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ABSTRACT 

There is growing worldwide interest in the advancement of deep borehole disposal (DBD) technology as 

a supplement to mined repositories for the disposal of higher activity radioactive waste.  Deep boreholes 

offer a scalable, modular, and more economical disposal solution for spent nuclear fuel and vitrified high-

level waste, particularly for countries with smaller waste inventories or those with waste products which 

may compromise the safety case for a mined facility. Deep Isolation’s specific borehole designs could 

further increase the available options for disposal sites by leveraging directional drilling and geosteering 

techniques to emplace disposal canisters in either vertical, inclined, or horizontal orientations in various 

rock formations geologically isolated from the biosphere. 

Although spent nuclear fuel handling and deep drilling technologies are mature in their own contexts, 

there are aspects of DBD which will require additional technology maturation prior to full-scale 

deployment.  Typically, this issue is addressed using a technology readiness level (TRL) scale such as the 

ones used widely by the Department of Energy [1], [2] and NASA [3] in the U.S., and by the Nuclear 

Decommissioning Authority in the U.K. [4] to assess the similarity between prior experience and the 

projected application of the technology during its deployment.  

 

To provide a foundation for a technology development plan, this paper provides a preliminary evaluation 

of technology readiness level assessments for each aspect of DBD operations.  Overall, the assessment 

concludes that spent nuclear fuel handling above ground is the most mature technical process and that 

demonstrating borehole stability and canister emplacement should receive the highest priority in terms of 

technology development planning.  Other processes such as pre-closure monitoring, canister retrieval, and 

borehole sealing may also require additional development and demonstration, but the extent will depend 

on regulatory and risk-informed engineering requirements that are still being developed. 

 

INTRODUCTION 

 

Need for Technology Readiness Assessments 

 

Most modern complex technologies require programs of testing and development to reduce technical 

uncertainties prior to full-scale deployment.  In the case of DBD technologies, the international consensus 

amongst waste management organizations (WMOs) is that there should be a collaborative demonstration 

to support DBD industrialization [5]–[9].  Recent research by Deep Isolation [10] found a consensus 

across regulators, national policymakers, and WMOs that DBD offers significant opportunities to all 

national waste management programs and draws on mature technologies and processes – but that it is 

currently less mature than the mined repository concept because it has not been fully demonstrated as an 

integrated system.  

 

Systems engineering practices are well established and highly suited to address technology risks and have 

been used throughout the nuclear industry [11]–[13].  Specifically, these methods aid with two 

fundamental aspects of technology maturation: 1) quantitatively measuring the technology readiness level 

(TRL) and 2) implementing a technology development plan.  The systems engineering approach 

strategically phases product development into distinct design stages separated by critical decisions (CD) 
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in which various aspects of the design are defined in greater detail.  For example, according to the U.S. 

Department of Energy’s (DOE) systems engineering practices [1], at least two complete technology 

readiness assessments (TRAs) should occur in the product development process.  The first required TRA 

occurs within the conceptual stage of design and identifies TRLs lower than 4.  This forms the basis of the 

technology development plan which is needed to bring TRLs to level 6 (via demonstration or other means 

of deploying prototypes) during the preliminary design stage (i.e., licensing design stage).  Fig. 1 

summarizes the technology readiness requirements and progression of the DOE systems engineering 

process adapted by Deep Isolation. 

 

 
Fig. 1. DOE Technology readiness assessment requirements [1], [14] 

 

Deep Isolation’s DBD concept is at a generic stage of design and thus a formal TRA will be completed 

once design requirement uncertainties, such as those governing retrievability and monitoring [15],  have 

been addressed, and the design has been defined in greater detail.  For now, this study presents a 

preliminary TRA that will be revised within the conceptual design stage.  

 

METHODS 

 

Concept of Operations (COOP) 

 

In line with best practices of systems engineering [3] and IAEA guidance [16]–[20], Deep Isolation has 

developed a concept of operations (COOP) for a deep borehole repository.  This covers the high-level 

objectives for each of the key technical processes: 

• site characterization 

• spent nuclear fuel storage and handling 

• repository construction (including borehole drilling) 

• canister emplacement  

• pre-closure monitoring 

• closure   

Based on the complete set of structured objectives identified in the COOP, the maturity of all 

technologies involved in each process (and thus the entire technological system) was assessed.  Post-

closure monitoring was not included in this TRA due the significant regulatory uncertainty and 

international variation on requirements.  For example, according to the IAEA [20], geological disposal in 
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principle should not require post-closure monitoring; however, ultimately it may be required for as long 

as society considers it beneficial.  Deep Isolation’s generic concept of operations is summarized in Fig. 2. 

 

 
Fig. 2.  Concept of operations for a generic Deep Isolation borehole repository 

 

Technology Readiness Scale Definition 

 

Although there are recently published adaptations of the technology readiness scale for geologic 

repositories [14], Deep Isolation opted to use the existing DOE technology readiness scale due to its more 

widespread use.  Table I summarizes DOE’s TRL definitions as adapted by Deep Isolation. 
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TABLE I. Technology readiness scale adapted from the DOE [1] 

 

Stage of 

development 

TRL TRL Definition Scale of 

testing 

Fidelity* 

(configuration)  

Environment 

System 

operations 

9 Actual system 

operated over the full 

range of expected 

mission conditions. 

Full Identical Operational, 

full range of 

actual waste 

System 

Commissioning 

8 Actual system 

completed and 

qualified through test 

and demonstration. 

Full Identical Operational, 

limited range 

of actual 

waste 

7 Full-scale, similar 

(prototypical) system 

demonstrated in 

relevant environment 

Full System prototype Relevant 

Technology 

demonstration 

6 Engineering/pilot-

scale, similar 

(prototypical) system 

validation in relevant 

environment 

Engineering/

Pilot scale  

(10%<system

<100% scale) 

System/subsystem 

model or 

prototype 

Relevant 

Technology 

development 

5 Laboratory scale, 

similar system 

validation in relevant 

environment 

Lab/bench 

(<1/10 of full 

scale) 

Components Relevant 

4 Component and/or 

system validation in 

laboratory 

environment 

Lab (<1/10 of 

full scale) 

Components Simulated 

Research to 

prove 

feasibility 

3 Analytical and 

experimental critical 

function and/or 

characteristic proof of 

concept 

Lab Analytical and 

experimental 

proof of concept 

Simulated 

Basic 

technology 

research 

2 Technology concept 

and/or application 

formulated 

None Paper (no 

hardware) 

Simulated 

1 Basic principles 

observed and 

reported 

None Paper (no 

hardware) 

 

*NASA [3] definitions are used because they are significantly more descriptive 
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DISCUSSION 

 

Error! Reference source not found.e II through Table V summarize the preliminary technology 

readiness assessments across the full range of technical processes identified in the COOP for DI’s generic 

deep borehole design.  A more detailed TRA will be conducted as the conceptual design is optimized 

through trade studies and the specific technologies involved are selected and comprehensively 

documented.   

 

Some lower TRL areas identified here (e.g., drilling, borehole stability, axial plugs, seals) will depend 

significantly on site-specific geological conditions.  More ideal host rock isolation characteristics could 

enable shallower configurations at a higher overall TRL than the current generic design (with a horizontal 

disposal zone at a depth of 1.5 km).  Furthermore, the necessary level of characterization of the host rock 

and excavation disturbed zone (EDZ) will be derived and coupled to ongoing performance assessments 

and design choices (i.e., risk informed).  DI’s recent performance assessments in vertical [21] and 

horizontal [22] configurations in crystalline rock and shale suggest that the details of host rock fracture 

networks, EDZ, and seal behaviors have a low impact on performance, potentially easing performance, 

development, and demonstration requirements for these technologies.   

 

Several engineering requirements (e.g., pre-closure monitoring, and retrievability) are based on uncertain 

or variable regulatory requirements that can be addressed by developing performance envelopes (i.e., 

defining a range of feasible options) within the conceptual design stage.  The conceptual design stage will 

further explore the complex trade-offs between maximizing technical readiness, suitability to other waste 

forms, site availability, and other performance characteristics by varying key design parameters such as 

geological conditions, disposal depth, diameter, and configuration.  
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TABLE II. Preliminary technology readiness assessment for site characterization and repository 

construction technologies 

 

Process  Goal TRL  Comments 

Site 

characterization 

technologies  Geological 

environment 6 

Geologic environments (aquifers, host rock, transport 

paths) have been characterized for Yucca Mountain[23] 

and rock laboratories [24]; however, specific host rock 

characterization methods may need to be proven at scale 

and depth (e.g., fracture connectivity in crystalline rock).  

Deep boreholes are generally expected to have lower 

requirements for site investigations compared to the 

detailed fracture characterization that are required for 

mined repositories [21], [25]. 

Surface 

environment 9 

Relevant surface characteristics for many sites are already 

largely determined. 

Subsurface 

processes 6 

Prototypical characterization methods have been 

demonstrated in a relevant environment [26], [27].  

Repository 

construction 

technologies 

Drilling 5 

Deep horizontal drilling is common, but there are limited 

examples where large-diameter (> 0.4 m) and deep (>1.5 

km) horizontal holes have been drilled.  Depends on 

disposal depth, host rock, repository configuration [28], 

and geometry. 

Site 

characterization of 

excavation 

disturbed zone 

(EDZ) 6 

EDZs have been characterized for mined repositories (i.e., 

a relevant environment).  Analogous borehole breakout 

zones have been characterized for deep boreholes down to 

4 km [28].  Current performance assessments suggest that 

the necessary level of detail in characterizing the EDZ 

will likely be lower [22] for deep boreholes. 

Site 

characterization of 

thermo-mechanical 

properties of host 

rock 7 

Proven successfully at a full scale in mined repositories 

(i.e., a relevant environment) [29].  Relative importance 

of local thermo-mechanical phenomena (e.g., fracturing) 

in disposal zone for long term safety is likely to be lower 

for deep boreholes than mined repositories. 

Monitoring system 

insertion 9 

Monitoring systems have been inserted for drilling 

applications. 

Borehole stability 4 

Depends on required (and variable) pre-closure 

monitoring and retrievability periods and also on host 

rock, repository configuration, and geometry [28].  Long 

term stability (>50 years) for horizontal holes at size 

required for PWR assemblies (~0.34 m) has not been 

demonstrated (additional study is needed). 

Thermal 

management 9 Proven successfully in drilling industry. 

Waste management 7 

Proven successfully in drilling industry, but not in 

presence of spent nuclear fuel. 
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Table III. Preliminary technology readiness assessment for spent fuel storage and processing and 

emplacement technologies 

 

Process Goal TRL  Comments 

Fuel storage 

and handling 

technologies 

Fuel storage 9 Fuel storage (wet, dry) has been implemented. 

Component reuse 9 

Cask decontamination, reuse, and disposal has been 

implemented. 

Fuel packaging 6 

Proven successfully in relevant environment (effects 

of long aging periods on cladding integrity are still 

being determined).  Possibility of failure of cladding 

during repackaging may increase fission gas release to 

the facility compared to fresher fuels. 

Fuel handling 9 Operationally proven (at reactors, above surface). 

Emplacement 

technologies 

Worker safety 7 

Operationally proven in a similar environment at 

reactors and storage facilities. 

Monitoring systems 7 

Monitoring systems (e.g., calipers) have been inserted 

into production wells.  However, more novel 

monitoring systems may be required to accelerate 

emplacement process. 

Canister 

emplacement 5 

Prototype operated in target environment (but not at 

full scale) and with required reliability. 

Canister integrity- 

buffer material 7 

Replacement of borehole fluids is routine in drilling 

industry, but conditions may differ.  For example, 

some neutron activation may occur with spent nuclear 

fuel. 

Axial plugs 4* 

Has been demonstrated in a laboratory environment.  

Axial plugs may be required for vertical boreholes (to 

facilitate retrievability) and may not be necessary for 

the horizontal boreholes. 

Canister retrieval 5 

Has been demonstrated at a lower scale, not at full 

geometric or timescales and including effects of seals 

and monitoring systems. 

*Depends on repository configuration 

 

TABLE IV. Preliminary technology readiness assessment for pre-closure monitoring technologies 

 

Technology TRL Comments 

Seepage rate 9 Proven successfully in drilling industry. 

Seismic 9 Operated successfully. 

Waste canister 

integrity 8 

Tracers have been operational in the drilling industry in a relevant 

environment (not in the presence of nuclear waste). 

Natural barriers 

(EDZ) 6 

Monitoring systems for host rock and preferential flow paths have been 

developed for enhanced geothermal systems (relevant environment). 
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TABLE V. Preliminary technology readiness assessment for pre-closure monitoring technologies 

 

Technology TRL Comment 

Permanent seals 5* 

Components have been validated in a similar environment (e.g., SKB,  

Äspö  Hard Rock Laboratory[30], FEBEX [29]). 

Decommissioning 7 Proven successfully (drilling rigs, storage facilities, nuclear reactors). 

Prevention of 

inadvertent human 

intrusion 6 

DOE designed monuments for Yucca Mountain [31] and other 

technical measures to deter humans have been developed but not 

deployed [32]. 

*Depends on design requirements placed on permanent seals which have not been determined 

 

CONCLUSIONS 

 

This paper summarizes the results of the first published technology readiness assessment completed 

across the entire life cycle of a deep borehole repository.  Overall, the deep borehole concept is at a 

sufficient technical maturity (TRL>4) to proceed to the conceptual level of design.  Some technical 

processes, such as fuel storage and handling and certain monitoring techniques, are technically mature 

and would not require further demonstration; however, there would be value in demonstrating the full 

end-to-end solution including these mature technologies.  The key items identified for regulatory 

requirements clarification, technology development, and prototype demonstration in relevant and target 

environments are validated and broadly consistent with those independently identified by previous 

investigations and meetings, such as those by Sandia National Laboratories [9], the Nuclear Waste 

Technical Review Board [33], and the International Framework for Nuclear Energy Cooperation (IFNEC) 

[8], and can be summarized as follows: 

 

• Drilling and borehole stability: This will be affected by currently uncertain and variable 

requirements for long-term pre-closure monitoring and retrievability, as well as the borehole 

geometry, configuration, and site-specific host rock properties and stress environment.   

 

• Emplacement and retrieval of canisters:  Emplacement of canisters at engineering scale 

(>10%) should be demonstrated in a relevant environment.  As with the point above, modifying 

the required canister retrieval time period will significantly impact TRL. 

 

• Emplacement of axial plugs (in the disposal zone): In a horizontal configuration, current 

performance assessments show that axial plugs would have a small and potentially negligible 

effect on long-term safety [22], [34].  Axial plugs may be necessary for the vertical variation of 

the deep borehole disposal concept (e.g., to avoid canister crushing and thus facilitate retrieval).   

 

• Closure (permanent seals): Components of borehole seals (specialized cements, clay mixtures) 

have been studied in the laboratory [35], [36] and in other configurations[37], [38], but long-term 

performance with prototypical diameters, depths, and chemical conditions has not been 

demonstrated.  The TRL also depends on design requirements placed on permanent seals, which 

are suggested by current performance assessments to be lower than for mined repositories [22], 

[34]. Carbon capture and sequestration projects could provide relevant data. 
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This represents a first pass at quantitatively assessing the technology readiness of DI’s proposed deep 

borehole disposal concepts and future iterations will add and further refine the TRA. 
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