissipate the heat generated by
the waste (Cornwall 2015). This particularly saline water and stably stratified counteracts the tendency
for buoyant flow due to heating (Schwartz et al., 2017).
However, Krall et al. (2020) recall that waters at depth are not necessarily saline at depth, in particular
in North America or North Europe where glacial meltwater has diluted the older, more saline
groundwaters and brines to several kilometres depths.
Low permeability of crystalline host rock
Schwartz et al. (2017) argue with the inherently low permeability of crystalline bedrock, and generally
by absent groundwater flow except for early, time-limited flows driven by thermal expansion of the fluids.
The very low bulk hydraulic conductivities (10-11 m/s) usually found at such depths, even in fractured
rocks (Beswick et al., 2014). This is controverted, for instance by the NWTR Board (2016) or by Ranjram
et al. (2015), as developed below (site characterization).
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Geochemically-reducing conditions at depth, high-likelihood of slow diffusion-dominated
radionuclide transport
The oxygen-poor, reducing conditions slow the degradation of SF and maintain many of the
radionuclides in their lower valence states, lowering solubility and stabilizing most strongly-sorbed forms,
thus inhibits long-term transport (Brady et al., 2016; Schwartz et al., 2017).
Multi-barrier design
As mentioned by Cornwall (2015), the top 3 km of each hole would be plugged with a layer cake of
cement, gravel, and bentonite clay, which swells when wet. Freeze et al. (2019) also evoke the low
permeability and high sorption capacity of seal materials. SSM considers that the persistence of certain
uncertainties requires a multi-barrier system. However, there are no design prerequisites or a
comprehensive safety analysis that shows how any technical barriers can be expected to work for long
periods of time. Thus, for SSM, the technical barriers cannot be attributed to any long-term containment
function and the deep borehole's protective ability is largely dependent on only one barrier (SSM report,
2018). Schwartz et al. (2017) however argue that the robust geological barrier associated with DBR
concept requires only minimal performance from the engineered components.
The U.S. NWTR Board (2016) anticipates that the natural barrier systems with actual sites may not be
as robust as current thinking suggests, and thus recommended an evaluation of the potential
contribution of more robust waste forms and waste packages to the safety case.
Small diameter holes
According to Muller et al. (2019), a small-diameter access hole:
•

increases the stability of the opening

•

reduces the hydrological, chemical and mechanical perturbation of the host rock (EDZ) (see
also WNN, 2019); this point of view is however debatable (US NTRW Board, 2016)

•

makes the sealing less challenging

•

leads to a smaller waste density, with beneficial consequences for heat dissipation, corrosiongas accumulation, impacts from canister breaches, earthquakes and volcanism, higher heat
dissipation efficiency, reduces post-closure criticality issues.

However, as developed elsewhere in this report, such a small diameter is also a source of potential
issues, such as the limitation of waste package size (Chapman, 2019), the limited quantity of waste that
can enter in one borehole (Beswick et al., 2014, Brady et al., 2016; Chapman, 2019…), the difficulty to
fully investigate the site (Cornwall, 2015; NWTR Board review, 2016) and the risk that a package remain
stuck (Cornwall, 2015; NWTR Board , 2016).
Sealing
The design of seals is another technical issue of potential concern mentioned by the U.S. NWTR Board
(2016). Clearly, the seals are integral to protecting the dominant pathway by which waste will likely return
to the biosphere. Yet, their emplaced properties are largely unknown, as is their efficacy in relation to
damage zones in bedrock around the well bore due to drilling.
Site characterization
According to Beswick et al. (2014), it should be much easier to find a geologically suitable site for DBR
than for a mined repository because much of the continental crust is underlain at appropriate depths by
granitic basement with low hydraulic conductivities. In contrast to the detailed site characterisation of a
large volume of rock required for a mined repository, for DBR it is only necessary to identify a modest,
relatively homogeneous, volume of a suitable rock at appropriate depths with low bulk hydraulic
conductivities and low differential stress regimes in an area with a density stratified saline hydrogeology.
Muller et al. (2019) also add that characterizing rock properties from boreholes are off-the-shelf
technologies in the hydrocarbon and geothermal industries and that in a mined repository, direct
observation is biased by the EDZ and other unwanted effects.
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To the contrary, SSM (SSM report, 2018) considers that site-specific investigations as well as detailed
studies are required to verify that expected stable hydrogeological and geochemical conditions exist and
will persist over time, and underlines the difficulties in verifying the system's initial state (both technical
and natural barriers), uncertainty about verifiability being a consequence of geological isolation and long
timeframes (see also Cornwall, 2015). Also, Krall et al. (2020) underline the difficulties of sample
acquisition, for instance to bring to the surface rock or fluid samples non-contaminated by drilling mud
or subjacent groundwaters. SSM rely its position on the conclusion of the NWTR Board review in 2016,
underlying the importance of verifying the assumptions on which a safety concept is based because of
the limited opportunities for characterizing the site. The NWTR Board claims the need for a site-specific
survey program to evaluate possible inhomogeneities in the natural conditions at great depths as well
as the possible effects of drilling and associated construction activities on the geological barrier.
Another area of concern for the NWTR Board (2016) is the adequacy of site investigations to support
the selection of particular sites. In keeping with the simplified approach and having identified an
appropriate region, most of the site-specific investigations would involve down-hole logging, sampling
and in situ testing. Given the great depths involved, site characterization would be extremely limited, as
compared to a conventional mined repository.
The NWTR Board also consider that DBR systems are more complex than is common portrayed and
such complexity negatively affects the safety case. The following list provides examples of such
complexity which should be further addressed in R&D activities:
•

the permeability of crystalline rocks at a field scale or larger is likely much higher than the
commonly cited range of 10-18 - 10-21 m2 coming from core measurements

•

heterogeneity in permeability due to an intersecting array of faults and fractures would lead to
deeper flow, preferential flow, and salinity inversions

•

post-emplacement disruptions along critically stressed faults could create permeable pathways,
which could develop due to heating and gas generation from microbial corrosion.

In particular, together with Ranjram et al. (2015), they underline that the predictive power of these
permeability-depth models remains ambiguous, in that these bulk values that do not capture the spatial
and temporal variations of permeability values throughout brittle deformation regimes.
Tsang and Niemi (2013) consider that the development of measurement methods and probes will be
required to characterize conditions at great depths to a sufficient extent during site investigations.
Finally, site selection will remain a problem with involvement of stakeholders (Cornwall, 2015).
Horizontal vs. vertical borehole
Muller et al. (2019) mention that a vertical borehole is likely to traverse many discrete hydrostratigraphic
interfaces and encounters constantly varying conditions. While deep basement rocks can be thick, the
vertical length of the disposal section is restricted by depth limitations. Horizontal drillhole repository can
be emplaced at 1 km depth, in various kinds of rocks (igneous, metamorphic, sedimentary rock). Also,
disposal in horizontal borehole results in a lower and relatively uniform pressure, and temperature and
salinity being horizontally uniform, gradients are relatively small.

4.1.4.2 Post-closure performance assessment
Arnold et al. (2013) report the results from Herrick et al. (2011) post-closure performance assessments
for U.S. commercial SF and for DOE defence HLW. The main results are summarized below.
Waste Type

Case

Iodine
Sorption

Peak Dose
mrem/yr

Commercial SF

Base case

Yes

No release
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Rate: Time of Notes
peak: y
/

Commercial SF

Iodine + Base case

DOE defense HLW Base case
Commercial SF

Iodine
+
degraded case

Commercial SF

Seal degraded case

No

10-14

1,000,000

Yes

No release

/

seal No

Yes

3. 10-2 (3.10-4 mSv/y) 10,000

2. 10-3 (2.10-5 mSv/y) 1,000,000 36Cl dominates between
1,000 and 100,000 y.
99Tc & 79Se also contribute

DOE defense HLW Seal degraded case

Yes

3. 10-8 (3.10-10 mSv/y) 1,000,000

Results of the large-scale thermal hydrologic modelling performed by Arnold at al. (2013) demonstrate
lateral diffusion of radionuclides from the borehole into the surrounding bedrock and indicate no releases
of radionuclides to the biosphere within a million years of deep borehole disposal. Sensitivity analyses
for a case in which the vertical groundwater flow rates are increased by a factor of 10 and the waste
form degradation rate is increased by a factor of 100 show a negligibly small peak mean annual dose
at one million years, primarily from release of 129I. The seals and plugs for the seal zone and upper zone
are important, but they do not seem “critical” to the system performance.
However, as indicated by Bracke et al. (2017), the safety assessment did not consider all possibly
relevant processes (gas flow, groundwater flow through faults, fractures and the excavation damaged
zone). Therefore, a detailed operational and long-term safety analysis and assessment of the generic
concept of DBR for Germany, as well as for specific sites, has yet to be performed. This should include
normal and accident operation (including criticality analyses), Normal Evolution Scenario (NES) and
Altered Evolution Scenarios (AES) as proposed by IAEA.
Brady et al. (2016) performed a post-closure performance assessments for SF and for Cs/Sr capsules:
•

for the disposal of SF, the only radionuclide with a calculated non-zero concentration 1,000 m
above the waste disposal zone in the sealed borehole is 129I (5.3.10-8 mg/L). The peak dose
from the withdrawal well, 1.4.10-10 mrem/y (1.4.10-12 mSv/y), occurs at 8,200 years (129I)

•

for the disposal of Cs/Sr, the dose is dominated by 135Cs (90Sr and 137Cs have decayed
away). Peak dose occurs roughly two million years after emplacement and is less than 108
mrem/y.

In the post-closure performance assessment carried out by Freeze et al. (2019), in the nominal scenario,
135
Cs migrates a few tens metres away from the disposal zone after ten million years, and in the
disturbed scenario (waste package “stuck” above disposal zone near a hypothetical fracture), even with
a regional head gradient, 135Cs is advected 200 m after ten million years, at which time long-lived 135Cs
has almost completely decayed away.
Even if these results are all rather reassuring with very low doses, they differ from each other and thus
would deserve to be compared more in depth or to be benched, using various models and hypotheses,
associated with sensibility analyses. Also, the hypotheses accounted for are not detailed.
U.S. NWTR Board concluded from their review in 2016 that DBR option has no advantage to DGR
because the calculated doses for both meet prevailing standards for release.

4.2 Aspects associated to social concerns
The IAEA document of 2017 lists the political and socioeconomic criteria for selection of any radioactive
waste management option, also for the disposal strategy. Among them are:
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•

Compliance with regulations

•

Financial resources

•

Manpower and personnel

•

Physical infrastructure

•

Research and development

•

Public involvement and political acceptance

•

Facility location

•

Opportunity for international cooperation

Most of the criteria are not exactly linked with societal aspects but are part of the governance and
regulatory system in the country. Also, the criteria are generic, developed for all different radioactive
waste management facilities, and not only for deep borehole disposal.
As presented in Vate et al. (2018) the social resistance to underground disposal of radioactive waste in
the form of geological disposal is deeply rooted, partly because safety calculations are considered
unreliable because of the extremely long storage period (tens of thousands of years) and partly because
of the link with the use of nuclear energy. The unpredictable behaviour of the subsurface (earthquakes,
CO2 storage, shale gas extraction) also determines the negative public attitude. The authors consider
that If the deployment of nuclear energy is terminated (a process currently underway in The Netherlands,
and some similar decision already taken like that in Germany), a widely supported social process to
dispose the existing radioactive waste is manageable.

4.2.1 Lower costs
There is a considerable disagreement in the comparative costs of the deep borehole and mined
repository concepts (Nirex, 2004). However, it is largely shared that the deep borehole concept might
be less expensive than a conventional DGR (WNN, 2019, Brady et al., 2016), in particular for a small
amount of waste (Chapman, 2019) for which the entire inventory could fit in a handful of boreholes
(Muller et al., 2019, Brady et al., 2016). As developed in the following section, DBR is modular, with
construction and operational costs scaling linearly with waste inventory (Brady et al., 2016).
According to Muller et al. (2019), the low cost is provided by:
•

the immediate closure of the boreholes, thus reducing the considerable costs for interim storage
and operation of an open repository,

•

a small-diameter access hole drastically reduce the excavation volume.

Arnold et al. (2011) also indicate that:
•

a large fraction of the drilling costs for the initial borehole at a site would be associated with the
rig time required for the logging, coring, and testing of the initial borehole,

•

dismantling used fuel assemblies is expensive but increases waste capacity of 37% per canister,
thus decreases the total number of boreholes needed and allows using smaller diameter
boreholes,

•

waste canisters would be extracted from the shipping cask directly into the borehole.

An estimation of the drilling cost of a large diameter 4 km -deep borehole yield about 1 million € per
kilometre. And, when compared with a conventional mined repository, the deep borehole concept will
require significant R&D expenditure on the engineering aspects. An estimate, made in 2000, was for an
expenditure in excess of (equivalent of) 300 millions € to bring the deep borehole concept up to the level
of KBS-3 concept, for example.

The estimated borehole costs provided by Brady et al. (2009) of ~ $40M for drilling, completion, and
waste emplacement (not counting transportation) is cited by many authors. The first expenditure item is
the borehole drilling, followed by waste canisters and their loading with used fuel. Assuming a
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continuous operation, the total time per borehole, from drilling to abandonment, is about 186 days.
According to the same paper, the HLW of United States could fit into 700 to 950 boreholes.
Bates (2015) established optimized disposal costs to be $45 - $191/kgHM (kg Heavy Metal).
Regarding the German concept (Bracke et al., 2019), a borehole of 5,000m with diameter of 37.5 cm
would cost 30 million €. For 35 boreholes (rather than 31, because every borehole will be successfully
installed), drilled operated and sealed in for 2 years, the total cost could be less than 10 billion € (drilling
50 million € each, same by year/each for installation and operation, 1 billion for selection and
exploration, same for waste reconditioning, same for containers, others (feasibility demonstration,
licensing/safety analyses)).

In Vate at al (2018) who investigated alternative DBR to current plans of mined repository in the
Netherland, it is estimated that the construction costs are to be approximately 50 million € per 5 kmdeep hole drilled with a storage path of 2 km; good for the storage of several hundred waste containers
with highly radioactive waste. A rough cost estimate for the construction of a disposal mine gives
amounts to several tens of billions of euros. This is offset by approximately 200 million € for some deep
drill holes. For a fair comparison with, for example, a disposal mine, the latter amount must still be
increased by the construction costs for the disposal of LILW. An estimate for this, based on, for example,
the construction of a shallow burial facility (such as in Dessel, Belgium), amounts to approximately 150
to 200 million €.

4.2.2 Modularity
DBR is generally considered as a ‘pay as you go’ scheme that allows a small disposal programme to be
expanded as required or a large one to be terminated at any point (and for whatever reason) without
any significant further cost (Brady et al., 2016; Arnold et al., 2011; Beswick et al., 2014; Vate et al.,
2018).
The footprint of an individual borehole looks tiny and even for a multi-borehole array it is quite small
according to Beswick et al. (2014). They performed heat flow modelling of DBR of quite high heatgenerating waste, has shown that boreholes need to be only a few tens of metres apart. Consequently,
a DBR programme could involve many small sites with only one or a few boreholes each, even extending
to individual nuclear power plants disposing of their own wastes on or near site. DBR could be
decentralized to achieve a greater degree of geographic and political equity. Thus, this option allows
flexible, modular, decentralized implementation (Muller et al., 2019; Beswick et al., 2014; Brady et al.,
2016). However, the potential to locate a facility within the boundaries of an existing nuclear site where
waste is stored could be faced also with social acceptability (Chapman 2019). Also, as developed in
§4.2.4, few areas meet all the required geological characteristics (§4.1.2) and thus, it is unlikely that
disposal boreholes can be co-located at every nuclear waste generating site and that a generic, or
“modular” design can be deployed over a diﬀuse area, independent of the speciﬁc site conditions (Krall
et al., 2020).
It should be added that such option of in-situ disposal is in total contradiction with the radioactive waste
management policy of many countries, which consists in selecting one or few National centralised sites
for disposing of each type of radioactive waste, to answer to the principle of concentration of waste.
DBR could reduce or even eliminate the issue of long-distance transportation of nuclear waste through
its potential for dispersed disposal (Muller et al., 2019, Beswick et al., 2014, Brady et al., 2016). Potential
avoidance of repackaging is also mentioned (Muller et al., 2019). Chapman (2019) also mentions that
the optimum solution for a specific waste is to dispose of it on, or close to, a specific site, rather than
being shipped to a central repository.
Another advantage is the speed of implementation: following Brady et al. (2016) or Muller et al. (2019),
the whole process for one borehole would take less than two years. According to Beswick et al. (2014),
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a 4 km-deep borehole with a useable diameter of approximately 0.5 m could be drilled in under a year
and filled and sealed in another 2 or 3 years, the first DBR could be completed less than 5 years after a
successful demonstration of the concept, identification of a site and granting of regulatory approval. U.S.
NWTR Board however found no evidence that expedited licensing for DBR would “be accomplished
more quickly” than a mined repository.
Finally, it may offer a strategic opportunity to make a political statement by early disposal: if there is a
strategic or political window of opportunity to move forward with geological disposal that needs to be
seized, then DBR could demonstrate achievement more speedily than can a DGR project (Chapman
2019).

4.2.3 Simpler operational activities
Several reviewed papers indicate that the DBR concept poses fewer risks from the disposal of
radioactive materials (Schwartz et al., 2017), that the waste emplacement and site closure activities are
simpler and require fewer workers and that no ancillary infrastructure is needed to support underground
work (Muller et al., 2019).
However, the U.S. NWTR Board consider that DBR would turn out to be complex, not substantially
simpler than a mined, geological repository, and conclude that DBR is a decidedly less mature concept
for waste disposal, compared to mined, geological repositories.

4.2.4 Larger availability of suitable sites vs. public acceptance
The site selection for waste disposal is dominated by societal concerns and thus enters the sphere of
local and national politics.
It is relative easy to find crystalline basement at great depths. Site identification, with its socioeconomic–
political aspects, is the most likely cause of delay. However, the review study conducted by Krall et al.
(2020) lead to consider that the extent of suitable disposal sites is narrower than previously depicted,
since the depth at which the low permeability, saline, and geochemically reducing conditions prevail
varies according to the geological setting. Several authors consider that the greater depth of burial,
safety and availability of technically suitable sites for DBR could facilitate public and political acceptance
(Beswick et al., 2014; Brady et al., 2016).
Others consider that even though a DBR provides an apparently higher level of isolation, is much more
remote from the surface and has smaller environmental impacts (e.g., spoil, operational period) than a
DGR, there is little reason to believe that a DBR facility would be any easier to site than a DGR. In
several countries, society is also now sensitised to activities in deep boreholes by the issues surrounding
fracking for natural gas production. Siting a centralised national DBR facility using a nationwide
screening and volunteering approach—now the common practice for DGR siting—would likely
encounter exactly the same problems as siting a DGR (Chapman 2019). This is confirmed by the
situation lived in the United States, where the simple project of drilling a deep borehole for R&D was
abandoned after several attempts in different sites due to local opposition.

4.2.5 The tricky question of retrievability
Whatever the safety or social reason for retrieving waste (see §4.1.3.2), almost all authors agree on the
fact that once waste is buried, it would be hard to get it back (Beswick et al., 2014; Cornwall 2015;
Schwartz et al., 2017). Such irretrivability is even seen as a guarantee against proliferation: boreholes
could be an effective way to put it far out of the reach of anyone trying to lay their hands-on bomb making
material (Cornwall 2015; Schwartz et al., 2017, Nirex 2004).
For some authors, it is difficult to demonstrate that any waste package could be retrieved even before
closure of the borehole. For others, retrievability seems to be manageable once the borehole and casing
exists, recoverability from deep boreholes needs some R&D to show if it is feasible (Bracke et al., 2017).
The needs and already performed R&D are developed in the §4.3.
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Anyway, all authors agree on the fact that once boreholes are sealed, it would be hard to get it back. In
the United States, difficulties in retrieving the waste make the method disadvantageous as existing
regulations for the disposal of nuclear waste require an ability to retrieve the waste for some “reasonable”
time period after emplacement. (Cornwall 2015; U.S. NWTR Board, 2016).
The political precondition for some countries is that it must be possible to – always - retrieve all
radioactive waste. For the Netherlands (Vate et al., 2018), this is limited to the operating period of the
salvage. For deep boreholes, the removal of waste is limited in time (a few tens of years at the most),
for a disposal mine it is somewhat wider: 100 to 150 years. Of course, there must be a valid reason for
keeping this possibility open, e.g. the economic residual value of stored SF. This is not the case for the
Netherlands. The HLW to be disposed largely comes from the recycling of SF (reprocessing). All fuel
that is still usable has been removed. The so-called reprocessing waste is melted in extremely durable
glass, especially intended for underground disposal. It is therefore pointless to keep a disposal open for
a long time in order to be able to take back this waste.
Even if Bracke et al. (2017) rely on experience in conventional drilling to consider that retrieval of
containers should be possible during a timeframe of at least five years after closure, a time period of
500 years is required for a possibility to recover waste containers in Germany. The understanding is that
the container and the casing should be designed to survive this time period without releasing radioactive
contaminants or aerosols. Experience on recovery of lost objects in conventional drilling covers 100
years, but does not include recovery of corroded containers with HLW.

4.2.6 Strategy vis-à-vis National waste inventory
The DBR option is generally considered as a low cost solution compared to DGR for small quantities of
waste. Chapman (2019) developed strategic considerations that point towards or away from DBR
solutions, in particular in case that no other waste exist in the agency or nation inventory, either because
it has no long-lived wastes or it has transferred them to another country for disposal.
The author also underlines the interest for this option when early disposal of such waste is required (for
safety reasons for instance) and if conventional DGR will not be available for decades. It may remove a
problem waste stream, i.e., waste that is causing technical problems for storage or that could be
problematic for inclusion in a DGR (e.g., high-burn-up MOX fuel with high and prolonged heat output).

4.3 Aspects associated to R&D needs and challenges
4.3.1 General safety related R&D
4.3.1.1 Knowledge on rock formation properties at great depth
The SKB (2013a) report is focused on updated geoscientific information of relevance to disposal of SF
in deep boreholes in Sweden. The study aims to identify and to briefly describe relevant geoscientific
information that has become available after the previous compilations. Hence, the study doesn’t aim to
be a general update of new geoscientific information. The report starts with a brief summary of previous
geoscientific reviews of relevance to disposal in deep boreholes published in 1998 and 2004. The
authors have made an informative generalization of the main conclusions from the previous reviews in
the view of thermal, hydraulic and hydrogeochemical conditions as well as bacteriological activity.
Then, the SKB study presents an inventory of European deep boreholes reported after the previous
review published in 2004. Twelve potentially relevant boreholes were identified. One of the identified
boreholes was drilled for research purposes while the others have been drilled for geothermal
exploration or exploitation purposes. The authors excluded oil and gas boreholes as they are most of
the time drilled in sedimentary rocks and, in general, their geoscientific data are rarely publicly available.
More detailed information are given for four boreholes, all of them drilled in crystalline rocks, as follows:
•

A 2,516 m deep borehole at Outokumpu in Eastern Finland that was drilled as part of a
geoscientific programme.

32

•

A 3,701 m deep borehole in the vicinity of the city of Lund in Southern Sweden that was drilled
as part of a potential geothermal plant.

•

Up to 5,250 m deep holes at Soultz-sous-Fôrets in North-Eastern France. The boreholes were
drilled within a European programme for geothermal energy.

•

A 5,009 m deep hole in the city of Basel in northern Switzerland. The hole was drilled for
geothermal development.
The information gathered has been reviewed under the headings hydraulic conditions, geothermal
conditions, hydrogeochemical conditions, bacteriological activity and rock mechanical properties. There
is information under all headings only from the borehole at Outokumpu.
The authors deemed that two of these boreholes (French in Soultz-sous-Fôrets and Swiss in Basel) are
less relevant because they were drilled in areas with much higher geothermal gradient than in the parts
of the Fennoscandian shield that realistically could host a Swedish deep borehole repository. Moreover,
the zones of these boreholes have not been exposed to the Nordic Quaternary climatic history including
recurring glaciations. Both these factors may limit the relevance of these boreholes for the understanding
of a potential site for deep borehole disposal.
The two other boreholes (Finish in Outokumpu and Swedish in Lund) are located on the rim of the
Fennoscandian shield. The borehole at Lund is drilled in geothermal settings with an almost 2,000 m
thick sedimentary overburden, and the borehole is located in the Tornquist zone that is a major tectonic
zone along the border of the Fennoscandian shield. More or less these settings could be considered as
atypical for deep borehole disposal.
Thus, the authors assessed that the most suited borehole to deep borehole disposal in Sweden is the
one at Outokumpu, although a major part of the borehole is drilled through meta-sedimentary rocks
(mica-schist). This is also the most thoroughly investigated borehole from a geoscientific perspective.
The investigations show that, although there are conductive fractures at great depths (down the bottom
of the hole at 2.5 km), the water in the fractures has been isolated from surface processes for a very
long time. Despite this, the groundwater at this great depth appears to be of ancient meteoric origin with
a chemistry that has developed through water-rock interaction rather than from metamorphic inclusions.
The analysis suggests long residence times in the order of tens of millions of years for the deeper water.
The deep waters are generally saline, but the salinity varies in a non-regular fashion. Thus, the present
study confirms the conceptual picture from the previous studies that the saline groundwater found below
a halocline located at 1–2 km depth in flat areas with crystalline rock is virtually stagnant. The results
from the Outokumpu hole seem to more clearly explain the origin of the salinity in the deep groundwater
than the earlier studies.

4.3.1.2 Site characterization
It is generally considered that a better understanding of the hydrogeological and geochemical conditions
at great depths is the largest part of the R&D programme (Nirex, 2004). Most of R&D needs relate to
the characteristics that guaranty long-term radiation protection and safety. The following ones are
notably identified by several authors (SSM report, 2018; Freeze et al., 2019…):
•

the variations with depth of salt groundwater and the properties of the density jump depending
on the heterogeneity of rock permeability and topographic driving forces

•

the possible driving forces for flow in deep salty groundwater

•

the topographic driving forces, tectonic movements, the occurrence of gas transport

•

further modelling analyses of the impact of repeated glaciations.

These uncertainties require a comprehensive R&D program and a number of deep exploration wells.
However, SSM considers that it is not guaranteed that R&D could solve these questions, inherent of the
concept because of the importance placed on extreme insulation. On the other hand, further
technological development and feasibility studies could lead to the long-term radiation safety not only
being based on the site’s barrier functions when deposited at great depths. It is also considered that
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these barrier functions (density stratification, low hydraulic gradient, limited crack depth at great depth,
long transport paths) are partially independent of each other.
More generally, the safety case development of the deep borehole concept makes it necessary that the
occurrence and properties of the rock layers in the depth range of 3 to 5 km be mapped for a large area
(Vate et al., 2018). Yet Cornwall (2015) underlines the difficulty of seeing flaws like fractures in rock 5
kilometers down, as it is also probably difficult to map the variations in permeability and porosity of
different layers.
NWTR Board (2016) provides examples of such complexity which should be further addressed in R&D
activities:
•

the permeability of crystalline rocks at a field scale or larger is likely much higher than the
commonly cited range of 10-18 ~ 10-21 m2 coming from core measurements

•

heterogeneity in permeability due to an intersecting array of faults and fractures would lead to
deeper flow, preferential flow, and salinity inversions

•

post-emplacement disruptions along critically stressed faults could create permeable pathways,
which could develop due to heating and gas generation from microbial corrosion.

Several authors provide an existing methods review to explore the level of isolation and to demonstrate
the long residence time of deep groundwater. Following Freeze et al. (2019), the origin and residence
time of deep groundwater can be estimated from geochemical sampling for chemical composition,
salinity, environmental tracers with long half-lives (cosmogenic, nucleogenic and anthropogenic isotopic
tracers –as also underlined by Muller et al. (2019), chemical tracers and isotopic ratios involving stable
or nucleogenic isotopes to estimate or bound groundwater age. The authors also suggest methods for
evaluating fracture fluid residence times (concentrations and ratios of radiogenic, nucleogenic and
fissiogenic stable isotopes of noble gases, isotopic ratios…). Several simulations of regional-scale,
density-dependent flow and transport are available in the literature but such results require to be
corroborated by a real case study.
Muller et al. (2019) take stock of the data to carry out on the chemical factors that influence radionuclide
migration: the solubility being affected by critical thermodynamic and kinetic parameters, the adsorption
phenomena, the ion exchange or mineral (co)precipitation depending on its valence state, influenced by
the ambient oxidation state, the cationic radionuclide complexing in competition with anions dissolved
in the brine that enhance their solubility, and so on. All that needs to be carefully examined by means
of reactive transport modelling and, if necessary, supported with additional experiments.
Several authors try to define a characterization borehole program. Following Brady et al. (2016),
establishing the relative age of waters in the crystalline basement is a key task of borehole site
characterization. The water salinity should be completed with analyses through isotopic tracers.
Hydrogeological testing is also required, with measurement of static formation pressure,
permeability/compressibility – pumping and sampling in high permeability strata, pulse testing in low
permeability strata, vertical dipole testing to understand transport pathways, hydraulic fracturing testing
to quantify subsurface stresses.
Freeze et al. (2019) elaborate a borehole sampling and testing strategy to apply while drilling, then in
open hole, providing a list of key sampling (geochemical properties) and testing (geomechanical and/or
hydrogeological properties) activities.

4.3.1.3 Thermo-hydro-mechanical transient
According to Muller et al. (2019), a small-diameter access hole reduces the hydrological, chemical and
mechanical perturbation of the host rock (see also WNN, 2019) although this point of view is however
debatable (US NTRW Board,2016; SSM report, 2018; Freeze et al., 2019…) and further research would
be needed, notably on the effects of the repository on groundwater flow and transport through gas
generation, heat generation and potential vertical connectivity associated with rock damage due to
drilling inducing transport paths along the boreholes.
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Arnold et al. (2011) mentions the in situ heater testing already carried out at the Nevada Test Site (“Spent
Fuel Test – Climax”; Patrick, 1986), which is a disposal in a mined granite where waste canister mockups
were used to validate numerical modeling of coupled thermal-hydrologic-mechanical processes and to
provide confidence in seal integrity. Beswick et al. (2014) mention however the need to study heat flow
in the frame of a detailed DBR design and with refined models and codes.

4.3.2 Borehole construction
4.3.2.1 Trial borehole
As underlined by several authors , a full-scale trial borehole that would prove feasibility is essential to
go further in the DBR concept (Beswick et al., 2014; Brady et al., 2016; Chapman, 2019…).
The first objective is to demonstrate the feasibility of safely drilling a large diameter borehole to 5 km in
crystalline rock (Brady et al., 2016). R&D needs are also mentioned regarding the geomechanics in
large-diameter boreholes at depth (Beswick et al., 2014).
The second objective is to test casing design and installation in such large diameters, enabling
development of the drilling equipment and practices. It comprises the investigation of sealing options
(Beswick et al., 2014).
Last but not least, a test borehole would allow testing the deployment methods with dummy waste
canisters, demonstrate surface handling operations notably the ability to safely emplace and retrieve
test packages (Brady et al., 2016).

4.3.2.2 Feasibility of drilling and drilling technics
It is widely recognized by all that tools and methods are common in the petroleum and geothermal
industries, but not commonly used at the depths of borehole disposal and for large-diameter boreholes
(Nirex, 2004; Arnold et al., 2011; Cornwall, 2015; Bracke et al., 2017; Schwartz et al., 2017; Vate et al.,
2018. Muller et al., 2019). The need to commit in R&D to drill larger borehole so as to reduce the number
of borehole required for a given volume of waste is also mentioned by Chapman (2019). In addition, the
hole requires to be smooth and straight (Cornwall, 2015) to make the liner easy to install and avoid that
any waste container get stuck.
For directional control, Brady et al. (2016) mention the rotary steerable systems, much more expensive
than downhole mud motors or more traditional drilling methods, but that can maintain precise control of
the straightness and verticality of the borehole.
Depending on the authors, the diameter available with state-of-the-art deep drilling technology may
slightly vary, for example up to 40.5 cm following Beswick et al. (2013) or 44.5 cm following Bracke et
al. (2019). Typical oil or gas well has an inner diameter from 14 to 22 cm, enough for Cs/Sr waste
capsules (Muller et al., 2019).
Yet SF disposal in unmodified assemblies requires a diameter of up to 48 cm (Muller et al., 2019) but
the interest is to drill boreholes with 66cm (Beswick et al., 2014), which thus also requires to develop
larger roller bits or new drilling techniques in hard rock (e.g., the electric impulse method) (Bracke et al.,
2017). Regarding drilling bits to use in hard rock Brady et al. (2016) mention Polycrystalline Diamond
Compact (PDC) bits, more expensive but having very high penetration rates and last much longer. As
an alternative, hammer drilling can achieve very high penetration rates in hard rock, but it is traditionally
used with air as drilling fluid, often undesirable at significant depth for the stability of the borehole.
State-of-the-art deep drilling technology cannot accommodate vitrified HLW from reprocessing (Bracke
et al., 2019). Also, to reduce the number of boreholes (to about thirty in Germany), a diameter of at least
75 cm is necessary. Bracke et al. (2019) suggest to revise down the target depth, with a disposal zone
at 1500–3500 m, which would also allow reducing the container wall thickness thanks to lower
hydrostatic pressure of the liquid column on the container.
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When drilling, the other particular challenges are the followings (Bracke et al., 2017):
•

to provide the large-sized part with the necessary contact pressure (drill rod design);

•

to continuously clean the cuttings from the borehole, which is challenging for the capacity of the
pumps); to remove cuttings, reverse circulation (pumping the drilling mud up the drill pipe) is
needed, but not compatible with some modern drilling approaches (as downhole mud motors or
hammer drilling) or would require specialized equipment (Brady et al., 2016);

•

to manage the heavy drill string (development and engineering of a special deep drilling rig); to
turn the drill string, Brady et al. (2016) mention that both top-drive motors and kelly-drive
systems can be configured to utilize reverse circulation;

•

to develop a well design that can cope with a minimal drilling diameter in the first drilling section
(lean casing or mono-bore method);

•

to maintain the borehole stability due to stresses and hydrostatic pressure involved (e.g., Nirex,
2004; Bracke et al., 2017, 2019). Regarding the type of fluid circulation system required, some
sections of the hole may require oil-based fluid (e.g., for swelling clays) or brine (e.g., where
evaporite minerals are present) (Brady et al., 2016).

4.3.2.3 Casing
Several authors consider that the concept should provide more knowledge in view of casing (Schwartz
et al., 2017; Bracke et al., 2017…). R&D is required on the design and material to support the borehole
wall to withstand geomechanical and geochemical conditions. The wall thickness should be optimised
with regard to corrosion rate. In particular, some corrosion processes, localized corrosion processes
and galvanic corrosion were not addressed in this study but will be investigated in a future study (Payer
et al., 2019).

4.3.3 Waste canisters and waste emplacement
4.3.3.1 Waste package performances
As for any operation of radioactive waste management, studies of packaging are required depending
on the waste types. It is also necessary to study the material to be used for filling the voids in the waste
package container (Beswick et al., 2014).
In the particular context of DBR, canister should withstand geomechanical and geochemical conditions.
The waste containers should be investigated in view of material and potential properties (Schwartz et
al., 2017). As for the drillhole stability and casing dimensioning, a detailed analysis of the stresses
involved, notably the hydrostatic pressure and the load stresses from overlying waste packages, is
required as part of the container design R&D (Beswick et al., 2014). A recommended additional work
following the aforementioned “Spent Fuel Test – Climax program at the Nevada Test Site” consists in
corrosion testing under deep borehole conditions to provide confidence that waste canisters would retain
their integrity on operational time scales.
Vate et al. (2018) also mention R&D needs on the radiological aspects. The German case, for which the
DBC-R packages are not self-shielding, requires radiation protection studies of the concept (Bracke et
al., 2017).

4.3.3.2 Waste package emplacement
As underlined by SSM (2018), the handling of the canisters will have to be remotely operated; it should
be feasible but further technological development is required for industrial application. The verification
of technical feasibility and radiation safety during operation requires full-scale tests and detailed
underground investigations.
In particular, studies are needed to choose the best deployed method for package emplacement
(Beswick et al., 2013; Nirex, 2004): from single, small batches to even 200 m long strings of up to 40
packages and related emplacement mechanism by wireline, drill pipe or coiled tubing.
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Following Brady et al. (2016), the following options need to be compared:
•

lowering one package at a time on an oilfield-type electric wireline or on a coiled tubing. For
both the methods relies on sinking, but a few packages can be lowered at a time with the first
method and the second one provides real-time package status indications. Of course, free-fall
or “drop-in” method from the bottom of the borehole is also possible: the feasibility depends on
managing terminal sinking velocity and the force of impact, and requires verifying the locations
of packages once placed in the borehole.

•

lowering strings of waste packages on drill pipe, or stacking packages in a conveyance casing
and lowering that on drill pipe. However, the use of a workover rig and many tons of drill pipe to
lower heavy strings of packages, or a heavy conveyance casing, greatly increases the risk of
package breach if any part of the string is dropped in the borehole.

Nirex (2004) estimates that the tests associated with waste emplacement techniques are mandatory,
but might be, together with drilling tests, by far the most expensive and time-consuming part of R&D
programme. Studies should also focus on the management of borehole fluids during waste
emplacement and sealing.
Bracke et al. (2017) consider that the long-term safety analysis should consider that the containers
currently proposed for DBR are not corrosion-resistant in the long term with respect to groundwater at
disposal depth. Even if corrosion may take place slowly, some hydrogen gas generation and other
corrosion processes will occur. This may increase the pressure within the sealed borehole and may
impact the transport of released radionuclides.
However, corrosion of containers will occur before closure, and heat generation and high temperatures
in the disposal zone will speed up chemical processes, which cannot be modelled in detail due to a lack
of thermodynamic data (Bracke et al., 2017). Such degradation processes should be accounted for in
the studies required on maintenance of package integrity during the emplacement phase and on canister
or package handling systems at depth, including recovery from jams (Nirex, 2004).
Finally, if the total mass of fissile radionuclides in a deep borehole is above the critical mass, possible
critical excursion and safety measures have to be assessed.

4.3.4 Borehole sealing and abandon
4.3.4.1 Performance Targets
DBR boreholes are intended to provide long-term isolation for potentially hazardous materials; thus,
sealing requirements are significantly different from those of exploration and production wells (Freeze
et al., 2019). The DBR concept should provide more knowledge in view of seals (Schwartz et al., 2017),
in particular on their long-term function (Vate et al., 2018).
One should distinguish (Freeze et al., 2019) the seal zone, emplaced directly against the borehole wall,
the upper borehole zone, emplaced against the cemented casing and the backfilling of the disposal zone
annular regions.
Following Freeze et al. (2019), seal materials should be designed to have low permeability, ideally to
prevent liquids and gases from flowing upwards through the borehole and damaged zone more easily
than through surrounding geological barrier. Because the only significant driving force for upward flow
is the buoyant convection driven by waste decay heat, the seals should at least outlast the thermal pulse
(few 100s to 1,000s y). Further seal performance is desirable until re-establishment of the natural salinity
gradient, which tends to oppose upward flow: 1,000 y, with a bounding value of 10,000 y.
In particular, seal materials should be resistant to thermal, chemical and mechanical alteration:
•

accounted for the geothermal gradient and the waste decay heat (around 240°C in waste
package), the estimated temperature in seals is about 85°C

•

seals must withstand the hydrostatic pressure is up to 40 MPa and the load stresses: bridge
plugs for instance can reduce it
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•

seals must operate in groundwaters with TDS higher than 200 g/L.

Still following freeze et al. (2019), in order to resist to flow and transport during the first few 1,000 y of
thermally-driven buoyant convection, taking into consideration degradation processes, seal permeability
of 10-18 m2 is desirable. Seal materials with low porosity would favour lower diffusion coefficients. Also,
materials may be selected for specific chemical characteristics. Seals may also contribute to thermalhydro-chemical conditions that can limit and/or delay RN transport. In addition, any sealing method
should extend to the unavoidable excavation damaged zone of the crystalline basement host rock.
Finally, the backfilling of the disposal zone annular regions:
•

prevent/delay groundwater access to, and subsequent corrosion of, the waste packages

•

limit and/or delay the migration of radionuclides and dihydrogen gas from corrosion.

4.3.4.2 Borehole sealing materials and technologies
Developments are provided in the paper of Freeze et al. (2019) on the following sealing methods:
•

Bentonite and other clay-based systems: as with cement, continued research on emplacement
methods can make it a viable component of DBR seal systems

•

Geopolymers (cement derivatives produced by alkali activation of Class C fly ash with a NaOH
and sodium silicate solution) are at an early stage of development, with promising results but
do not solve the problem associated with excavated damaged zone

•

Silicone rubber (used in gas wells with cement) is worthy of further investigation because shows
little shrinkage, temperature resistant up to 300°C, withstand a wide range of chemical
environments and can be used easily with coiled tubing equipment

•

Asphalt brings complicate predictions of long-term radionuclide transport, because its
emplacement could be challenging and organic acids leaching from the asphalt form aqueous
complexes with cationic radionuclides

•

Emplacement of crushed Rock (seal in hydrocarbon wells) is simple but not ensured to have a
continuous seal free of voids

•

Sandaband®, a dry mixture of barite and bentonite with fine silica sand, can be pumped and
behave like a solid when stationary. The material has low permeability, resist to shrinkage and
fracture and is thermodynamic stable. However, its emplacement is difficult and it contains
organic additives

•

Ceramic seals (expands upon ignition through a thermite reaction) is promising because might
penetrate into the excavated damaged zone and thus warrant further R&D

•

Rock welding is specifically designed to significantly penetrate into the excavated damaged
zone. The viability has been already demonstrated at laboratory scale and needs now to be
scaled up the method for DBR through downhole trials, optimization and testing. More work is
also needed to further investigate the nature and extent of the change in permeability arising
from the excavated damaged zone.

Bracke et al. (2019) also mention salt suspensions and eutectic molten salt and barite.
New R&D is needed for the design of seals (Nirex 2004; U.S. NWTR Board, 2016) notably for their
emplaced properties and efficacy in relation to damage zones in bedrock around the well bore due to
drilling. R&D is also needed for the backfilling systems and their installation at depth in boreholes,
including methods for the removal and/or cutting of casing, so that the borehole can be sealed more
effectively.
The U.S. NWTR Board (2016) indicate that an in situ heater testing is necessary to validate numerical
modelling of coupled thermal-hydrologic-mechanical processes and to provide confidence in seal
integrity. In particular, Brady et al. (2016) question how to reliably deliver compacted, dehydrated clay
down a fluid-filled borehole to an open uncased sealing interval. Some options to further investigate are
oil-based mixtures, highly compacted blocks wrapped in reactive membrane material, and pumped
slurries.
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The bentonite alteration under borehole conditions is another cause of concern (Brady et al., 2016).

4.3.4.3 Focus of potential cementing systems
Collier et al. (2019)’s paper focused on potential cementing systems that may be appropriate for use as
sealing and support matrices in disposal of nuclear waste in deep borehole (up to several kilometres)
drilled into basement granitic rock.
The most likely cementing systems have been identified, such as:
•

Portland oil well cement

•

Calcium Sulfoaluminate (CSA)/Belite cement

•

Pozzolanic cements

•

Alkali Activated or Geopolymeric systems

•

Calcium Aluminate Cement (CAC) systems

•

Phosphate cements.

The properties of the potential cementing systems and most important technical issues in their use for
DBR have been assessed and discussed in terms of proven durability, placement, regulation aspect,
availability, financial consideration, engineering and radiation stability, sealing and support potential.
The authors concluded that cementitious grouts based on Portland oil well cement, specifically Class G
(product obtained by grinding clinker with no additives), are suitable for providing low temperature
sealing and support matrices for DBR applications. The authors emphasize that partial replacement of
the cement with silica flour is required to lower the Ca/Si ratio to ensure the formation of the most durable
cement hydrate phases; a fluid loss additive is required to enable the grout to flow/move through water
in the boreholes without the solid particle dispersing; and retarding admixtures are required because the
elevated temperature and pressure will cause an acceleration of the thickening time. This cementing
system has been selected based on the fact that over the past 100 years, it has demonstrated that it
can provide the short-term performance and durability required for DBR across the range of
temperatures and pressures likely to be experienced. Comparing the durability of cements in oil well
applications with those required for DBR is difficult because of the different timescales involved. The
lifetime of an oil or geothermal well is of the order of 30 years, although longer time periods are now
being sought, with the cementing job ideally lasting for the length of the well’s operational life.

4.3.5 Retrievability
As developed in §4.1.3.2, a demonstration of retreveability has been performed for a dummy canister
placed several hours before in a 690 m-long drillhole (WNN, 2019; Muller et al., 2019). Further
examination of the retrievability for the larger SF canisters is needed also based for conditions prevalent
in a backfilled, heated, potentially sealed disposal section. Anyway, this is far from the depth foreseen
and the question of retreveabiliy should be further analysed. One of the issues to look at is also to
change the concept of retreveability. Bracke et al. (2019) claim for R&D on the retrieval technology,
even if the requirement for a possible recovery of the disposed waste for 500 years after closure in
Germany may not be reasonably achievable in larger depths even with corrosion resistant containers.

4.4 Regulatory needs
Regulatory framework is developed at different national context following the international agreed safety
and societal standards for general concept of repository having different implications in terms of
requirements for natural and engineered barriers. There are no design prerequisites or a comprehensive
safety analysis that shows how any technical barriers can be expected to work for long periods of time.
Thus, for SSM (2018), the technical barriers cannot be attributed to any long-term containment function
and the deep borehole's protective ability is largely dependent on only one barrier (SSM, 2018).
Schwartz et al. (2017) even argue that the robust geological barrier associated with DBR concept
requires only minimal performance from the engineered components. The U.S. NWTR Board (2016)
anticipates that the natural barrier systems with actual sites may not be as robust as currently thought,
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and thus an evaluation of the potential contribution of more robust waste forms and waste packages to
the safety case is recommended.
It’s worth noticing that the U.S. NWTR Board (2016) saw no “compelling evidence” regarding regulatory
requirements, with respect to expedited licensing for DBR, to expect that DBR would “be accomplished
more quickly” than a mined repository. Their conclusion was that DBR would prove to be complex, not
substantially simpler than a mined, geological repository. Moreover, the licensing process for either
approach would follow the same lengthy process.

4.4.1 First draft of regulatory requirements on site characteristics
Regulatory uncertainty has been identified as a risk (Nirex 2004) that affected the viability of this disposal
concept. However, preliminary discussions with licensing experts indicated that a licensing regime could
be developed, given sufficient time and a suitable mandate. In Nirex (2005) the hind on the regulatory
need for disposal of “solid without no free liquid” radioactive waste in the UK is included, which excludes
direct liquid injection as an option.
No specific site or regulatory framework exists in US on DBR in the countries interested in DBR (Freeze
et al., 2019). Current regulatory framework for RWM in the U.S. Code of Federal Regulations (CFR)
focuses on mined geological repositories, but 10 CFR 60 (NRC) and 40 CFR 191 (EPA) for disposal of
HLW in geological repositories would need to be superseded because developed more than 30 years
ago and not consistent with more recent ones (e.g. the site-specific regulations for Yucca Mountain 10
CFR 63 (NRC) and 40 CFR 197 (EPA)) but some portions are relevant, and generic standards that
incorporate dose or risk metrics can be used.
Muller et al. (2019) mentions a legal framework absence and uncertainties about the regulatory
environment for the DBR. According to the Payer et al. (2019) the reference DBR design and its features
may contribute to a strong technical basis for analysis and reducing complexity and uncertainty for the
safety case.
In Germany, the Site Selection Act applies to any geological disposal facility (Bracke et al., 2019), were
designed for a geological underground mine and are not specific to DBR (Bracke et al., 2017):
•

The concept should provide multiple barriers.

•

The appropriate lithology should be available in Germany.

•

The disposal of canisters with vitrified waste and SF rods should be technically feasible. Other
waste is not considered here.

•

The retrieval of waste should be possible.

•

The concept should also allow monitoring during the operational and post-closure phases.

Bracke et al. (2019) questions on how long-term monitoring can be done for DBR.
Several authors suggest a preliminary list of site requirements (Arnold et al., 2011; Brady et al., 2016;
Bracke et al., 2017, Bracke et al., 2019…). Many requirements are the same as for mined-type
repositories:
•

long residence times and low flow velocity, low permeability of host formation or of cap rock

•

Favourable geochemical environment (reducing conditions that limit the solubility and enhance
sorption, …)

•

geology that provides more predictable structure and lithology

•

Relatively low differential horizontal stress

•

No known regional structures, major shear zones, major tectonic features within 50 km
(Schwartz et al., 2017)

•

stable continental region: no large scale vertical movements, low seismicity, no volcanism, no
active fault (Schwartz et al., 2017: No Quaternary-age volcanism or faulting within 10 km) …

•

Low/normal geothermal gradient (Schwartz et al., 2017: < 75 mW∙m-2)
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•

No natural resource potential: no impact from mining (Bracke et al., 2017), prefer sites with
minor existing impacts e.g., wastewater injection, oil and gas activities, groundwater production,
mining, and potential mineral resources in bedrock (Schwartz et al., 2017)

The following additional requirements on site characteristics are specific to DBR concept:
•

Depth to crystalline basement of less than 2,000 m (Brady et al., 2016; Schwartz et al., 2017),

•

high salinity fluids (Arnold et al., 2011)
o

limited potential for vertical flow (density stratification) and prevent colloidal transport of
radionuclides

o

extremely limited interaction with shallow fresh groundwater resources

•

low potential for deep circulation of meteoric ground water (Brady et al., 2016; Schwartz et al.,
2017: absent significant topographic relief to drive deep recharge, old and highly saline
groundwater at depth)

•

thick containment-providing rock zone (Bracke et al., 2017),

•

sufficient area for well array (Schwartz et al., 2017),

•

absent surface or subsurface contamination at proposed site (Schwartz et al., 2017)

Several authors mention the fact that site characterization would be more limited compared to mined
geological repositories because characterization by direct inspection of the host rock is not possible
(Arnold et al., 2011; Muller et al., 2019; Bracke et al., 2019). However, according to Arnold et al. (2011),
a slighter site characterization is justified by:
•

the greater geological isolation,

•

the shallow hydrogeological system (infiltration, recharge, groundwater flow and discharge)
largely decoupled from the deep hydrogeological system in stable continental regions,

•

complexities of the fracture network would not be required.

Bracke et al. (2017) identified requirements on site characteristics for mine-type repositories that may
be tricky to apply to DBR:
•

requirements on good conditions to avoid or minimize gas generation: difficult to limit the use of
steel... A suggestion would be to develop a concept providing physical gas traps (layers with
porous rock) or reduction of gas production (via choice of borehole fluid or cementation of
containers),

•

requirements on good temperature compatibility (Bracke et al., 2019): the requirement for a
maximum temperature of 100 °C at the outer surface of the containers could not be respected
for DBR.

Bracke et al. (2019) suggest that minimum and weighing requirements and criteria are developed for
the “containment providing rock zone” in terms of permeability, thickness and depth. The requirement
for a possible recovery of waste for 500 y after closure is questioned as it may not be reasonably
achievable in larger depths even with corrosion resistant containers. The requirements for the long-term
monitoring should be reconsidered: there is a question whether such monitoring is needed and how can
it be done.

4.4.2 First draft of regulatory requirements on DBR equipment and operation
4.4.2.1 Waste package requirements
Packages must withstand the bottom-hole hydrostatic pressure and stacking loads from packages
emplaced one on top of another, while maintaining containment for a period of years until emplacement
and sealing are completed. According to Brady et al. (2016), it can thus be limited by installing plugs in
the borehole to bear the weight of additional packages. Brady et al. (2016) consider that packages can
withstand hydrostatic pressure if they are robust with multiple sealing elements, or filled with a fluid and
equipped with pressure equalization (but potential concerns may arise with fluid interacting with waste
or in the event of accidental breach at the surface).
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According to Arnold et al. (2011), during handling and emplacement, packages should prevent any
leakage of radioactive materials, should maintain their structural integrity, with an integrated system for
connection (for emplacement and for potential retrieval), a waste canister with sufficient internal length,
an integrity retained as long as practical, and packages must preclude any possibility of nuclear
criticality.

4.4.2.2 Borehole and casing
Borehole and casing system must have sufficient stability and durability (for emplacement at the desired
depth, to allow retrieval), sufficient large diameter, controlled deviation, must be designed such that
casing can be removed, with direct contact between seals and borehole wall, must allow thermal
expansion of fluid and flow, drilling allowing characterization of host rock (Arnold et al., 2011).

4.4.2.3 Waste emplacement requirements
Borehole pre-closure safety goals include (Brady et al., 2016):
-

Borehole and casing that can be emplaced at the desired depth.

-

Waste packages that don’t leak during loading, transportation, handling, emplacement, and
sealing of the borehole.

-

Safe handling and emplacement of the waste packages.

- Not getting waste packages stuck in the borehole.
The consequences of accidentally breaching a package during emplacement operations could be costly.
Therefore, waste packages and systems for handling and emplacement must be designed with
appropriate factors of safety that may exceed the safety factors typically assumed in oilfield applications.
Arnold et al. (2011) also evoke procedures so that radiation exposures to workers are acceptably low,
with no leakage of radioactive materials, as well as so that waste canisters will not become stuck above
the disposal zone.

4.4.2.4 Borehole sealing requirements
According to Arnold et al. (2011) and Brady et al. (2016), borehole sealings
•

should provide a low permeability barrier to fluid flow, that
o

limits vertical fluid movement during the thermal pulse,

o

binds effectively to the surrounding DRZ (low-permeability bond with the borehole
walls),

o

with seals materials, is able to retard the transport of non-sorbing radionuclides,

o

is free of fractures and void spaces,

•

should be relatively straightforward to emplace,

•

with a design providing redundant defence in depth (aging degradation of seal materials poorly
constrained),

•

resist mechanical loads (overlying materials, swelling pressures...),

•

be resistant to chemical alteration which might affect permeability,

•

be durable and chemically stable at 100 – 200 ºC at least during the peak thermal period (at
least several hundred years)

Muller et al. (2019) distinguish requirements for backfilling material and seal plugs. They suggest a
requirement for pumpability for backfilling materials, by using materials that set, gel, solidify or swell
after emplacement (through chemical, temperature or mechanical processes), such as cementitious, oilbased (tar, bitumen or asphalt), pumpable colloidal silica and other grout mixtures, salts or fine pellets
of lead-based alloys. The use of dry granular bentonite or blocks is infeasible, but it is possible to use a
high-density suspension. They underline the opportunity to add sorption-enhancing amendments and to
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incorporate sensors for performance confirmation. R&D is required in all stages as well as test and
verification of performance in a small-diameter drillhole.
Regarding sealing plugs (Muller et al., 2019), they should be located in a plastic (clay, shale or salt)
layer, reamed then backfilled. Seal plugs should also seal the EDZ. In alternative, rock welding can be
brought with resistance heaters and ceramic plugs. The effectiveness of plugs need to be confirmed by
in-situ pressure test. They consider that multiple plugs may be installed along the drillhole for
redundancy because the long-term stability is difficult to assess.

4.4.3 Requirements on non-proliferation control
SSM, in their 2018 report, underline that the increased insulation associated with deep boreholes
contributes to lower the likelihood of unintentional human intrusion into the final repository and that
malicious readmission of the fuel is made more difficult compared to KBS-3.
They consider that further development work remains to be done, e.g. about how the physical protection
can be designed for a borehole repository. The same applies to nuclear non-proliferation requirements
and IAEA has not yet studied how international non-proliferation control could be performed for such a
disposal system.
Additionally, the larger number of "access roads" for a borehole repository (80 boreholes required to
dispose of Swedish SF) may possibly trigger an interest in the site at the same time. Also, human
intrusion may imply a greater consequence. In addition, operations affecting the groundwater may have
a greater impact on a borehole repository. Indeed, the long-term radiation protection is based to a
greater extent on the fact that the natural groundwater conditions are not disturbed.

4.4.4 Inconsistency of DBR with existing requirements on retrievability
As mentioned above in the present report, the requirements on retrievability existing in several countries
appear impossible to respect for DBR. For instance, the German requirement for a possible recovery of
waste for 500 years after closure may not be reasonably achievable in larger depths, even with corrosion
resistant containers (Bracke et al., 2019).
According to Chapman (2019), “retrievability is diametrically counter to the concept of DBR, which aims
at the maximum isolation possible by specifically making it practically impossible to retrieve waste once
a borehole is sealed and decommissioned. While it has been shown that a package can be emplaced
and then, shortly afterwards, removed from a deep borehole using oilfield technology, this demonstration
is a far cry indeed from the concept of being able to retrieve all the waste many decades after it has
been disposed. Consequently, if retrievability is an immutable part of national policy, DBR is not an
option for consideration”.
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5. Workshop about the bibliographic review
The SITEX.Network organised on November 25, 2020 an online “Topical Day 2020 on Deep Borehole
Repository” dedicated to the DBR issue. The objective was to organise informative debates by sharing
the views of different stakeholders on current DBR developments, safety issues, social concerns, R&D
needs and the regulatory framework.
Two presentations were made as contributions to the discussion: one from Klaus-Jürgen Röhlig,
Professor at the German university TU Clausthal as an external keynote, providing a broad view on DBR
achievements; the other presentation was a synthesis of SITEX.Network study on DBR (present review
report). The aim of the discussion following the two presentations was to allow different stakeholders to
discuss current DBR developments from different perspectives.
In the keynote presentation by K.J. Röhlig (with the title “Radioactive Waste Disposal in a Very Deep
Boreholes: Observations from several studies”), some general information on very deep borehole
disposal was given, followed by the presentation of the German “case” and concluded by a personal
consideration. As part of the German “case” presentation the work performed on behalf of the
Commission on the Storage of High-Level Radioactive Waste6 was given. The Commission’s mandate
included evaluating alternatives to reversible deep („mined“) disposal including the DBR concept. The
basic study was developed by GRS7 and is also analysed in this report as reference Bracke et al., 2017.
The Commission concluded that DBR appears in principle feasible, provides long-distance isolation,
utilises diverse geologic barriers and assures high proliferation security. However, the technology is not
mature, much less advanced than „mined“ disposal, and extensive R&D is needed with unclear
outcome. It was pointed out also the lack of recoverability which is, in the German case, very important.
In the summary it was advised by the Commission to keep a watching brief on the development, but
also to fund R&D on unanswered questions such as the specific container technology and safety
requirements to be applied for DBR.
In his personal consideration Prof. Röhlig stressed several issues. Regarding the long-term safety, its
demonstration and related knowledge he acknowledged the possibility of knowledge exchange due to
the worldwide occurrence of crystalline basement, but stressed also that still relatively limited
understanding of the nature of deep crystalline rock systems exists. Also, in case of DBR the site
investigations are much more challenging compared to mined repositories. Potentially favourable
hydrogeologic characteristics of DBR concepts are long pathways with stagnant (saline) waters and
reducing conditions. The big questions are demonstrability e.g. of seal performance and more generally,
reliability of underground testing. The DBR concept might have perspectives in the rather long run,
dependent on technological evolution for which it is not enough to just „wait and see“ what hydrocarbon
industry does. The costs are highly dependent on inventory: fixed costs are possibly lower than for
mined repositories, while variable costs (per emplaced canister) are probably higher. The question on
waste types to be disposed is decisive and relates to canister diameter which for some waste is already
set (e.g. vitrified waste, 430 mm). There is a question if de-centralised disposal can be as an option.
This would, however, mean multiple surface facilities (waste reception & conditioning), which might be
acceptable in case of operating NPPs. However, it is not clear whether such an approach would result
in advantages or disadvantages concerning the siting process, governance and acceptance. With
regard to the regulations, adaptation would probably be necessary in most countries, concerning
technical requirements and possibly also underlying principles, like recovery requirement. Such changes
would require normative rather than technical considerations.

6

Final
report
in
German
under
https://www.bundestag.de/endlagerarchiv/blob/434430/bb37b21b8e1e7e049ace5db6b2f949b2/drs_268-data.pdf,
available
in
English
under
https://www.bmu.de/fileadmin/Daten_BMU/Download_PDF/Endlagerprojekte/bericht_kommissionn_lagerung_radioaktiver_a
bfallstoffe_bf.pdf
7
GRS-423, https://www.bundestag.de/endlager-archiv/blob/413166/73c4148a71bb98611305958662204e23/kmat_52-data.pdf

44

For strategic decisions concerning the waste management strategy, technical feasibility, necessary R&D
efforts and timing need to be considered. For countries with advance disposal programmes, particularly
those close to implementation, the DBD concept has probably very limited potential. Also for countries
in the siting phase the question of advantages and pitfalls needs to be carefully investigated: Are the
arguments strong enough to change direction or, at least, leave the DBD option open? It might be
possible that for some less advanced country a DBR could be good alternative, but R&D investments
would be needed. Questions to be considered include: Would an international R&D effort be helpful,
with or without connection to an attempt at multinational solutions? Should one consider DBD only for
certain waste types, combined with mined repositories in other countries (with advanced programme
and / or large waste amounts)? In other words, should DBD considere a potential complement, rather
than an alternative, to „mined“ disposal?

5.1 Method and organisation
The participants of the SITEX.Network Topical Day 2020 came from Civil Society (CS, including NonGovernmental Organisations), Technical Support Organisations (TSO), Research Entities (RE), Waste
Management Organisations (WMO) and Safety Authorities (SA). The DBR discussion was organized
among the participants according to the inputs received during registration, which were summarised into
key selected questions.
Five small groups were established by mixing participants from various types of stakeholders: Civil
Society (CS, SA, TSO, RE and WMO). The small groups’ composition is given in the table 1, providing
as well the overall number of participants in the small groups, where attention was given to ensure as
much variety as possible in the composition.

Table 1: Composition of the small groups for DBR discussion

Group

Number
of
participants

Number of participants from
CS

SA

TSO

RE

WMO

1

8

2

2

1

2

1

2

7

1

2

3

1

0

3

9

2

3

1

1

2

4

9

2

2

2

1

2

5

8

2

2

2

2

0

Total

41

9

11

9

7

5

Each group benefited from a moderator supporting the viewpoint sharing from all the group members
and ensured whether all the topics were covered. A rapporteur provided the summary to be delivered
as part of the plenary report. Each group discussed two tasks:
•

“Identify (2-3) topics from the list that seem, to have advantages and disadvantages compared
to a centralized "mined-type" facility according to participants’ opinion.”

•

“Do you consider these aspects to be (potentially unsolvable) obstacles to the DBR
implementation or can they be overcome by R&D?”
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The list included according to the areas the following topics:
Safety issues:
•

Operational safety

•

Post-closure safety

•

Security, actions against proliferation

Needs in regulations:
•

Site selection criteria

•

Requirements on engineered barriers

•

Reversibility

Answers to social concerns:
•

Costs

•

Environmental footprint

•

Timeframe for implementation

•

Modularity, transportation

•

Suitable sites, Public involvement

•

Retrievability

Needs in R&D on:
•

Borehole drilling and equipment

•

Waste packaging and emplacement

•

Other operational safety aspects

•

Borehole closure

•

Long-term safety

The transcription of the main issues discussed in small groups are given in Annex 2, in the form of five
tables (one per group) with one column for the advantages, one for disadvantages.
However, the first observation from the discussions is that some advantages for some are seen as
disadvantages for others. In the following subsection, the discussions summary is provided for
advantages and disadvantages of the main addressed topics.

5.2 Results from discussion
Site selection
Surprisingly, the participants did not mention the general consideration in the literature that finding a
geologically suitable site for DBR should be much easier than for a mine repository because much of
the continental crust is underlain at appropriate depths by granitic basement with low hydraulic
conductivities. On the contrary, participants highlighted the likely difficulties in selecting sites for DBR.
They consider that not all sites are geologically suitable for DBR. They notably mentioned the difficulties
to obtain data at so great depth: one must have good information on the hydrogeology, the impact on
the host rock, and a lot of data on the specific sites.
In addition, the participants pointed out the dispersion of boreholes in several sites implying several
siting processes. The likelihood of obstruction is higher, either from the civil society or from the safety
authority (for instance, identification of site weaknesses in relation to the selection criteria).
Isolation and long-term safety
The important depth of the DBR concept is clearly considered as the most important advantage with
regards to long-term safety when compared to mined repository. Great depth is fine for isolation and
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would much reduce the likelihood of intrusion. For that reason, DBR is of benefit in terms of nonproliferation. Also, it has been said that mined repositories are placed at lower depth, thus you have to
account for the transients phenomena (hydraulic, heat and gas evolution).
However, increasing the depth as the solution to prevent the release of radionuclides and their access
to the biosphere isn’t guaranteed for some participants: one should demonstrate that no short cut exists,
and such verification appears tricky at great depth.
Operational safety and closure
On one side, some participants indicated that the radiological protection risk is reduced because there
is no need of workers underground. Some participants mentioned that in the operational phase of a
mined repository, people must go down in the facility, which leads to some radioprotection and security
issues for the miners and for the regulators (even if handling should be remote in normal situation for
both DGR and DBR concepts). On the other side, participants pointed out the risk that the canisters
break or get blocked in case of problems, leading to a difficult handle (which may induce a lot of pressure
on the co-workers to retrieve the package), and an uninsured waste isolation. Placing the waste in the
holes requires leading-edge technologies. One can argue that several accidents already occurred during
operation or closure of DGR, but there is no experience feedback on handling waste in a deep borehole.
Other operational risks were mentioned. Some participants considered that depth reduces the number
of risks to be evaluated, notably seismicity. However, DBR operational safety is a big challenge
insufficiently addressed yet. The main disadvantage, underlined by many participants, is the difficulty to
monitor in a deep, aggressive and cramped environment: it would be nearly impossible to ensure that
everything is done as planned in the DBR.
Participants pointed out the difficulty to achieve a good borehole sealing and that sealing seems even
more challenging at great depths. On the other side, sealing becomes more important for safety at lower
depths.
Safety demonstration and required R&D
The opinions were mixed regarding the safety demonstration of DBR. For some participants, the safety
case seems reliable at it stands today. However, the assessment of others indicated a needed feasibility
demonstration, illustrating a very theoretical concept. There is a lot of technical issues and R&D needs,
a lack of proven technology. More importantly, for some participants, the question is whether or not this
can be overcome with R&D. The risk to shift the waste disposal even further to future generations has
been mentioned.
Another difficulty emphasised by participants concerned the required research and funding for the DBR
concept when the DGR concept has already been developed with a lot of money spent on research.
Reaching an equivalent knowledge compared to mined disposal could take a long time especially when
in urge of waste disposal. Nowadays, the DGR concept benefits from knowledge and experience;
restarting from the beginning may be of poor interest for the stakeholders and difficult to argue to the
public after having supported a DGR programme for a long time.
Retrievability
The DBR concept incompatibility with the concept of retrievability is acknowledged by all: it is even
presented as an advantage to struggle against malevolence and risk of proliferation. Retrieval of waste
packages (including post-incident recovery) appears to be tricky, as suggested by those who had
experienced the retrieval of data equipment from a regular monitoring borehole after 20 years…! It is
considered unmanageable nowadays at several kilometres, especially for metal liners and containers in
such harsh environment (i.e. high temperature, brine…). The retrievability requirement from several
countries could be a problem. However, retrievability is generally required for DBR, and some
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participants assumed that regulatory requirements can be changed. The regulations include technical
and societal agreements about what is important and what needs to be fulfilled, in case of any particular
radioactive waste disposal option. Retrieval is a future possibility, only if the required technology is
developed and if the correct canisters are designed.
Flexibility and speed of implementation
Some participants argued about the one significant DBR advantage as being the possible drilling close
to each power plant, so that the waste can be disposed of continuously. In addition, timescales could
be an advantage for the implementation compared to DGR: notably a DBR can be closed much quicker.
However, this advantage for some is scaring others. Notably, the ability of the DBR to be implemented
fast encourage the possibility to forget the waste because it would have less engraved memories in the
society than a one century-long construction, operation and closure of a DGR: it is seen as a chance
face to the risk of proliferation. However, a psychological aspect is the feeling that we can be less
« careful » with DBR. Participants explained that the DGR has to get maintained, it needs carefulness,
making DGR more credible. Because of short implementation and closure of the DBR, no attention is
expected in terms of monitoring to verify that it runs as expected. Several negative experiences impacted
negatively the credibility, with shafts filled up and closed rapidly with tricky situation at present.
Environmental footprint, centralised vs. dispatched disposal
It was mentioned in the DBR case, the absence of infrastructure building, nothing on the surface. This
is a possibility for a broader acceptance from the public and political point of view. Also, the footprint
could be theoretically smaller because from one point you can drill into different directions (like a fanout). However, it was argued that in case of large amount of waste (lot of boreholes in a same site),
several nuclear buildings will be necessary at surface as for DGR (waste packaging, remote handling,
effluent treatment…). In the perspective of drilling industry workers, developing the infrastructure for
each DBR (building the roads, etc.) can imply a very significant footprint compared to one National
centralised repository.
For some participants, the DBR concept increases the problematic use of the geology as the (almost)
only barrier, while its integrity cannot be well verified due to the depth. For them, it would be preferable
to have one facility with a higher level of control of safety (mined repository), rather than to have a lot of
(DBR) facilities and multiply the risk that some fail.
Costs
The participants mentioned the costs attractiveness of an implementation compared to a DGR: less
operational costs, safety rules, etc. Also, they argued that if there is a shift toward boreholes, costs could
go down. It is only theoretical because of its premise status and the R&D requirements. Participants
suggested the omission of certain costs. If there are multiple boreholes, logistics is going to be
significantly more complicated (e.g. transports). Also, the costs could depend on how much of the whole
country waste is put down in holes.
Inventory
Finally, the inventory question is probably the topic bringing participants’ opinions together. DBR could
be interesting for less advanced programmes, for countries that do not have spent time and funds to
develop a DGR programme with experience to spare. It is also more convenient for small inventories
(non-nuclear) countries requiring only one borehole.
Nevertheless, it has been said that some less advanced countries cannot take care of the waste by
themselves, in particular if much R&D is still required for DBR. Shared solutions with more advanced
countries (such as multinational disposals) could also be envisioned.
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As argued by the participants (see above), the DBR concept could make difficult the large volumes of
waste disposal. In particular for countries having SF, this is not an option because of the fuel elements
disassembling. However, investigating an alternative such as DBR and invest money may be a
confidence factor. Mined repository has still a lot of challenges; having a plan B is better than nothing.
The advantages and disadvantages of the aforementioned to forget the waste disposed of due to the
speed of the implementation of the DBR can also depend on the targeted waste: it is risky if it not
completely settled whether some waste can be recycled or even transmuted in the future, but it could
be a chance if it is decided to get rid of the plutonium.
To smoothen the contrasts between DBR and DGR, some participants recalled that both are geological
disposals and all the depths are available, from 500 m to 5,000 m. For DBR, it is maybe not necessary
to go at 5 km depth. Further, there are many options between DGR and DBR, like the aforementioned
concept of one vertical borehole connected at depth to several boreholes hosting horizontal disposal
zones, or a mined repository with disposal boreholes drilled from the galleries.
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6. Conclusions
The present report provides a bibliographic review of studies and projects associated to deep borehole
disposal. Various designs described in the literature were considered and the review provides an
overview of their associated state of knowledge. Aspects related to safety, societal concerns, regulatory
needs and R&D needs as wel as challenges are addressed in the report. Although these aspects are
addressed successively, it should be kept in mind that they are strongly related and their interactions
shall be considered when e.g. assessing a DBR concept feasibility. The review study led to the
identification of potential advantages as well as obstacles to the disposal of SF and HLW in a DBR,
compared to the current regulatory framework.
Regarding the main outcomes of the review about “historical” borehole disposal concepts, i.e. rock
melting and liquid waste injection, it was found that their lack of guaranteed containment of radioactive
waste at long-term (and possibly even short-term, i.e. during injection) by the host rock, which
constitutes the only safety barrier, explains their abandonment. Regarding the borehole disposal “IAEA”
concept (tens to few hundred meters depth) for a small quantity and small size of waste packages, it is
about to be implemented in several countries, notably for disused radioactive sources. Such
implementations will provide feedback on technologies, designs and operational activities (equipment
of boreholes, handling, closure…) partially transposable to a DBR concept.
In terms of safety, compared to the regulatory framework, various advantages of DBR are emphasized
in the literature, provided by the great depth of the concept: no underground radiological and mining
hazard for humans, isolation from near-surface natural phenomena, reduction of the probability of
human intrusion or of risk of proliferation, distance from the surface favoring longer migration of
radionuclides (provided that no preferential pathways exist). Another advantage is the modularity,
notably the ability to dispose of the waste nearby their production zone, to limit the burden of the
development process of a huge centralized mined repository (siting and social acceptance, tens to
hundred years of excavation, equipment and operation…). There is also potentially a small footprint if
only a few boreholes are necessary in each site. However, some advantages may disappear if the
amount of waste requires drilling a field of boreholes in a same location and if one takes into account
the conventional nuclear surface facilities potentially required for operation (remote handling and
radiation shield, waste packaging, effluent treatment…).
Even if the great depth of a DBR concept could provide advantages, it is the main source of weaknesses
of the concept. Many weaknesses are listed in the literature, although some studies say most of them
could be overcome in the future by research and new technologies. Examples of such weaknesses are:
limited ability to check in situ the host rock properties and hydraulic context, difficulties of remote
borehole equipment and of verification that everything is done as planned, hazards associated with
remote handling of radioactive waste and ability to reduce the likelihood and solve any accidental
situation of a stuck or defecting waste package.
Furthermore, the following possible key advantage of the DBR concept with regard to long-term safety
could become a key weakness and is thus source of controversy. On the one hand, the groundwaters
at great depth are deemed highly saline and such dense reducing and oxygen-poor brines could
advantageouysly contribute to safety by inhibiting long-term vertical advection of groundwater and
radionuclides. On the other hand, the density stratification of brine at such depths and the associated
expected long residence time are considered by some authors to be difficult to verify correctly for the
time being (and they are moreover probably site-specific) and their stability seems very difficult to
guarantee on the long-term (even by a comprehensive R&D program), notably due to the transient
effects (thermal, hydraulic, mechanical, chemical effects) associated with the borehole drilling and the
heat-generating waste. This ability of the environment to slow down (even stop) the transport of
radionuclides is however crucial in the DBR concept because the durability of the considered engineered
barriers (generally few tens years for DBR) appears not guaranteed for conditions and a period as long
as in the DGR concept (hundreds years). Thus, it implies a shorter multi-barrier period, notably because
of the aggressive environment to materials at great depth.
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Finally, the following specificities of the DBR concept are a priori not compatible with the regulatory
framework requirements investigated in the documents considered for this bibliographic review and may
thus be the cause of its rejection in some countries: (i) the inherent incompatibility of DBR with a potential
requirement of waste retrievability and (ii) the spatial “dispersion” of the waste in multiple DBR looks not
compatible with management policies aiming at “concentrating” the waste in centralized disposal
repositories. However, it should be noted that for some radioactive materials like plutonium (should such
materials be disposed of) the incompatibility with the retrievability principle could be an advantage
regarding safeguards.
In conclusion, even if the bibliographic review study led to the identification of potential advantages of a
DBR concept compared to the current regulatory framework, several important weaknesses and
obstacles for the disposal of SF and HLW in DBR were identified. Therefore, should a long term
radioactive waste management programme (e.g. a programme not concerned by the above-mentioned
regulations about reversibility/retrievability and centralized waste management, at its first development
steps, covering small HLW quantities) consider the DBR concept as an option (for instance as an
alternative to or complementary to a DGR), the study of such an option shall always be accompagnied
by comprehensive and fit to purpose R&D programs and the development of a solid safety case
addressing notably the technical and research weaknesses / possible obsatcles identified in this review
report and demonstrating in particular that the target sites offer long residence time brines and guarantee
their long-term stability.
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Annex 2 - Overview of discussions in 5 small groups
Group 1
Advantages of DBR (compared to MR8)
●

Reduced seismicity

●

●

Reduced risk concerning radiological
protection - no need of workers
underground

If some packages are blocked, isolation
would not be ensured anymore

●

Site selection might be difficult in depth research and time is needed

●

Not much money spent for research. To
come to an equivalent knowledge
compared to mined disposal could take a
long time.

●

Risk to shift the waste disposal to future
generations

●

DBR with no retrievability exclude recycling
the waste and using them for new reactors

●

Much more uncertainties for normal
scenarios compared to a mined disposal
where e.g. there is a better characterisation
of the barriers

●

That might be difficult to dispose of a large
volume of SF with no vitrified waste. If you
have to get rid of SF, this is not an option
because you have to disassemble the fuel
elements. This might work if you have a
perfectly straight borehole for 5 000 meters
but that might be optimistic.

●

Lots of uncertainties. They may be solved in
the future but nowadays it’s hard not to
complain about that.

●

Safety disadvantage.

●

Harsh environment, it would be difficult to
ensure the robustness of the packages

●

Monitoring: important to reach defense in
depth based safety evaluation. Would be

●

It is useful for small inventories/ (almost)
non nuclear countries - multinational
disposals could also be envisioned

●

No/Less operational costs, safety rules, etc.

●

With a DBR at each power plant, you can
dispose of the waste continuously

●

DBR is good to manage alternative
evolution scenarios. E.g. isolation for
human intrusion, for leave out scenarios
(abandonment of the site).

●

●

8

Disadvantages of DBR (compared to MR)

DBR offers better isolation prospects for SF
and HLW than in a mined repository, at a
lower depth, where you have problems
with hydrology and heat evolution, gas
evolution, & post-closure.
DBR is cheaper than MR.

Mine-type repository

A

almost impossible to ensure that everything
is going as planned in the DBR.
●

Not all sites are geologically proper for DBR.
Conditions are more limited than for mined
repositories.

●

MR offers a solution for the waste to be
produced in the years to come. Sustainable
way to provide energy - not smart for big
nuclear users to use DBR. Mined
repositories can last a very long time.

●

In less advanced countries, they can’t take
care of the waste by themselves. Shared
solutions and shared facilities with more
advanced countries would be a solution,
but they can’t use DBR by themselves.

Transversal question:
Is DBR a mature technology? Would it be beneficial to await developments in technology and knowledge?

Arguments for Civil Society:
-

-

The main issue with DBR is the retrievability question since it’s hard to get back to the waste. To gain
public acceptance, you have to have a broadly approved safety case - implies that this type of disposal
has been implemented to a degree there is no doubt/little doubt remaining as compared to other
ways of final disposal.
If one was to build a DBR near each nuclear power plant, there will be no problem with transport, and
the radiological risk for the public would be reduced.
People from the site hate the idea that lots of trucks will pass by. It can be beneficial to have DBR
because there is no surface facility.

National information - from the regulators point of view:
-

-

Belgium: this year in Belgium they had a public enquiry launched by the WMO because they are in the
first stage of a process towards geological disposal which is the way forward. The position of FANC is
that boreholes should not be excluded at this stage (which was a bit excluded by the WMO).
France: they don’t see the DBR as a reference solution.
Germany: they are going in the direction of a mined repository at the moment.
Czech Republic: working on mined repository, no geological disposal thought about in Czech Republic maybe in the future SITEX will open discussion.

B

Group 2
Advantages of DBR (compared to MR)
●

Operational safety is an advantage. There is
less exposition of workers to radionuclides.
It reduces the number of risks to be
evaluated.

●

Safer, because of the depth - 3000-4000
meters.

●

Closure, post closure, and long term safety.

●

From the public and political point of view,
possibility for a broader acceptance
because there is no infrastructure building,
nothing on the surface. Lots of localities
oppose the DGR because they are afraid of
having these large parts of buildings around
their homes.

●

Drills could be done close to each plant. For
small amounts of waste it may be a good
solution.

●

Isolation of the waste would be better.

●

Costs and timescales could be an advantage
for the implementation compared to MR.
But this is only theoretical.

●

Current regulations: regulatory
requirements can be changed. If you place
the waste very deep, maybe the
retrievability is no more needed - especially
if appropriate sealing.

●

Disadvantages of DBR (compared to MR)
●

People can’t go down like they can with a
MR. Seeing the installation helps to give
confidence to the stakeholders because
they have a visual reassurance. There is no
such possibility in the DBR concept.

●

Long term safety would be a disadvantage
since it has to be proven that putting the
waste very deep will be an advantage. To
do so, one must have good information on
the hydrogeology, the impact on the host
rock, and a lot of data on the specific sites.
It’s not sure that increasing the depth is the
solution to prevent the release of
radionuclides and their access to the
biosphere.

●

It needs good technologies to place the
waste in the holes. The safety assessment
will be more questioned.
In some countries (e.g. Taïwan), switching
to DBR means they should abort their
efforts in developing GD. It’s necessary to
establish research and knowledge, and the
safety case must be re-evaluated.

●

DBR is interesting for less advanced
programmes and small inventories
countries.

C

●

Research and development are needed to
bring the DBR concept at the same level of
development. TSOs and WMOs will always
advocate for MR because this is what they
are doing.

●

As long as other solutions are in place or
near to be implemented, doubt there will
be money provided for such kind of activity,
nationally or internationally.

●

For the operational phase, before closure
and the sealing, monitoring will be difficult,
because of the depth notably.

●

Lack of proven technology, very theoretical
concept. It has to be demonstrated.

Other comments:

●

It’s very important to have very good knowledge about geological properties of the national territory
before going into public acceptance. Intrinsic limitations of the geological system are well understood
and they need to be taken into account. It requires additional technical developments and engineer
barriers to achieve long term safety. This is more a risk than a disadvantage.

●

It could make sense to join the forces in a pan European action to reduce the cost of the R&D. There
could be a programme similar to EURAD for the alternatives.
E.g., IAEA & IFNAC are carrying out several investigations. Same for the Australian initiative, and Deep
Isolation (US).

Group 3
Advantages of DBR (compared to MR)
●

Disadvantages of DBR (compared to MR)

DBR could be seen as a demonstration of
safety - the safety case seems reliable

●

a DBR can be closed quicker than a DGR

●

If there is a shift toward boreholes, costs
could go down. This could depend on how
much of the global waste is put down in
holes like this.

●

DBR is beneficial with respect to non
proliferation because they are deeper

●

The footprint could be smaller theoretically
because from one point you can drill into
different directions

D

●

DBR has not really been demonstrated

●

in the DBR concept, it is more difficult to
demonstrate that the safety functions work.
We can’t rely on real data as for MR.

●

You only get one chance to drill the right
hole

●

Some costs may not be expected + if there
are multiple boreholes, logistics is going to
be significantly more complicated (e.g.
transports).

●

A surface storage is more accessible, there
is less potential for human intrusion. The
deeper you go, the more challenges you will
have.

●

For some people from the drilling industry,
developing the infrastructure for each DBR,
building the roads you would need, etc. can
imply a very significant footprint compared
to a centralised repository (e.g. one per
country).

Other comments:
●

The timeframe will depend on how the things will be regulated. Anyway, the licensing procedure will
take time for both DBR and MR.

●

In a country with a retrievability policy, that’s going to take a longer time than in countries with no
standing on the policy.

●

Having a long timeframe for developing a GD is not necessarily a bad thing. It gives time to develop
the programme, to bring the local community in, as well as the scientific community. This also helps to
build confidence.

●

In a DBR, it would be difficult to incorporate a multi barrier system. The deeper you drill, the more you
would have to rely on salinity.

●

Technology development has to be checked. It’s interesting to have pilot projects e.g. Deep Isolation’s.
That could be good if the American start a pilot project with the new administration.

●

The cost issue is given too much attention. In either DBR or GD, the cost is small compared to the
whole nuclear fuel cycle.

●

We have no idea of the technology level of future generations, what is problematic because we are
uncertain whether or not they will have the technologies available and what it would imply.

●

The use of the DBR concept may be beneficial for some waste, but maybe not for others. @

●

Site selection is going to be difficult whichever technology you use.

●

Going for a cheaper project can be understood as going for a project that is less safe.

Group 4
Advantages

Disadvantages

DBR is a kind of geological disposal and all the
depths are available, from 500 to 5 000m. There
are many options between DGR and DBR, notably
in terms of depth. DBR can be applied to any
depth, and it’s maybe not necessary to go at 5km
depth.

If you go closer to the surface (500m) you’ve to put
more importance on the safety functions associated
with the confining.
Also, you will be able to put less waste because less
deep and increase the number of boreholes.

Of course, it depends on which kind of inventory
you have…

About environmental impact at surface, you can
do only one borehole ending as several horizontal
boreholes, like a fan-out, or Christmas tree

The footprint and environmental impact at surface of
DBR may be higher than in DGR in case of large amount
of waste (lot of boreholes).

E

The option is interesting for a country beginning,
or with low amount of waste.

For countries engaged in a DGR programme , it seems
difficult to move towards such DBR options. Much work
has already been done for DGR, with knowledge and
experience)
Restarting from the beginning may be of poor interest
(R&D still necessary, waste have to be disposed of….).
It’s very hard to make good borehole sealing. On one
side, sealing seems even more challenging at important
depths; on the other side, sealing becomes more
important for safety if you go less deep.

Disadvantages may be not so severe at less
important depth; at 500m you can use the same
technology as in a mined repository, you can
retrieve and recover the waste easily.
Of course, great depth is fine for isolation.
There are more chance that we forget the waste
(reduce the likelihood of intrusion).

DBR option at 5km have technical challenges: there’s a
lot of technical issues and needs in R&D.
A demonstration of feasibility is still necessary, but the
question is even if it can be overcome or not with R&D.
If a canister get stuck, there could be technological
solutions but a lot of pressure on the co-workers to
retrieve the package (rather a human factor issue).

In case of need to retrieve the waste after 2-3
years, it is manageable. Such operation notably
depends on the canisters. If canisters are specially
designed for that, it could be retrieved...

Retrieval (recovery?) after few years looks tricky, as
suggested by those who experimented the retrieval of
data equipment from a borehole in regular surveillance
borehole, after 20 years… It could be possible in theory,
but with another technology; it looks tricky in fact with
RW and no one could guaranty it. At several km, it is
considered as not manageable today… R&D would be
necessary to go deeper.
Thus, if retrievability is required by your nation, it’s a
problem.

One can argue that several accidents already
occurred during operation or closure of DGR.

A psychological aspect is the feeling that we can be less
« carefull » with DBR. In the case of DGR, you have to
maintain it, you are obliged to get more careful, making
DGR more credible.
With DBR, it is normally very short, and when you’ve
finished, it’s closed and no attention is expected in
terms of monitoring to verify that it runs as expected.
There are several terrible examples with shafts in the
past in UK, where everything was put inside and now

F

the situation is tricky. This may has a negative effect on
the credibility.
In case of concentration of all boreholes in a same
site, the siting phase may encounter similar
difficulties as for DGR.

The inventory DBR may accommodate is quite limited.
Yet it is required to be sure that all the waste will be
managed, especially in the case of large inventories. It
may require dispersion of boreholes in several sites,
and thus several siting processes, including
concertation with the Public, The disadvantage of
decentralised borehole disposals is that you have to do
several site assessments. If several sites are needed,
the probability to arrive at obstruction situations when
siting is higher, either from CS or from safety authority
(that identified site weaknesses with regards to
selection criteria, for instance).

Group 5
Advantages of DBR (compared to MR)
●

●

In the operational phase of a MR, people
must go down in the facility, which leads to
some radioprotection and security issues
for the miners and for the regulators. That
could be an advantage of DBR if research
needs are matched - seals are efficient
enough and people don’t need to go down.
If in 1-2 centuries the society and the
capacities are different regarding
technology and finance, it could be
advantageous to have a more flexible
technology to manage HLW, like DBR.

●

MR is at the heart of 150 years of
investigation, with lots of uncertainties
being found. It’s more a factor of
confidence to investigate a plan B (DBR)
and invest money on it. MR is experimental,
with a lot of challenges. DBR is an
alternative.

●

In the Netherlands, the cost of DBR is
expected to be lower.

●

Disadvantages of DBR (compared to MR)

Storing the waste further down would
increase the long term safety.
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●

In the UK, the policy framework is all about
MR, which is used as a model. Changing
direction towards a DBR is a disadvantage,
e.g. in terms of confidence of the
community.

●

It’s already hard to get any societal
acceptance of MR. How would DBR bring
any benefit? I would add more complexity
to look at a new technology which you still
need to implement and bring to the public.

●

DBR is a way to banalize the problem. If
tomorrow each NPP can get its own drill
and put spent fuel in it, it will multiply the
problematic use of the geology. MR implies
to bring all the waste in one place and have
it not so far from the surface. It creates a
sort of proximity which could contribute to
maintain a kind of responsibility.

●

For the Netherlands, retrievability is hard in
a DBR concept.

●

The DBR concept still needs so much
research (and thus, funding), whereas the
concept of GD has already been developed.

●

It may be that DBR is less good as a plan B
than MR, but it’s better to have plan B than
nothing.

●

The surface area of a DBR may be too big in
the Netherlands where there is not much
space to put it.

●

For some countries with no NPP but some
RW (e.g. from health), DBR could be a nice
option and easier to develop.

●

In Germany, the concept is not mature,
many open questions remain on DBR.

●

●

Safety is a feeling. You can feel safe more
easily if the waste is at a bigger distance
(like in DBR).

In the DBR concept, there is a risk when
something goes wrong that the canisters
break or get blocked, which would be very
difficult to handle.

●

Germany has a lot of restrictions for DBR:
you can’t drill very deep, which is a
disadvantage.

●

It would be preferable to have one facility
with a higher level of control somewhere
(MR), rather than to have a lot of facilities
and more risk that some fail (DBR).

Other comments:
●

Is DBR technology adding anything to GDF?

●

There is an advantage/disadvantage balance to be found that may depend on the country, its
inventory and its stage of advancement regarding the MR concept.

●

We have learnt over the decades about the complications of MR. It will be the same for DBR if we
have a closer look. The closer you get, the more questions you solve, the more questions will pop up.

●

A plan B would need research and funding. A decision has to be made by the government on that
(what to do and how much to invest).

●

There may be countries which don’t have a good geology for MR but better for DBR, & vice-versa.

●

R&D is not about technology only, but also about governance, participation and acceptance issues.

●

Speaking about DBR as a plan B raises issues in terms of communication towards the general public
and in terms of framing of the alternative.

●

The EU could perhaps support the development of plan B, or an international effort could be made,
including a feasibility study on DBR. A joint effort on DBR would help to take some steps and show
whether the uncertainties are getting bigger or smaller.

●

The question on centralised concept vs decentralised concept should be considered, after answers will
be given on the technical feasibility.
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