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Abstract

Deep borehole disposal has received increased attention in recent years as a potential method for safe disposal of high-level radioactive waste, including spent nuclear fuel. Borehole disposal is of particular interest to small-inventory states, because the economies of scale are different than for deep geological repositories that involve access tunnels, shafts, and tunnel galleries (mined repositories). The driver for countries to combine their waste inventories in a shared multinational repository (MNR) is thus not as strong for borehole repositories, but large benefits can still result from multinational cooperation. The ERDO Association is conducting a project that assesses the strategic potential of borehole disposal for several European countries, based on their existing and projected national waste inventories. The project has identified a basic design that could enable disposal of both spent fuel and high-level waste from reprocessing, thereby enabling disposal of a significant portion of the collective waste inventory. Strategic implications, such as required support facilities, implementation time, risks, and costs have been assessed. The generic process for concept development has been described. The concept is in an early, generic stage. Central uncertainties have been assessed, and topics for continued research and development have been identified. The differences between fixed and variable costs for borehole disposal and mined repositories may enable a multinational approach that focuses on sharing R&D-resources, encapsulation facilities, tools, and methods, rather than constructing one shared repository. This may open attractive opportunities for national and international organizations, as well as commercial companies with relevant competence.
1. INTRODUCTION
Deep Borehole Disposal - Background
Deep borehole disposal (DBD) involves emplacing containers of spent fuel (SF) and other high-level radioactive waste (HLW) 1 to 5 kilometres below ground, via a hole that is drilled from the ground surface or a near-surface cavern and then sealing and backfilling the borehole [1, 2]. DBD can be contrasted with mined repositories, which are deep geological repositories that involve access tunnels, shafts, and tunnel galleries, but both borehole repositories and mined repositories are a form of deep geological disposal. 
The use of drilling technology from the oil- and gas-industry for disposing of radioactive waste has been researched since at least as early as 1976 [3]. This was around the same time as the first version of what has since become the KBS-3-concept, which is now the most advanced concept for deep geological disposal [4, 5]. From then until the early 90s, large nuclear waste programs opted for mined repositories rather than borehole disposal. In recent years, advances in drilling technology and simultaneous lack of progress for some disposal programs have reinvigorated research into borehole disposal, as shown by the reference list. 
The literature contains a variety of DBD concepts, based on different assumptions about waste form, geological conditions, and safety strategy. Such generic concepts have been used to demonstrate the feasibility of borehole disposal. Concepts typically involve boreholes with diameters in the range 0.3 to 0.8 m and depths in the range 2000 to 5000 m. Boreholes with the necessary depth and diameter can be drilled with technology that is currently available.  [1, 2, 8, 9, 10, 11]. Many publications have estimated the costs of DBD [1, 7, 8, 12, 13, 14]. Several of these have indicated that the concept could compete with mined repositories on costs. Preliminary, generic safety analyses have been carried out for specific concepts. These show that the methods and principles for demonstrating the safety of geological disposal are applicable to DBD and that it is feasible to meet the same overall safety requirements as for mined repositories [15, 16, 17]. 
ERDO – The European Repository Development Organisation
Each State is responsible for ensuring the safety of SF and other radioactive waste. Article xi of the Joint Convention states that countries can in certain circumstances fulfil this responsibility by sharing a disposal facility [18, 19]. A multinational disposal facility is of particular interest to countries with relatively small inventories of radioactive waste. The term “small inventory” is relative but is useful for describing inventories of intermediate-level waste (ILW) or HLW whose volume could make construction, operation, and closure of a mined repository financially challenging, due to the fixed costs associated with constructing such a facility [20]. Countries that do not have nuclear power plants at all or do not have a large enough fleet of nuclear power plants to accumulate sufficient funds to finance a domestic disposal program, might fall within the category of small-inventory state. However, countries that do not have nuclear power also need to handle radioactive waste arising from medical, industrial, and research uses of radioactive substances. 
One way to resolve the financial challenges of disposing of small national inventories could be to implement a multinational repository, which would enable countries to pool their resources and share the fixed costs of developing, siting, and constructing a disposal facility. Many small-inventory states have adopted a dual-track approach, where domestic and multinational solutions are pursued in parallel [19, 21]. The European Repository Development Organisation (ERDO) is an association whose purpose is to act as a knowledge centre for both national and multinational solutions. One of its projects has examined the potential use of DBD as a part of a domestic or multinational solution.
The project has considered HLW from Croatia, Denmark, The Netherland, Norway, and Slovenia. Waste-management organizations from each country (Fund for Financing the Decommissioning of the Krško NPP, Danish Decommissioning, COVRA, NND, and ARAO, respectively) have contributed to the project [22, 23, 24, 25]. The work has been carried out in a way that may be the simplest form of multinational collaboration: NND needed to develop concepts for disposing of Norwegian radioactive waste, including a DBD concept. NND technical specialists to develop such a concept for the Norwegian inventory, and then used the result as a reference concept for the ERDO project. The results include: 

Feasibility assessments [1, 2, 26, 27];
· Cost estimates [12];
· Host rock target properties [28];
· A compilation of relevant regulatory requirements, including international guidelines such as IAEA Safety Standards [28, 29];
· A generic post-closure safety assessment (ongoing until 2022).

In addition to extrapolating from the studies in a Norwegian context and information about the respective national waste inventories, the project is based on abundant publicly available literature on DBD.  
2. Waste inventory
2.1. The Netherlands
The Netherlands has one NPP in operation, in Borssele (485 MWe). Another NPP in Dodewaard (60 MWe) was in operation from 1969 to 1997 and is now in a state of safe enclosure. Two research reactors are in operation, and one is being decommissioned. Dutch Government practice in principle leaves the choice of whether or not to reprocess SF to the operator of a nuclear facility. In practice, this has meant that SF from NPPs has been reprocessed, while research-reactor fuel has not [30]. The fuel has been reprocessed at Sellafield (UK) or La Hague (France). Residues from reprocessing are returned to The Netherlands, where they are stored at the facilities of COVRA. Two types of residues are returned: 

CSD-v (Colis Standard Déchet-vitrified): Fission products and actinides contained in a glass matrix; 
· CSD-c (Colis Standard Déchet-compacted): Compacted hulls and end-pieces from SF. 

COVRA classifies CSD-v as heat-generating HLW and CSD-c as non-heat-generating HLW. Both waste forms are contained in the same type of primary container: stainless-steel cylinders with 0.43 m diameter and 1.335 m height. SF and other HLW from the Dutch research reactors are stored in so-called ECN containers, which are cylindrical, with a diameter of 0.846 m and are 1.236 m long. The Dutch waste management strategy involves storing waste at COVRA until 2130, by when a disposal route should become operational. The estimated quantity of waste packages in 2130 is 478 CSD-v, 600 CSD-c, and 350 ECN [24].
Croatia and Slovenia
Croatia and Slovenia share ownership and responsibility for the nuclear power plant (NPP) in Krško. The NPP has 696 MWe net output and has been in operation since 1983. It was originally designed with a 40-year lifetime but plans for a 20-year extension until 2043 are underway. By then, it is foreseen that 2282 assemblies (926 tons heavy metal, HM) of fuel will have been used. The outer dimensions of the spent-fuel assemblies are 0.2 m x 0.2 m x 3.76 m. Each assembly contains 235 fuel rods, consisting of ceramic uranium dioxide pellets in zircaloy-4-cladding. SF is currently stored in a storage pool onsite at Krško. A licensing process for establishing a spent fuel dry storage (SFDS) is ongoing. The SFDS is intended to be operational from 2022. Preliminary plans for disposal envisage a facility following the KBS-3-concept, with operations beginning in 2093. That would allow the waste a minimum cool-down time of 50 years. In accordance with the dual-track-principle, Croatia and Slovenia participate in projects related to multinational repositories. The reference scenario envisages direct disposal (no reprocessing). However, a study has shown that if the SF was reprocessed, then the returned residues would be contained in 730 CSD-v and 780 CSD-c [22, 31, 32].
Decommissioning of NPP Krško is foreseen to generate some materials that will be classified as HLW. Current plans are to store and dispose of these in HI-SAFE-casks that have an outer diameter of 2.5 m. 
Denmark
Three research reactors have been operated in Denmark: Danish Reactor (DR) 1, DR 2, and DR 3. All have been shut down. DR 1 and DR 2 have been fully decommissioned. Decommissioning of DR 3 is ongoing. The SF from DR 2 and DR 3 have been transferred to the USA according to an agreement with the US Department of Energy. SF from DR 1 (4.9 kg U) and 233 kg U residues from post-irradiation experiments remain in Denmark. This waste is not heat-generating (the heat output is less than 1 kW/m3, while 2 kW/m3 is generally used as a threshold for classifying waste as heat generating [33]). The 233 kg of residues consist of uranium oxide pellets mostly in zircalloy tubes. These are stored in 33 stainless-steel canisters with diameter 0.22 m and length 0.87 m. The SF from DR 1 is a solution of 20 % enriched uranyl sulphate in light water. This must be transformed to a solid waste form before disposal, by e.g. evaporation or solidification. Because information about the final waste form is not available, the ERDO DBD-project has assumed that after treatment, the SF could be packed in one canister of the same type as used for the 233 kg residues. This means that the total Danish inventory amounts to 34 stainless-steel canisters. 
The main parts of the Danish strategy for management of radioactive waste are to construct a storage facility with an expected lifetime up to 50 years, scope the opportunities for establishing a national disposal facility for all classes of radioactive waste, and simultaneously pursue any potential developments in international solutions for disposal of long-lived and high-level radioactive waste [34, 35].
Norway
Four research reactors have been in operated in Norway. All are shut down. Two of the reactors were partially dismantled in the 1960s. Plans are being developed for complete decommissioning of all the reactors and associated support facilities. 17 tons of SF and residues from post-irradiation are currently stored on-site. Contrary to research reactors in several other countries, Norwegian SF and residues from post-irradiation experiments have not been subject to repatriation programs [36]. 10 of the 17 tons consists of metallic uranium in aluminium cladding. This is from the pioneering work in the 1950s and early 1960s. The chemical properties of metallic uranium makes it less suitable for disposal than uranium oxide, which is used in modern nuclear fuel. Therefore, options for pre-disposal treatment are being studied. The options include direct disposal, reprocessing, and dry oxidation [37, 38]. 
3. Deep borehole disposal Concept description
3.2. Development process and borehole trajectory

The development of a DBD facility is an iterative process that starts with the canister. The size of the canister determines how wide the borehole must be and how thick the walls of the borehole casing (internal support) can be. It also influences the trajectory of the borehole. The simplest trajectory is a straight, vertical borehole, where the waste is placed in the lower part. Another DBD concept uses directional drilling to make the borehole gradually bend from a vertical to a horizontal orientation. The horizontal section of the borehole is where the waste is emplaced. The angle of the bend could be slightly greater than 90 degrees, so that the inner end of the borehole is slightly higher than the lowest point of the bend. With such a configuration, there is no linear pathway from the waste to the surface, as opposed to in a vertical borehole. Therefore, any gaseous species that may be generated by corrosion, radioactive decay, or release from the waste, will migrate be towards the inner end of the borehole, not up to the surface along the borehole. Another advantage is that the canisters are not placed one on top of another, the way they are in a vertical borehole [9]. In a vertical borehole, stacking the canisters can lead to great pressures on the canisters at the bottom. However, this problem can be solved by emplacing seals and support matrixes around and between the canisters [2, 8]. Another advantage with a horizontal borehole, is that the horizontal portion could be made very long, without having to drill to greater depths. This could increase the capacity of a horizontal borehole, compared to a vertical one. On the other hand, the disadvantages of a horizontal borehole are that that drilling may be more technically demanding, slower, and therefore more expensive, and that it could be more difficult to emplace the waste without damaging the canister. Drilling a wide borehole could be easier if the borehole is straight (vertical), which means that the interdependency between canister and borehole design is less complex for the vertical concept [2, 39]. For simplicity, the ERDO project has used a vertical borehole as a reference design. However, this does not mean that a horizontal borehole has been excluded from a potential future development process.  Refinement of the canister design, the waste inventory, and adaption to site-specific geological conditions could lead to a conclusion that a horizontal borehole is preferable.
Safety concept, depth, and diameter
Like any other disposal concept, the reference concept consists of multiple passive safety functions. Geological and engineered barriers contain the radioactivity within the repository. Great depth isolates the radioactivity from the biosphere. Fig. 1 illustrates the safety concept. The depth of the borehole should be adapted to site-specific geological conditions and detailed description of the waste inventory. In the generic reference design, the borehole is vertical and 3500 m deep. Waste is emplaced in the lower 2000 m (the emplacement section). The emplacement section must be located within a containment-providing rock zone (CRZ), which is a volume of rock that has no major fractures or faults through which groundwater can flow. The upper 1500 m are used for seals and backfill. Under good geological conditions, waste could be emplaced closer to the surface. Required distance to the surface also depends on the level of containment provided by the engineered barriers, the transient radionuclide content of the waste, and the solubility and sorptive tendencies of the radionuclides. The site should not contain significant deposits of natural resources. It should be volcanically and tectonically inactive. The host rock should be mechanically stable. Ideally, the rock should be stable enough that it is unnecessary to encase the lower portion of the borehole. In oil- and gas wells, which are more often drilled in softer rocks with high pore pressures, a steel or aluminium tube is usually installed in the borehole to provide mechanical support and to avoid unintentional exchange of gases and liquids between the borehole and the surrounding formation. In a strong, mechanically stable host rock with low pore-pressures (which is preferable for both operational and post-closure safety), such casing may not be necessary. The shorter operational lifetime of a disposal borehole compared to a borehole for oil- and gas-extraction could also reduce the need for casing. Selection of appropriate drilling fluids might ensure sufficient wellbore stability. The temperature at the position of the seals should fit the chemical conditions of the sealing materials. This depends on the temperature gradient, the heat output of the waste, and the thermal conductivity of the host rock. High thermal conductivity is preferable, because that enables efficient heat dissipation.  Chemical conditions should be favourable for the canister and the seals. The redox potentially generally decreases to reducing conditions with depth, which reduces the corrosion rate of the canister and the mobility of several radionuclides typically present in HLW [2, 28]. 
Increasing depth increases the likelihood that the groundwater has been decoupled from the biosphere for a time that is greater than the time it takes for HLW to decay to natural levels of radiotoxicity (more than a few hundred thousand years). This would reduce the probability of any transport of radioactivity to the living environment [8, 15]. However, this increase in probability must not be mistaken for a guarantee that deep groundwater everywhere is always old. Meteoric water may reach several kilometres below ground [39, 40]. 
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FIG. 1.Barrier systems for the deep borehole disposal concept [28].



Canister
  The purpose of canister is to contain the waste before, during, and after it is emplaced in a borehole. The reference design includes a canister that is large enough to take either SF or waste from reprocessing. It is 4.23 m long and has an external diameter of 0.6 m. The walls are a 80 mm thick. and made of austenitic steel. That should withstand the pressures at 3500 m depth [10]. Different inserts could enable disposal of different wase forms, see Fig. 2. 



FIG.2. Canister with reprocessing waste (left), SF (NPP Krško, middle), and Danish waste (right) [27].

The respective national inventories fit with the concept in following way:

Three containers of reprocessing waste (CSD-v or CSD-c), meaning that the Dutch reprocessing waste would require 359 canisters. ECN-canisters are incompatible with the DBD concept;
One assembly of SF from NPP Krško, meaning that the SF from NPP Krško would require 2282 canisters. HLW from decommissioning is incompatible with DBD;
Four stainless-steel cylinders of Danish type, meaning that the Danish waste would require 9 canisters;
The different types of Norwegian SF would require different internal canister configurations. The entire inventory of SF could fit in 69 canisters [2]. 

The required lifetime of the canister is set to 1000 years under repository conditions. This is in order to comply with Requirement 8 in Specific Safety Requirements No. SSR-5 by the IAEA, which say that the engineered barriers must provide containment while the waste produces significant amounts of heat. For SF and reprocessing waste, that means approximately 1000 years [40, 41, 42]. Given a wall thickness of 80 mm, 1000 years corresponds to an annual corrosion rate of 80 µm. This is feasible with several materials such as austenitic steel, carbon steel, copper (applied as coating outside a more mechanically robust material), titanium, and nickel-chromium-molybdenum alloys [43, 44].
Borehole seals
After the waste has been emplaced, the borehole should be sealed in a way that restores the integrity of the geological barrier, by removing the preferred pathway that that an unsealed borehole otherwise produces. In soft rock types such as salt or clay, the rock can be relied upon to self-heal over time. Not so for crystalline rock, which is assumed to be the host rock in the reference design. Therefore, sealing materials must be emplaced in the hole. There must be no gaps between the seals and the host rock, nor must such gaps form over time. Therefore, any casing and cement used for holding the casing in place, must be removed before the borehole is sealed. Several types of materials can be used as seals. Cement, bentonite (and other clays), geopolymers, metal alloys, silicate gels, in-situ rock, and non-setting grouts are some examples [1]. The materials should be selected in part based on site-specific chemical conditions. In crystalline rock, perhaps the most challenging part of sealing is to minimize the permeability of the excavation damaged zone along the borehole annulus. This can be done by e.g:

adapting the drilling techniques so that the damage is minimal to begin with [1];
milling out parts of the annulus after the borehole has been drilled [45], and ;
emplacing sealing materials that penetrate or compress the surrounding rock [8].
Cost estimates and strategic implications
The costs of a DBD-facility depend on the design, which in turn depends on the waste form, the size of the waste inventory, the geological conditions, and the safety requirements. All these factors could vary from country to country. At a site where a CRZ is relatively close to the surface, a small waste inventory could be disposed of in a single, relatively shallow borehole. If a deeper borehole is required, either because the CRZ is deeper down or because a larger inventory is to be disposed of, then a deeper borehole is needed. The radiotoxicity and physicochemical properties of the waste could also affect the required depth. Furthermore, it could be necessary to leave some space between the canisters, to enable heat dissipation and to support each canister with a buffer material. The greater the spacing, the lower waste capacity per unit borehole length. The cost of a borehole increases semi-exponentially with depth [14]. Therefore, there could be large variations in the costs of DBD for different sites, designs, and inventories.
These variations are illustrated by three generic designs with different depths and different emplacement zones, as shown in Table 1. In addition to the described conceptual costs, construction costs per borehole and operational costs per canister are uncertain. In the cost model, ranges for these costs have been used. A flat probability distribution has been used for the ranges. The ranges are based on a literature review [1, 12, 13, 14, 46, 47] and dialogue with the industry.

TABLE 1.	COST MODEL FOR CONCEPTS A, B, AND C

	
	
	A
	B
	C

	Fixed parameters
	Total borehole length (m)
	3500
	2000
	1000

	
	Length of emplacement zone (m)
	2000
	800
	100

	
	Length of seals and backfill (m)
	1500
	1200
	900

	Variables
	Cost of site investigation + construction + sealing (MEUR)
	60-120
	40-80
	12-30

	
	Buffer distance between canisters in the disposal zone (m)
	0.4-4

	
	Operational costs per canister (MEUR)
	0.03-0.3



The cost of using each reference concept for each national inventory described in Chapter 2 were calculated with a simple Monte-Carlo simulation. The results are shown in Fig. 3. They show that for the Dutch reprocessing waste and the SF from NPP Krško, concept A is the most cost efficient. This is due to economies of scale, whereby the larger repository is more cost efficient. The median number of type A boreholes required for the Netherlands and NNP Krško are 2 and 10, respectively. For Norway, Concept B is the most cost-efficient. One such borehole could take the entire Norwegian inventory, whereas around 6 borehole of type C would be required. The entire Danish inventory could fit in a single borehole of type C, making that the most cost efficient for the Danish HLW. The cost of a shared repository has also been estimated. For the combined inventory of all the nations, Concept A is the most cost-efficient (11 boreholes), with a cost of approximately 1500 MEUR. This is only 7 % lower than the total cost of separate optimal solutions for the respective waste inventories. 
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FIG. 3. Cost estimates for disposing of the respective national inventories in boreholes of different depth.

These results suggest that a multinational DBD repository may yield relatively small savings in costs for site selection, construction, and operation, compared to individual national repositories. The fixed costs per repository, and therefore the financial benefits from sharing, are greater for mined repositories [12, 21]. Although 7 % is equivalent to approximately 100 MEUR in absolute terms, these savings may not be large enough to make a multinational repository a more attractive option than national solutions, considering the inherent challenges of establishing a multinational repository (e.g. social license, site selection, transportation).  However, that does not remove the need for international collaboration. Development, design, safety assessment, and encapsulation make up a significant portion of the life-cycle costs of any repository. Countries would benefit from sharing these costs, for example by developing a set of tools and components such as canister designs, borehole seals, drilling equipment, safety assessment methods, and encapsulation facilities. This kind of cost-sharing could take the form of a joint effort such as ERDO. A less direct form of cost-sharing could be facilitated by private enterprise. A commercial company that specializes in DBD could develop standardized solutions that could be applied in different nations. Through economies of scale, that would reduce the cost for all its customers, thus achieving the same goal as a conscious joint effort. No matter the form it takes, international collaboration and knowledge sharing is important, because it shows that many countries face the same challenges and that those challenges can be overcome by using variations of the same methods. 
Some of the HLW from The Netherlands, Croatia, and Slovenia are packed, or are intended to be packed, in containers that are too large for DBD. Unless such wastes are repackaged, they would need to go to a mined repository. If a mined repository is constructed in any case, then DBD-compatible waste should perhaps also be routed to a mined repository. On the other hand, it is plausible that the radiotoxicity and heat generation of the DBD-compatible waste (SF from NPPs and reprocessing waste) is greater than that of the incompatible wastes (decommissioning waste and SF from research reactors). Therefore, the design of the mined repositories could be simpler if the DBD-compatible wastes were routed to DBD. Inclusion of both DBD in a national strategy could broaden the range of potentially suitable sites. A site that is suitable for DBD, might not be equally suitable for a mined repository (although it could be). The site-selection criteria for a mined repository may be broader if the higher-activity wastes are routed to DBD. In general, DBD may increase the number of options available for disposal of HLW.
Conclusion
Safe management of spent fuel and radioactive waste is a national responsibility. International collaboration can enable the implementation of technical solutions, both in the shape of shared facilities and through shared development processes and knowledge transfer. DBD is a technically feasible concept that could add to the range of technologies available for waste-management organizations. The lower fixed costs and greater adaptability to small inventories could allow internationally collaborative efforts to shift focus from the pursuit of a shared mined repository to the development of standardised development processes, designs, canisters, seals, equipment, and methods. 
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