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Waste per year from a 1 GW 
PWR Nuclear Power Plant

35 Metric tons/year

à 3.5 m3/year

à 70 fuel assemblies/year

à 350 meters/year  (70 assemblies)

à 50 GW-years of waste end-to-end 
needs only 17.5 km (6 to 12 
boreholes)

30 cm
diameter

1 cm 
diameter
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Northern US horizontal gas/oil wells

National Geographic March 2013

typical: depth: 3 km
horizontal length: 3 km 
oriented for optimum fracking

Over 63,000 such wells in US and Canada

location:  Central Bakken, North Dakota

diameter sufficient
for repackaged;
can be enlarged for
PWR fuel assemblies
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Directional 
Drilling

Optimum depth 1-2 km

Directional drilling is not
fracking.

No earthquakes; no water 
pollution

Directional drilling pre-
dated fracking.
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animation

4-minute video:www.youtube.com/watch?v=IQx5zFUUln0&t=11s
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• 0 yr Cost: Initial cost of borehole > initial cost of dry cask

• 12 yr Cost: Actual cost spent (guns, guards, etc) à competitive after 12 years

• Recoverability can be monitored at low cost

• Storageà disposal: seal the access borehole (when regulations allow). Risk that 
site will not pass disposal requirement is minimal

• Guards and Guns: Surface storage must pay the additional cost of disposal, when 
the time comes. (”Kick down the road – our grandchildren can take care of it”)

Borehole Storage vs Borehole Disposal
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Safety
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ȱ

Withȱtheȱexceptionȱofȱtheȱfirstȱandȱlastȱboreholeȱofȱtheȱarray,ȱtheȱconfigurationȱshownȱ
inȱFigureȱ1ȱisȱsymmetricalȱwithȱrespectȱtoȱtheȱverticalȱplaneȱgoingȱthroughȱtheȱboreholeȱ
axisȱasȱwellȱasȱtheȱverticalȱplaneȱhalfȬwayȱbetweenȱtwoȱdisposalȱsections.ȱByȱmakingȱtheseȱ
planesȱ imperviousȱ toȱ fluidȱandȱheatȱ flowȱandȱradionuclideȱ transport,ȱ itȱ isȱsufficientȱ toȱ
simulateȱoneȱsuchȱsymmetryȱcellȱtoȱappropriatelyȱrepresentȱtheȱentire,ȱmultiȬboreholeȱreȬ
positoryȱsystem.ȱ

ȱ
Figureȱ1.ȱSchematicȱofȱaȱdeepȱhorizontalȱdrillholeȱrepositoryȱ(notȱtoȱscale)ȱwithȱverticalȱaccessȱ
hole,ȱgraduallyȱturningȱhorizontal.ȱTheȱnearȬhorizontalȱwasteȱdisposalȱsectionȱholdsȱtheȱcanisters.ȱ
Aȱrepositoryȱmayȱconsistȱofȱmultipleȱdrillholes;ȱtheȱredȬshadedȱboxȱindicatesȱaȱsymmetryȱcell.ȱ

2.2.ȱIntegratedȱModelingȱApproachȱ
Aȱsingleȱnumericalȱmodelȱhasȱbeenȱdeveloped,ȱwhichȱcapturesȱtheȱmainȱsubcompoȬ

nentsȱofȱtheȱrepositoryȱsystemȱandȱtheirȱinteractionsȱinȱanȱintegratedȱmannerȱ[45,46].ȱFurȬ
thermore,ȱthermal–hydrologicalȱprocessesȱandȱtheirȱimpactȱonȱradionuclideȱtransportȱareȱ
fullyȱcoupled.ȱFigureȱ2ȱshowsȱtheȱsubcomponentsȱandȱprocessesȱcombinedȱinȱthisȱmechȬ
anisticȱsafetyȱanalysisȱmodelȱofȱaȱgenericȱhorizontalȱboreholeȱrepository.ȱTheȱEBSȱandȱgeȬ
osphereȱareȱbothȱrepresentedȱinȱtheirȱentiretyȱandȱevaluatedȱjointlyȱusingȱaȱsharedȱsetȱofȱ
governingȱequations,ȱwhichȱpromotesȱconceptualȱandȱparametricȱconsistencyȱandȱensuresȱ
thatȱinteractionsȱandȱfeedbackȱmechanismsȱareȱinherentlyȱaccountedȱfor.ȱ(AsȱwillȱbeȱdisȬ
cussedȱbelow,ȱcapturingȱsuchȱinteractionsȱbetweenȱtheȱboreholeȱandȱtheȱgeologicalȱenviȬ
ronmentȱisȱessentialȱtoȱproperlyȱevaluateȱtheȱroleȱthatȱbackfillingȱandȱsealingȱplayȱinȱtheȱ
contextȱofȱoverallȱrepositoryȱperformance.)ȱHeatȱandȱradionuclidesȱareȱreleasedȱfromȱinȬ
dividuallyȱrepresentedȱwasteȱcanistersȱandȱareȱtransportedȱwithinȱtheȱvariousȱengineeredȱ
componentsȱofȱtheȱborehole.ȱTheyȱalsoȱmigrateȱandȱdissipateȱintoȱtheȱgeologicalȱfarȱfieldȱ
beforeȱtheyȱreachȱtheȱnearȬsurfaceȱaquiferȱandȱfromȱthereȱtheȱbiosphere.ȱProcessesȱinȱtheȱ
biosphereȱareȱlumpedȱintoȱaȱdoseȱcoefficientȱofȱ1.1ȱ×ȱ10ƺ7ȱSvȱBqƺ1ȱ[47],ȱwhichȱ(combinedȱ
withȱ theȱwaterȱconsumptionȱ rate)ȱmeasuresȱ theȱ radiologicalȱ impactȱofȱ ingestingȱwaterȱ

Figure 1. Schematic of a deep horizontal drillhole repository (not to scale) with vertical access hole,
gradually turning horizontal. The near-horizontal waste disposal section holds the canisters. A
repository may consist of multiple drillholes; the red-shaded box indicates a symmetry cell.

2.2. Integrated Modeling Approach
A single numerical model has been developed, which captures the main subcom-

ponents of the repository system and their interactions in an integrated manner [45,46].
Furthermore, thermal–hydrological processes and their impact on radionuclide transport
are fully coupled. Figure 2 shows the subcomponents and processes combined in this
mechanistic safety analysis model of a generic horizontal borehole repository. The EBS
and geosphere are both represented in their entirety and evaluated jointly using a shared
set of governing equations, which promotes conceptual and parametric consistency and
ensures that interactions and feedback mechanisms are inherently accounted for. (As will
be discussed below, capturing such interactions between the borehole and the geological
environment is essential to properly evaluate the role that backfilling and sealing play in
the context of overall repository performance.) Heat and radionuclides are released from
individually represented waste canisters and are transported within the various engineered
components of the borehole. They also migrate and dissipate into the geological far field
before they reach the near-surface aquifer and from there the biosphere. Processes in the
biosphere are lumped into a dose coefficient of 1.1 ⇥ 10�7 Sv Bq�1 [47], which (combined
with the water consumption rate) measures the radiological impact of ingesting water
contaminated with radionuclides, assuming that the exposed individual drinks water
exclusively from the well centered above the repository.

Integrating various repository components and accounting for coupled flow and
transport mechanisms also requires that the model be capable of spanning a wide range of
spatial and temporal scales while at the same time remaining computationally tractable. To
meet these requirements, a model grid was constructed that consists of a high-resolution,
two-dimensional, axial-radial near-field model of the borehole and its immediate sur-
roundings, which is embedded in a conventional three-dimensional representation of the
geological far-field. Figure 3 indicates that relevant small-scale features within the borehole
are accurately depicted, such as the backfilled gap between the canister and the casing, the
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Abstract: Isolation of spent nuclear fuel assemblies in deep vertical boreholes is analyzed. The main
safety features of the borehole concept are related to the repository’s great depth, implying (a) long
migration distances and correspondingly long travel times, allowing radionuclides to decay, (b) sepa-
ration of the repository from the dynamic hydrological cycle near the land surface, (c) stable geological
and hydrogeological conditions, and (d) a geochemically reducing environment. An integrated simu-
lation model of the engineered and natural barrier systems has been developed to examine multiple
scenarios of the release of radionuclides from the waste canisters, the transport through a fractured
porous host rock, and the extraction of potentially contaminated drinking water from an aquifer.
These generic simulations include thermal effects from both the natural geothermal gradient and
the heat-generating waste, the influence of topography on regional groundwater flow, moderated
by salinity stratification at depth, and the role of borehole sealing. The impact of these processes on
the transport of select radionuclides is studied, which include long-lived, soluble, sorbing or highly
mobile isotopes along with a decay chain of safety-relevant actinide metals. The generic analyses
suggest that a deep vertical borehole repository has the potential to be a safe option for the disposal of
certain waste streams, with the depth itself and the stable hydrogeological environment encountered
in the emplacement zone providing inherent long-term isolation, which allows for reduced reliance
on a complex engineered barrier system.

Keywords: radioactive waste disposal; vertical borehole repository; spent nuclear fuel; safety assessment

1. Introduction
Disposal of spent nuclear fuel and high-level radioactive waste in deep geological forma-

tions is posited a viable option to isolate radionuclides from humans and the environment for
sufficiently long time periods. In addition to centralized mined repositories excavated from
suitable host rocks, modular waste disposal in vertical or horizontal boreholes drilled into
deep sedimentary formations or crystalline basement rocks has been proposed as complemen-
tary or alternative solutions to the long-term disposition of radioactive waste. While deep
borehole disposal was considered as an option as early as 1957 [1], it has since been evaluated
in more detail by multiple countries, including Sweden, the United Kingdom, Germany,
and the United States [2–12]. Renewed interest in the technical and economic feasibility of
the concept was triggered mainly by the considerable advances in drilling technology by
the oil, gas, and geothermal industries, and the potentially long and uncertain lead times
and high facility costs of a mined repository. Moreover, it was proposed that the modular
and scalable deep borehole disposal concept provides a cost-effective alternative to mined
repositories, specifically for countries with small waste inventories [13,14] or to accommodate
waste forms generated by next-generation advanced reactors [15].

The basic concept of waste disposal in deep vertical boreholes consists of a relatively
simple design, in which waste canisters are emplaced in the lower part of a borehole
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Abstract: The depth and layout of a horizontal borehole repository has the potential to offer strong
isolation of nuclear waste from the surface. However, the isolation may be compromised by the
borehole used to access the repository, as it could provide a direct fast-flow path transporting
radionuclides from the disposal section to the accessible environment. Thus, backfilling the disposal
section and sealing the access hole are considered essential engineered safety components. To
analyze the importance of plugging the open space between canisters and sealing the access hole, we
numerically calculate non-isothermal fluid flow and radionuclide transport through the borehole and
the surrounding geosphere for a variety of scenarios, which include backfill materials with different
sealing properties and configurations that potentially induce strong driving forces along both the
horizontal and vertical sections of the borehole. The simulations indicate that the dose contribution of
radionuclides released through the access hole is small, even if the backfill material is of poor quality
or has deteriorated, and even if considerable horizontal and vertical pressure gradients are imposed
by assuming the underlying formation is overpressured and that the disposal section is intersected by
faults activated during a seismic event. The modeling also reveals that the low influence of backfill
integrity on repository performance partly arises from the very high length-to-diameter ratio of the
borehole, which favors the radial diffusion of radionuclides—as well as pressure dissipation and
associated advective transport—into the surrounding formation rather than axial transport along
the borehole. The integrated modeling approach also exposes the importance of accounting for the
connections and feedback mechanisms among the various subcomponents of the repository system.

Keywords: nuclear waste disposal; horizontal borehole repository; backfill; sealing; fault reactivation;
spent nuclear fuel

1. Introduction

1.1. Deep Horizontal Borehole Repository
We investigate the disposal of nuclear waste in a deep horizontal borehole repository

(DHBR) as a viable option to protect the public from radiation hazards [1]. Such a geological
repository consists of an array of vertical boreholes, each with a horizontal section that
is drilled into a suitable host formation, and where waste canisters are emplaced end-
to-end in the cased horizontal disposal section. To facilitate waste emplacement (and
potential retrieval), the disposal section is accessed by a vertical hole, which gradually
turns horizontal to reach the host rock at the target depth of approximately 1 to 3 km.
The diameter of the borehole narrows with depth in stages, as do the diameters of the
casing strings, which are cemented in place. During or after waste emplacement, the space
between the canisters and the casing as well as between individual canisters can be filled
either with a buffer, which is defined as a backfill that fulfills one or several specific barrier
functions, or with a material with no functional safety requirements, or it may be left open.
Similarly, as part of repository closure, the vertical and curved sections of the access hole
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Abstract: The post-closure performance of a generic horizontal drillhole repository for the disposal of
spent nuclear fuel (SNF) is quantitatively evaluated using a physics-based numerical model that accounts
for coupled thermal-hydrological flow and radionuclide transport processes. The model incorporates
most subcomponents of the repository system, from individual waste canisters to the geological far
field. The main performance metric is the maximum annual dose to an individual drinking potentially
contaminated water taken from a well located above the center of the repository. Safety is evaluated
for a wide range of conditions and alternative system evolutions, using deterministic simulations,
sensitivity analyses, and a sampling-based uncertainty propagation analysis. These analyses show
that the estimated maximum annual dose is low (on the order of 10�4 mSv yr�1, which is 1000 times
smaller than a typical dose standard), and that the conclusions drawn from this dose estimate remain
valid even if considerable changes are made to key assumptions and property values. The depth of
the repository and the attributes of its configuration provide the main safety function of isolation from
the accessible environment. Long-term confinement of radionuclides in the waste matrix and slow,
diffusion-dominated transport leading to long migration times allow for radioactive decay to occur
within the repository system. These preliminary calculations suggest that SNF can be safely disposed in
an appropriately sited and carefully constructed and sealed horizontal drillhole repository.

Keywords: nuclear waste repository; borehole disposal; horizontal disposal drillholes; safety analysis;
numerical simulation; peak dose

1. Introduction

The safety objective for a nuclear waste repository is to protect people and the environment from
harmful e↵ects of ionizing radiation [1]. This safety objective is best achieved by containing and
isolating the radioactive waste from the biosphere by disposal in deep geological formations [1–4].
Proposed disposal concepts include the direct emplacement of waste canisters in mined caverns or
large-diameter drifts, or in relatively short vertical or horizontal deposition holes emanating from
mined access tunnels (for an overview of these concepts, see Reference [5]). As alternative concepts
to mined repositories, waste disposal in deep vertical or horizontal boreholes has been investigated.
The following study solely considers the deep horizontal drillhole concept as described in Reference [6].

This article describes the results from preliminary post-closure radiological safety calculations
of a horizontal drillhole repository for spent nuclear fuel (SNF) from commercial reactors sited in
an argillaceous host rock, e.g., shale. A system of multiple engineered and natural barriers is relied
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Abstract: Spent nuclear fuel and high-level radioactive waste can be disposed in deep horizontal
drillholes in sedimentary, metamorphic or igneous rocks. Horizontal drillhole disposal has safety,
operational and economic benefits: the repository is deep in the brine-saturated zone far below
aquifers in a reducing environment of formations that can be shown to have been isolated from the
surface for exceedingly long times; its depth provides safety against inadvertent intrusion, earthquakes
and near-surface perturbations; it can be placed close to the reactors and interim storage facilities,
minimizing transportation; disposal costs per ton of waste can be kept substantially lower than for
mined repositories by its smaller size, reduced infrastructure needs and staged implementation; and,
if desired, the waste could be retrieved using “fishing” technology. In the proposed disposal concept,
corrosion-resistant canisters containing unmodified fuel assemblies from commercial reactors would
be placed end-to-end in up to 50 cm diameter horizontal drillholes, a configuration that reduces
mechanical stresses and keeps the temperatures below the boiling point of the brine. Other high-level
wastes, such as capsules containing 137Cs and 90Sr, can be disposed in small-diameter horizontal
drillholes. We provide an overview of this novel disposal concept and its technology, discuss some of
its safety aspects and compare it to mined repositories and the deep vertical borehole disposal concept.

Keywords: nuclear waste isolation; horizontal disposal drillholes; directional drilling; engineered
barrier system; geologic repository; spent nuclear fuel; high-level waste

1. Introduction

We present a novel repository concept for the disposal of spent nuclear fuel and high-level
nuclear waste. The concept consists of an array of deep horizontal drillholes bored into suitable
sedimentary, igneous or metamorphic host rocks using o↵-the-shelf directional drilling technology.
Waste is encapsulated in specialized corrosion-resistant canisters, which are placed end-to-end into
the relatively small-diameter, cased and backfilled horizontal disposal sections of the drillholes.
A schematic representation of a deep horizontal drillhole repository is shown in Figure 1. The concept
allows for consolidated waste disposal in a national or a few regional repositories or decentralized
disposal in modular, smaller repositories located at or near the reactor sites or processing plants where
the waste was produced.
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Abstract: We consider the disposal of spent nuclear fuel and high-level radioactive waste in horizontal
holes drilled into deep, low-permeable geologic formations using directional drilling technology.
Residual decay heat emanating from these waste forms leads to temperature increases within the
drillhole and the surrounding host rock. The spacing of waste canisters and the configuration
of the various barrier components within the horizontal drillhole can be designed such that the
maximum temperatures remain below limits that are set for each element of the engineered and
natural repository system. We present design calculations that examine the thermal evolution around
heat-generating waste for a wide range of material properties and disposal configurations. Moreover,
we evaluate alternative layouts of a monitoring system to be part of an in situ heater test that
helps determine the thermal properties of the as-built repository system. A data-worth analysis
is performed to ensure that sufficient information will be collected during the heater test so that
subsequent model predictions of the thermal evolution around horizontal deposition holes will
reliably estimate the maximum temperatures in the drillhole. The simulations demonstrate that
the proposed drillhole disposal strategy can be flexibly designed to ensure dissipation of the heat
generated by decaying nuclear waste. Moreover, an in situ heater test can provide the relevant data
needed to develop a reliable prediction model of repository performance under as-built conditions.

Keywords: nuclear waste isolation; horizontal disposal drillholes; thermal period; design calculations;
in situ heater test; data-worth analysis; iTOUGH2

1. Introduction

We examine the geologic disposal of spent nuclear fuel (SNF) and high-level radioactive waste
(HLW) using corrosion-resistant canisters placed in deep, sub-horizontal, small-diameter holes drilled
in suitable hydrostratigraphic units that safely and securely isolate the waste from the accessible
environment. The horizontal drillhole disposal concept takes advantage of the directional drilling
experience gained by the oil and gas industry. A vertical access hole cased with a steel pipe is drilled,
preferably at or near the site where the nuclear waste is currently stored in surface facilities. At the
kickoff point (slightly above the targeted repository depth), the drillhole gradually curves until it is
nearly horizontal, with a slight upward tilt. The diameter of the drillhole varies from 9 to 30 inches
(0.23 to 0.76 m) depending on the waste type and canister dimensions. Canisters containing the waste
are lowered into the vertical access hole and pushed into the horizontal disposal section; they are
emplaced end-to-end (potentially spaced apart by a separation distance that is one of the design
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Abstract: We consider the disposal of spent nuclear fuel and high-level radioactive waste in horizontal
holes drilled into deep, low-permeable geologic formations using directional drilling technology.
Residual decay heat emanating from these waste forms leads to temperature increases within the
drillhole and the surrounding host rock. The spacing of waste canisters and the configuration
of the various barrier components within the horizontal drillhole can be designed such that the
maximum temperatures remain below limits that are set for each element of the engineered and
natural repository system. We present design calculations that examine the thermal evolution around
heat-generating waste for a wide range of material properties and disposal configurations. Moreover,
we evaluate alternative layouts of a monitoring system to be part of an in situ heater test that
helps determine the thermal properties of the as-built repository system. A data-worth analysis
is performed to ensure that sufficient information will be collected during the heater test so that
subsequent model predictions of the thermal evolution around horizontal deposition holes will
reliably estimate the maximum temperatures in the drillhole. The simulations demonstrate that
the proposed drillhole disposal strategy can be flexibly designed to ensure dissipation of the heat
generated by decaying nuclear waste. Moreover, an in situ heater test can provide the relevant data
needed to develop a reliable prediction model of repository performance under as-built conditions.

Keywords: nuclear waste isolation; horizontal disposal drillholes; thermal period; design calculations;
in situ heater test; data-worth analysis; iTOUGH2

1. Introduction

We examine the geologic disposal of spent nuclear fuel (SNF) and high-level radioactive waste
(HLW) using corrosion-resistant canisters placed in deep, sub-horizontal, small-diameter holes drilled
in suitable hydrostratigraphic units that safely and securely isolate the waste from the accessible
environment. The horizontal drillhole disposal concept takes advantage of the directional drilling
experience gained by the oil and gas industry. A vertical access hole cased with a steel pipe is drilled,
preferably at or near the site where the nuclear waste is currently stored in surface facilities. At the
kickoff point (slightly above the targeted repository depth), the drillhole gradually curves until it is
nearly horizontal, with a slight upward tilt. The diameter of the drillhole varies from 9 to 30 inches
(0.23 to 0.76 m) depending on the waste type and canister dimensions. Canisters containing the waste
are lowered into the vertical access hole and pushed into the horizontal disposal section; they are
emplaced end-to-end (potentially spaced apart by a separation distance that is one of the design

Energies 2019, 12, 596; doi:10.3390/en12040596 www.mdpi.com/journal/energies
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o Stakeholder informed consent
o Drillable, accessible geologic formation, likely 

depth 1-2 km 
o Low permeability formation at or above (cap 

layer) deposition depth
o Brine saturated rock
o Brine stratified
o Reducing environment
o No deep fresh-water human-exploitable aquifer 

close to or below formation
o Any of the above can be ignored if the formation 

passes a “strong isolation” qualifying test

Siting
requirements

By going deep, the availability of acceptable sites is vastly increased.

9



© 2019 Deep Isolation, Inc. All Rights Reserved

Large Capacity
Centralized infrastructure
Compact Surface Footprint
Flexible – Incremental Approach
50m Offset Repositories

Large Centralized Array of boreholes
alternative to modular

81 x 2km repositories
32,000 PWR Assemblies

10
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Informed Consent: US Survey leads to optimism

82% say “bury it where it is”
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• Building trust with genuine partnership
• Incorporates stakeholder input into design elements

• Transparency and dialogue reduce risk of wrong steps
• Improves program success (lessens the chances of 

obstruction, delay and outright program failure)
• Creates a better outcome

• Engaging with, appreciating values of, and receiving input 
from the public, partners, and stakeholders allows for a 
smoother implementation and project future

• Created through a purposeful plan
• Requires best-in-class design and implementation

• Informed Concent (Informed Enthusiasm)

Watch 7 minute video: 
www.youtube.com/watch?v=3GZ4TC8ttbE&t=10s

Stakeholder Engagement?

12
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Technology demonstration on 16 January 2019
We emplaced and retrieved prototype disposal canister sized for cesium/strontium capsules.  
Borehole total length was 823 metres – 670m vertical and 153m horizontal.  Local community 
participated, as well as stakeholders from government, NGOs, environmentalists, etc.

Watch 7 minute video: www.youtube.com/watch?v=3GZ4TC8ttbE&t=10s

Proven
Technical ability, program management efficacy (on time, on budget), partnering ability, and 
model for community and stakeholder engagement

13
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Strong Isolation –

This method is 
established and accepted

used primarily for carbon dioxide capture and 
storage

Determine stagnation in 4 
different ways:

helium-4 (stable, produced from U, Th))
neon-21  (stable; produced by neutrons)
chlorine-36 (301,000 year half-life)
iodine-129 (15.7 million year half-life)

Readily accepted by public (environmental groups) 
and by experts (e.g. NRC)
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Strong Isolation

© 2021 Deep Isolation, Inc. All Rights Reserved

Age date deep brines

“Strong Isolation” refers to ages of 
100,000 to 1,000,000 years

Expected when saline stratification

More compelling than geologic 
modeling

Measurements of natural Cl-36, I-
129, He-4, others vs depth

Analogous to radiocarbon dating

Accepted by stakeholder
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At 1.5 km depth, diffusion 
and advection of long-
lived radioisotopes are the 
greatest safety concern

Heat from 
Fission 
Fragments

Actinides

Cl-36, I-129, 
Tc-99, Se-79

Pu-239
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directional drilling technology. The disposal sections of the drillholes are parallel and spaced 100 m
(330 feet) apart. One-hundred-fifty-three 5.5 m (18 feet) long waste canisters are placed end-to-end,
separated by a 1 m (3 feet) gap, into the cased disposal section of each of the drillholes (see Figure 1c).
Each of the canisters contains a single fuel assembly from a pressurized water reactor (PWR). Note that
such a repository accommodates the waste generated by a 1 GWe reactor in 30 years.

2.2. Radionuclide Inventory and Mobilization

Carter et al. [26] provide an estimate of the waste inventory for a variety of commercial once-through
fuel cycle alternatives. For this generic analysis, we select SNF characteristics from a commercial PWR
with an initial enrichment of 4.73%, a burn-up of 60 gigawatt days per metric ton of initial heavy metals
(GWd/MTIHM), and a cooling time of 30 years.

Nuclear waste is composed of more than 100 di↵erent radionuclides. If accidentally released
at the land surface shortly after removal from the reactor, their total activity (which is related to the
isotope’s abundance and decay constant) and toxicity are a measure of their relative danger to exposed
people. The ultimate purpose of waste disposal in a deep geologic repository is to make sure that
the danger the waste poses to future generations is decoupled from the danger it presents if it were
released today at the land surface. This goal is accomplished by removing the waste both in space
and time from people and the environment. By doing so, many of the most dangerous radionuclides
decay, either while still encapsulated in the solid waste matrix, or on their very long migration from
the repository to the accessible environment. As a result, only a small fraction of the radionuclides
present in the initial inventory contribute significantly to the total dose. Moreover, criteria other than
activity and toxicity become dominant when compiling the list of radionuclides that are relevant for
long-term safety, which is di↵erent from and much shorter than the list of radionuclides that are of
concern at the time of disposal.

While a considerable number of radionuclides (and their daughter products) will be tracked in a
comprehensive safety analysis, it is appropriate to include only a small subset of the radionuclides
present in SNF in these generic calculations. Radionuclides to be tracked are selected based on their
potential relevance for the long-term safety of a drillhole repository. The screening criteria are the
radionuclide’s initial inventory, its half-life, its adsorption coe�cient and solubility limit, and its toxicity.
Table 1 summarizes the initial inventory of 129I, 36Cl, 79Se, and 99Tc, which are the radionuclides
selected for numerical evaluation. This list is consistent with the radionuclides emerging in other,
comprehensive safety analyses, e.g., [3,7], as the main contributors to the annual individual e↵ective
dose. (Note that the decay heat released from the waste is calculated based on the entire inventory of
all radionuclides present in the canister.)

Table 1. Initial inventory, specific activity, and dose coe�cient of selected radionuclides.

Isotope
Half-Life

(Years)

Inventory
1

(g/MTIHM)

Inventory
2

(g/Canister)

Activity
3

(Bq/Canister)

Specific

Activity

(Bq kg�1)

Dose

Coe�cient
4

(Sv Bq�1)

129I 1.57 ⇥ 107 313. 136. 8.88 ⇥ 108 6.53 ⇥ 109 1.10 ⇥ 10�7

36Cl 3.01 ⇥ 105 0.501 0.218 2.66 ⇥ 108 1.22 ⇥ 1012 9.30 ⇥ 10�10

79Se 2.95 ⇥ 105 10.5 4.57 2.59 ⇥ 109 5.68 ⇥ 1011 2.90 ⇥ 10�9

99Tc 2.11 ⇥ 105 1280. 556. 3.52 ⇥ 1011 6.33 ⇥ 1011 6.40 ⇥ 10�10

1 Source: [12] (Table C-1). 2 For 0.435 metric tons of initial heavy metals (MTIHM) per pressurized water reactor (PWR)
assembly [27], (Appendix E-1). 3 Activity A (Bq) is calculated as A = �N = m

MW ·
ln(2)
t1/2
·NA, where � = ln(2)/t1/2

(s�1) is the decay constant, N is the number of decaying particles, m (g) is the inventory mass, MW (g mol�1) is the
molecular weight, t1/2 (s) is the half-life, and NA = 6.022 ⇥ 1023 (mol�1) is the Avogadro number; 1 Ci = 3.7 ⇥ 1010 Bq;
4 Source: [28, Table C5; Example Reference Biosphere 1A]; unit conversion factor: 1 rem = 0.01 Sv.

These are the 
troublesome 

ones!
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Figureȱ3.ȱComputationalȱgrid:ȱ(top)ȱexcerptȱofȱtheȱradial–axialȱgridȱofȱtheȱnearȬfieldȱmodel,ȱwhichȱ
followsȱtheȱtrajectoryȱofȱtheȱdirectionallyȱdrilledȱboreholeȱandȱisȱembeddedȱinȱtheȱthreeȬdimenȬ
sionalȱVoronoiȱgridȱofȱtheȱgeosphereȱmodelȱ(bottom).ȱAȱtotalȱofȱ153ȱwasteȱcanistersȱareȱindividuȬ
allyȱrepresentedȱinȱtheȱsubȬhorizontalȱdisposalȱsection,ȱwhichȱisȱatȱaȱdepthȱofȱ1.5ȱkm.ȱAȱdetailedȱ
descriptionȱofȱtheȱgridȱcanȱbeȱfoundȱinȱ[46].ȱ

2.3.ȱScenarioȱDescriptionȱ
2.3.1.ȱReferenceȱScenarioȱ

Theȱimportanceȱofȱsealingȱtheȱaccessȱandȱdisposalȱsectionsȱofȱtheȱboreholeȱtoȱensureȱ
repositoryȱsafetyȱ isȱexaminedȱbyȱcomparingȱtheȱexposureȱdoseȱobtainedȱbyȱaȱreferenceȱ
scenarioȱwithȱtheȱdoseȱcalculatedȱforȱanȱunlikelyȱdisruptiveȱscenario,ȱinȱwhichȱtheȱbackfillȱ
hasȱpoorȱsealingȱpropertiesȱandȱconsiderableȱaxialȱandȱverticalȱpressureȱgradientsȱareȱimȬ
posed.ȱ

Theȱreferenceȱscenarioȱisȱessentiallyȱidenticalȱtoȱthatȱdescribedȱinȱ[45],ȱwithȱtheȱexȬ
ceptionȱthatȱtheȱrepositoryȱisȱplacedȱatȱaȱdepthȱofȱ1.5ȱkm.ȱAsȱbefore,ȱtheȱhostȱrockȱisȱconȬ
sideredȱtoȱbeȱaȱ500ȱmȱthickȱsequenceȱofȱsandyȱandȱclayeyȱlayersȱwithȱaȱcompositeȱpermeȬ
abilityȱofȱ10ƺ17ȱm2ȱandȱaȱgeostatisticallyȱgenerated,ȱspatiallyȱvariableȱporosityȱbetweenȱ5%ȱ
andȱ20%.ȱAȱ1000ȱmȱthickȱoverburden,ȱactingȱasȱaȱpoorȬqualityȱnaturalȱseal,ȱwithȱaȱrelaȬ
tivelyȱhighȱpermeabilityȱofȱ10ƺ14ȱm2ȱseparatesȱtheȱhostȱrockȱfromȱtheȱcriticalȱzoneȱandȱnearȬ
surfaceȱaquifer,ȱfromȱwhichȱdrinkingȱwaterȱisȱextracted.ȱTheȱunderburdenȱisȱconceptualȬ
izedȱasȱaȱsalineȱformationȱwithȱaȱpermeabilityȱofȱ3ȱ×ȱ10ƺ16ȱm2,ȱcontainingȱaȱNaClȱbrineȱwithȱ
aȱsalinityȱofȱ50,000ȱppm.ȱInȱtheȱreferenceȱscenario,ȱtheȱboreholeȱisȱbackfilledȱwithȱaȱmateȬ
rialȱofȱpermeabilityȱ10ƺ16ȱm2ȱandȱaȱporosityȱofȱ30%.ȱPermeabilitiesȱforȱtheȱscenariosȱinvesȬ
tigatedȱbelowȱareȱsummarizedȱinȱTableȱ1;ȱtheȱcompleteȱsetȱofȱhydrological,ȱthermal,ȱandȱ
transportȱparametersȱasȱwellȱasȱaȱdetailedȱdescriptionȱofȱinitialȱandȱboundaryȱconditionsȱ
canȱbeȱfoundȱinȱ[46].ȱTableȱ2ȱsummarizesȱtheȱfourȱmainȱgeologicalȱzones,ȱdescribingȱtheirȱ

Figure 3. Computational grid: (top) excerpt of the radial–axial grid of the near-field model, which
follows the trajectory of the directionally drilled borehole and is embedded in the three-dimensional
Voronoi grid of the geosphere model (bottom). A total of 153 waste canisters are individually repre-
sented in the sub-horizontal disposal section, which is at a depth of 1.5 km. A detailed description of
the grid can be found in [46].

Computational efficiency is important for two reasons. First, the processes during
the thermal period and after canister breach and radionuclide release are highly transient
with steep gradients, which calls for a fine temporal resolution. In addition, repository
performance must be evaluated over a very long period of several million years. As a result,
the total number of time steps needed to calculate the evolution of the system is expected to
be very large. Secondly, evaluating the impact of conceptual and parametric uncertainties
on repository performance is computationally demanding, as many simulations are needed
to perform sensitivity analyses or sampling-based uncertainty propagation analyses.

As an alternative to the integrated mechanistic modeling approach used here, the
computational demand of a complex safety assessment model is often reduced by replacing
it with a network of interlinked, simplified submodels with abstracted interfaces between
them. While viable, the use of such interfaces may be considered problematic in that only a
subset of the information is passed through to the downstream submodels, feedback mech-
anisms are usually not accounted for, and conceptual consistency is difficult to ascertain.
We consider the fully integrated model, while sophisticated in its process description and
detailed in the representation of subcomponents, to be more transparent, which is essential
when using its results as part of the safety case for a nuclear waste repository.

The coupled thermal–hydrological and radionuclide transport processes occurring in
the integrated source-term, near-field, far-field, and biosphere model described above are
simulated using the iTOUGH2 simulation–optimization software [48], which is based on
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Figure 2. Cross sections through unstructured computational grid, showing nested mesh refinement; a two-dimensional,
radial-axial subgrid representing the borehole, engineered barrier system, and near field is integrated into the three-
dimensional Cartesian mesh of the far field.

3.3. Radionuclide Inventory and Waste Mobilization
The long-term safety of a repository is ultimately assessed by its ability to isolate

the waste from the accessible environment. While the waste to be disposed of consists

Safety estimation by TOUGH2 
Numerical Modelling

vertical 
storage/disposal

horizontal 
storage/
disposal

1515
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36Cl, 79Se (99Tc is not shown because its dose is insignificant). The total dose from the four radionuclides
tracked in this simulation is 8.0 ⇥ 10�5 mSv yr�1 (8.0 ⇥ 10�3 mrem yr�1); it occurs after 1.6 million years
and is essentially identical to that from 129I. The dominance of 129I is explained by its long half-life,
which leads to minimal decay despite the very long travel time from the repository to the accessible
environment. The peak doses of 79Se and 36Cl are 1.3 ⇥ 10�6 and 4.5 ⇥ 10�8 mSv yr�1, respectively.
The peak dose of 79Se is higher than that of 36Cl because of its larger inventory and its higher dose
coe�cient (see Table 1). Both radionuclides reach their peak dose after approximately 775,000 years.
Peak doses, as well as peak-dose times, are curtailed by the decay of these two radionuclides as they
migrate through the geosphere. 99Tc does not arrive at the aquifer in any significant concentration
despite its large inventory. This is mainly due to its limited solubility, shorter half-life, and retardation
by adsorption. The peak dose for the nominal scenario is more than three orders of magnitude below a
typical dose standard of 0.1 mSv yr�1 (10 mrem yr�1).
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Figure 4b shows the second relevant performance measure, which is the maximum radionuclide
concentration in groundwater (expressed as activity). Two sets of curves are shown: the activities
of each of the radionuclides within the waste canister, and the maximum concentrations in the
aquifer. The concentration in the waste itself depends on the inventory, the specific activity, and the
fractional waste degradation rate. Concentrations respond to the release of radionuclides from the

Boiling point at 1.5 km
is > 300 C 

sedimentary rock

Separated Cesium-137 & Strontium-90 Spent Nuclear Fuel
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in pore water, and its transport is considerably retarded due to adsorption. As a result, most of the 99Tc
is retained in the waste form and near field of the repository, where it is essentially immobilized while
it decays.
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in pore water, and its transport is considerably retarded due to adsorption. As a result, most of the 99Tc
is retained in the waste form and near field of the repository, where it is essentially immobilized while
it decays.
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6.2. Sensitivity Analyses

The following subsections discuss the impact of select parameters and conceptualizations,
specifically the relative importance of advection and di↵usion, and the influence of a regional, vertical
head gradient. We also present the bounding case of instant waste mobilization.

6.2.1. Advection and Di↵usion

Once released from their containment within the EBS, radionuclides are transported from the
repository to the biosphere by di↵usion and advection. A key safety function of the geosphere
is to ensure di↵usive spreading of the radionuclides and slow advective transport. While the
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36Cl, 79Se (99Tc is not shown because its dose is insignificant). The total dose from the four radionuclides
tracked in this simulation is 8.0 ⇥ 10�5 mSv yr�1 (8.0 ⇥ 10�3 mrem yr�1); it occurs after 1.6 million years
and is essentially identical to that from 129I. The dominance of 129I is explained by its long half-life,
which leads to minimal decay despite the very long travel time from the repository to the accessible
environment. The peak doses of 79Se and 36Cl are 1.3 ⇥ 10�6 and 4.5 ⇥ 10�8 mSv yr�1, respectively.
The peak dose of 79Se is higher than that of 36Cl because of its larger inventory and its higher dose
coe�cient (see Table 1). Both radionuclides reach their peak dose after approximately 775,000 years.
Peak doses, as well as peak-dose times, are curtailed by the decay of these two radionuclides as they
migrate through the geosphere. 99Tc does not arrive at the aquifer in any significant concentration
despite its large inventory. This is mainly due to its limited solubility, shorter half-life, and retardation
by adsorption. The peak dose for the nominal scenario is more than three orders of magnitude below a
typical dose standard of 0.1 mSv yr�1 (10 mrem yr�1).
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Figure 4b shows the second relevant performance measure, which is the maximum radionuclide
concentration in groundwater (expressed as activity). Two sets of curves are shown: the activities
of each of the radionuclides within the waste canister, and the maximum concentrations in the
aquifer. The concentration in the waste itself depends on the inventory, the specific activity, and the
fractional waste degradation rate. Concentrations respond to the release of radionuclides from the

1 cancer dose is 250,000 mrem
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these curves suggest that these peak doses (once they are reached in the far distant future) would be
very low.

This initial probabilistic safety analysis indicates that while the calculated annual dose is uncertain,
the peak dose—even for the most unfavorable parameter combination considered—remains well
below the typical dose standard of 0.1 mSv yr�1 (10 mrem yr�1). For the generic conceptual model
and its numerical implementation, and for the assumptions made about the distributions of uncertain
and variable input parameters, the uncertainty analysis does not invalidate the conclusions of the
deterministic nominal scenario, which appear to be reasonably robust.
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6.4. Disruptive Scenario: Seismic Fault Activation

The fault activation scenario assumes that a large tectonic or seismic event causes the activation (or
reactivation) of a new (or existing, undetected) sub-vertical fault and generates an associated fracture
zone that intersects the central part of the repository’s disposal section. The fault extends from the
deep strata to the aquifer and reaches the surface near the location of the drinking water well (see
Figure 12a). The seismic event occurs shortly after repository closure. The fault and fractures remain
highly conductive throughout the performance period.

At its center, the fault has a vertical permeability of 10�13 m2, which tapers o↵ towards the edge
of the fracture zone, where it reaches the respective permeability of the formation it cuts through.
The fracture zone is 25 m (76 feet) wide on either side of the fault line.

Figure 12b shows the dose curves with and without a fault. As expected, preferential flow and
radionuclide transport along the fault leads to an earlier arrival of 129I in the water supply system and
an earlier peak-dose time. The peak dose of 1.3 ⇥ 10�4 mSv yr�1 (1.3 ⇥ 10�2 mrem yr�1) is higher than
that of the nominal scenario by a factor of 1.6. In comparison to the uncertainty range of the peak
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dose determined by the probabilistic safety analysis (see Section 6.3), the increase in dose due to fault
(re)activation is very small and statistically not significant.
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Figure 12. (a) Hydrostratigraphy and porosity distribution with subvertical fault intersecting the
repository’s disposal section and extending to the aquifer; (b) comparison of annual dose from 129I
exposure with and without subvertical fault intersecting disposal section of the repository.

Figure 13 visualizes the migration of the 129I plume for the seismic fault activation scenario.
The activity evolution shows that the fault acts as a preferential pathway for fluid. Radionuclides are
transported advectively upwards through the fault and associated fracture zone towards the aquifer.
Advective fluid flow is also visible below the repository, where uncontaminated brine enters the shale
formation, flushing 129I upwards, and eventually dividing the di↵usive plume into two parts.
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Figure 13. Simulated 129I activity distributions throughout repository system with subvertical fault
intersecting disposal section after (a) 100,000 and (b) 1,500,000 years.

This initial evaluation of the disruptive seismic event scenario suggests minor impacts on repository
performance. The scenario needs to be refined using site-specific information about the large-scale,
tectonic processes, the regional stress field, the structure and properties of the formations, and other
factors that may be used to assess the probability and impact of a seismic event occurring at or near the
disposal site.

23



© 2019 Deep Isolation, Inc. All Rights Reserved 24

One fault pushes fluid up poorly-sealed access hole

© 2021 Deep Isolation, Inc. All Rights Reserved24



© 2019 Deep Isolation, Inc. All Rights Reserved

Instant waste mobilization

Energies 2020, 13, 2599 23 of 31

waste form and canisters do not significantly contribute to the long-term safety of the repository, peak
dose can be estimated despite uncertainties in the source-term model.
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Figure 10. Comparison of annual dose from 129I exposure for nominal scenario and assuming that
radionuclide mobilization is instant (IRF = 100%; no barrier function assigned to canister and casing)
and complete (no solubility limit enforced).

6.3. Probabilistic Uncertainty Analysis

The calculated performance metrics of Table 2 are uncertain because of uncertainty in (a) the
model’s input parameters, which represent material properties affecting the flow and transport of fluids,
radionuclides, and heat through the repository system, (b) initial and boundary conditions, and (c) spatial
variability in the porosity field. Probability distributions are specified for 38 individual parameters and
parameter groups. The chosen probability distributions (uniform, triangular, log-triangular, normal,
or log-normal) as well as their statistical parameters (lower and upper bounds, mode, and standard
deviation) are summarized in Table 3.

These distributions either represent epistemic uncertainty or a range of possible property values
that reflect design alternatives or assumptions. Four hundred independent samples of the parameters
are taken using Latin Hypercube Sampling (LHS) and randomly combined to yield 400 realizations to be
examined by Monte Carlo uncertainty propagation analysis. Before each realization is simulated, a new,
spatially correlated, random porosity-modifier field is generated and mapped onto the numerical grid
to include the impact of unidentifiable spatial variability of this key parameter on the simulation results.

Each of the 400 Monte Carlo simulations is run to the end time of 10 million years. The calculated
doses for each of the four considered radionuclides are determined and summed to give the total
dose. Furthermore, the time when peak dose occurs is extracted. Histograms are drawn for these two
composite performance measures (peak dose and peak-dose time).

The results are displayed in Figure 11. The red curves show the transients of total dose for the
400 Monte Carlo realizations. Calculated peak dose values range widely (over approximately six
orders of magnitude). However, only peak doses at the high end of the distribution are of interest.
Just 5% of the realizations yield peak-dose values that are higher than 10�3 mSv yr�1 (0.1 mrem yr�1).
The maximum peak dose obtained in this probabilistic analysis is 5 ⇥ 10�3 mSv yr�1 (0.5 mrem yr�1).
The light blue curve is the total dose of the realization that corresponds to the median peak dose, which
is close to the curve obtained with the base-case parameter set for the nominal scenario.

The spread of first arrival times (between approximately 10,000 years and more than 5 million
years) is considerable, but of little relevance for safety, which is mainly characterized by peak dose
rather than travel time. The earliest time when peak dose is reached is approximately 100,000 years;
the median is at about 1.5 million years. A few realizations do not reach a peak dose within 10 million
years (i.e., the dose curve is still rising at the end of the simulation period); however, the trajectories of
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Abstract: Isolation of spent nuclear fuel assemblies in deep vertical boreholes is analyzed. The main
safety features of the borehole concept are related to the repository’s great depth, implying (a) long
migration distances and correspondingly long travel times, allowing radionuclides to decay, (b) sepa-
ration of the repository from the dynamic hydrological cycle near the land surface, (c) stable geological
and hydrogeological conditions, and (d) a geochemically reducing environment. An integrated simu-
lation model of the engineered and natural barrier systems has been developed to examine multiple
scenarios of the release of radionuclides from the waste canisters, the transport through a fractured
porous host rock, and the extraction of potentially contaminated drinking water from an aquifer.
These generic simulations include thermal effects from both the natural geothermal gradient and
the heat-generating waste, the influence of topography on regional groundwater flow, moderated
by salinity stratification at depth, and the role of borehole sealing. The impact of these processes on
the transport of select radionuclides is studied, which include long-lived, soluble, sorbing or highly
mobile isotopes along with a decay chain of safety-relevant actinide metals. The generic analyses
suggest that a deep vertical borehole repository has the potential to be a safe option for the disposal of
certain waste streams, with the depth itself and the stable hydrogeological environment encountered
in the emplacement zone providing inherent long-term isolation, which allows for reduced reliance
on a complex engineered barrier system.

Keywords: radioactive waste disposal; vertical borehole repository; spent nuclear fuel; safety assessment

1. Introduction
Disposal of spent nuclear fuel and high-level radioactive waste in deep geological forma-

tions is posited a viable option to isolate radionuclides from humans and the environment for
sufficiently long time periods. In addition to centralized mined repositories excavated from
suitable host rocks, modular waste disposal in vertical or horizontal boreholes drilled into
deep sedimentary formations or crystalline basement rocks has been proposed as complemen-
tary or alternative solutions to the long-term disposition of radioactive waste. While deep
borehole disposal was considered as an option as early as 1957 [1], it has since been evaluated
in more detail by multiple countries, including Sweden, the United Kingdom, Germany,
and the United States [2–12]. Renewed interest in the technical and economic feasibility of
the concept was triggered mainly by the considerable advances in drilling technology by
the oil, gas, and geothermal industries, and the potentially long and uncertain lead times
and high facility costs of a mined repository. Moreover, it was proposed that the modular
and scalable deep borehole disposal concept provides a cost-effective alternative to mined
repositories, specifically for countries with small waste inventories [13,14] or to accommodate
waste forms generated by next-generation advanced reactors [15].

The basic concept of waste disposal in deep vertical boreholes consists of a relatively
simple design, in which waste canisters are emplaced in the lower part of a borehole
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Abstract: The depth and layout of a horizontal borehole repository has the potential to offer strong
isolation of nuclear waste from the surface. However, the isolation may be compromised by the
borehole used to access the repository, as it could provide a direct fast-flow path transporting
radionuclides from the disposal section to the accessible environment. Thus, backfilling the disposal
section and sealing the access hole are considered essential engineered safety components. To
analyze the importance of plugging the open space between canisters and sealing the access hole, we
numerically calculate non-isothermal fluid flow and radionuclide transport through the borehole and
the surrounding geosphere for a variety of scenarios, which include backfill materials with different
sealing properties and configurations that potentially induce strong driving forces along both the
horizontal and vertical sections of the borehole. The simulations indicate that the dose contribution of
radionuclides released through the access hole is small, even if the backfill material is of poor quality
or has deteriorated, and even if considerable horizontal and vertical pressure gradients are imposed
by assuming the underlying formation is overpressured and that the disposal section is intersected by
faults activated during a seismic event. The modeling also reveals that the low influence of backfill
integrity on repository performance partly arises from the very high length-to-diameter ratio of the
borehole, which favors the radial diffusion of radionuclides—as well as pressure dissipation and
associated advective transport—into the surrounding formation rather than axial transport along
the borehole. The integrated modeling approach also exposes the importance of accounting for the
connections and feedback mechanisms among the various subcomponents of the repository system.

Keywords: nuclear waste disposal; horizontal borehole repository; backfill; sealing; fault reactivation;
spent nuclear fuel

1. Introduction

1.1. Deep Horizontal Borehole Repository
We investigate the disposal of nuclear waste in a deep horizontal borehole repository

(DHBR) as a viable option to protect the public from radiation hazards [1]. Such a geological
repository consists of an array of vertical boreholes, each with a horizontal section that
is drilled into a suitable host formation, and where waste canisters are emplaced end-
to-end in the cased horizontal disposal section. To facilitate waste emplacement (and
potential retrieval), the disposal section is accessed by a vertical hole, which gradually
turns horizontal to reach the host rock at the target depth of approximately 1 to 3 km.
The diameter of the borehole narrows with depth in stages, as do the diameters of the
casing strings, which are cemented in place. During or after waste emplacement, the space
between the canisters and the casing as well as between individual canisters can be filled
either with a buffer, which is defined as a backfill that fulfills one or several specific barrier
functions, or with a material with no functional safety requirements, or it may be left open.
Similarly, as part of repository closure, the vertical and curved sections of the access hole
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Abstract: The post-closure performance of a generic horizontal drillhole repository for the disposal of
spent nuclear fuel (SNF) is quantitatively evaluated using a physics-based numerical model that accounts
for coupled thermal-hydrological flow and radionuclide transport processes. The model incorporates
most subcomponents of the repository system, from individual waste canisters to the geological far
field. The main performance metric is the maximum annual dose to an individual drinking potentially
contaminated water taken from a well located above the center of the repository. Safety is evaluated
for a wide range of conditions and alternative system evolutions, using deterministic simulations,
sensitivity analyses, and a sampling-based uncertainty propagation analysis. These analyses show
that the estimated maximum annual dose is low (on the order of 10�4 mSv yr�1, which is 1000 times
smaller than a typical dose standard), and that the conclusions drawn from this dose estimate remain
valid even if considerable changes are made to key assumptions and property values. The depth of
the repository and the attributes of its configuration provide the main safety function of isolation from
the accessible environment. Long-term confinement of radionuclides in the waste matrix and slow,
diffusion-dominated transport leading to long migration times allow for radioactive decay to occur
within the repository system. These preliminary calculations suggest that SNF can be safely disposed in
an appropriately sited and carefully constructed and sealed horizontal drillhole repository.

Keywords: nuclear waste repository; borehole disposal; horizontal disposal drillholes; safety analysis;
numerical simulation; peak dose

1. Introduction

The safety objective for a nuclear waste repository is to protect people and the environment from
harmful e↵ects of ionizing radiation [1]. This safety objective is best achieved by containing and
isolating the radioactive waste from the biosphere by disposal in deep geological formations [1–4].
Proposed disposal concepts include the direct emplacement of waste canisters in mined caverns or
large-diameter drifts, or in relatively short vertical or horizontal deposition holes emanating from
mined access tunnels (for an overview of these concepts, see Reference [5]). As alternative concepts
to mined repositories, waste disposal in deep vertical or horizontal boreholes has been investigated.
The following study solely considers the deep horizontal drillhole concept as described in Reference [6].

This article describes the results from preliminary post-closure radiological safety calculations
of a horizontal drillhole repository for spent nuclear fuel (SNF) from commercial reactors sited in
an argillaceous host rock, e.g., shale. A system of multiple engineered and natural barriers is relied
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Abstract: Spent nuclear fuel and high-level radioactive waste can be disposed in deep horizontal
drillholes in sedimentary, metamorphic or igneous rocks. Horizontal drillhole disposal has safety,
operational and economic benefits: the repository is deep in the brine-saturated zone far below
aquifers in a reducing environment of formations that can be shown to have been isolated from the
surface for exceedingly long times; its depth provides safety against inadvertent intrusion, earthquakes
and near-surface perturbations; it can be placed close to the reactors and interim storage facilities,
minimizing transportation; disposal costs per ton of waste can be kept substantially lower than for
mined repositories by its smaller size, reduced infrastructure needs and staged implementation; and,
if desired, the waste could be retrieved using “fishing” technology. In the proposed disposal concept,
corrosion-resistant canisters containing unmodified fuel assemblies from commercial reactors would
be placed end-to-end in up to 50 cm diameter horizontal drillholes, a configuration that reduces
mechanical stresses and keeps the temperatures below the boiling point of the brine. Other high-level
wastes, such as capsules containing 137Cs and 90Sr, can be disposed in small-diameter horizontal
drillholes. We provide an overview of this novel disposal concept and its technology, discuss some of
its safety aspects and compare it to mined repositories and the deep vertical borehole disposal concept.

Keywords: nuclear waste isolation; horizontal disposal drillholes; directional drilling; engineered
barrier system; geologic repository; spent nuclear fuel; high-level waste

1. Introduction

We present a novel repository concept for the disposal of spent nuclear fuel and high-level
nuclear waste. The concept consists of an array of deep horizontal drillholes bored into suitable
sedimentary, igneous or metamorphic host rocks using o↵-the-shelf directional drilling technology.
Waste is encapsulated in specialized corrosion-resistant canisters, which are placed end-to-end into
the relatively small-diameter, cased and backfilled horizontal disposal sections of the drillholes.
A schematic representation of a deep horizontal drillhole repository is shown in Figure 1. The concept
allows for consolidated waste disposal in a national or a few regional repositories or decentralized
disposal in modular, smaller repositories located at or near the reactor sites or processing plants where
the waste was produced.
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Abstract: We consider the disposal of spent nuclear fuel and high-level radioactive waste in horizontal
holes drilled into deep, low-permeable geologic formations using directional drilling technology.
Residual decay heat emanating from these waste forms leads to temperature increases within the
drillhole and the surrounding host rock. The spacing of waste canisters and the configuration
of the various barrier components within the horizontal drillhole can be designed such that the
maximum temperatures remain below limits that are set for each element of the engineered and
natural repository system. We present design calculations that examine the thermal evolution around
heat-generating waste for a wide range of material properties and disposal configurations. Moreover,
we evaluate alternative layouts of a monitoring system to be part of an in situ heater test that
helps determine the thermal properties of the as-built repository system. A data-worth analysis
is performed to ensure that sufficient information will be collected during the heater test so that
subsequent model predictions of the thermal evolution around horizontal deposition holes will
reliably estimate the maximum temperatures in the drillhole. The simulations demonstrate that
the proposed drillhole disposal strategy can be flexibly designed to ensure dissipation of the heat
generated by decaying nuclear waste. Moreover, an in situ heater test can provide the relevant data
needed to develop a reliable prediction model of repository performance under as-built conditions.
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1. Introduction

We examine the geologic disposal of spent nuclear fuel (SNF) and high-level radioactive waste
(HLW) using corrosion-resistant canisters placed in deep, sub-horizontal, small-diameter holes drilled
in suitable hydrostratigraphic units that safely and securely isolate the waste from the accessible
environment. The horizontal drillhole disposal concept takes advantage of the directional drilling
experience gained by the oil and gas industry. A vertical access hole cased with a steel pipe is drilled,
preferably at or near the site where the nuclear waste is currently stored in surface facilities. At the
kickoff point (slightly above the targeted repository depth), the drillhole gradually curves until it is
nearly horizontal, with a slight upward tilt. The diameter of the drillhole varies from 9 to 30 inches
(0.23 to 0.76 m) depending on the waste type and canister dimensions. Canisters containing the waste
are lowered into the vertical access hole and pushed into the horizontal disposal section; they are
emplaced end-to-end (potentially spaced apart by a separation distance that is one of the design
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maximum temperatures remain below limits that are set for each element of the engineered and
natural repository system. We present design calculations that examine the thermal evolution around
heat-generating waste for a wide range of material properties and disposal configurations. Moreover,
we evaluate alternative layouts of a monitoring system to be part of an in situ heater test that
helps determine the thermal properties of the as-built repository system. A data-worth analysis
is performed to ensure that sufficient information will be collected during the heater test so that
subsequent model predictions of the thermal evolution around horizontal deposition holes will
reliably estimate the maximum temperatures in the drillhole. The simulations demonstrate that
the proposed drillhole disposal strategy can be flexibly designed to ensure dissipation of the heat
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1. Introduction

We examine the geologic disposal of spent nuclear fuel (SNF) and high-level radioactive waste
(HLW) using corrosion-resistant canisters placed in deep, sub-horizontal, small-diameter holes drilled
in suitable hydrostratigraphic units that safely and securely isolate the waste from the accessible
environment. The horizontal drillhole disposal concept takes advantage of the directional drilling
experience gained by the oil and gas industry. A vertical access hole cased with a steel pipe is drilled,
preferably at or near the site where the nuclear waste is currently stored in surface facilities. At the
kickoff point (slightly above the targeted repository depth), the drillhole gradually curves until it is
nearly horizontal, with a slight upward tilt. The diameter of the drillhole varies from 9 to 30 inches
(0.23 to 0.76 m) depending on the waste type and canister dimensions. Canisters containing the waste
are lowered into the vertical access hole and pushed into the horizontal disposal section; they are
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ABSTRACT 
The Korean government launched a geothermal power generation project in Pohang, southeastern part of Korea, adopting Enhanced 
Geothermal System (EGS) technology at the end of 2010. The EGS pilot plant project is the first attempt to realize geothermal 
power generation in Korea. It is a five-year term, government funded and industry matching project. The project consists of two 
phases: I) site preparation, drilling a 3 km deep well and confirming the temperature anomaly in two years, and II) extending the 3 
km deep well down to 4.5 - 5 km, hydraulic stimulation and reservoir creation, drilling another well and completing doublet system, 
and finally installing a MW class binary power plant in another three years.  

During the first phase, geophysical data were reassessed and stress measurement along an exploratory hole was made to figure out 
the stress distribution around the site. A micro-seismicity monitoring system with nine, borehole three-component accelerometers 
has been installed and is currently in operation. The first well spudded in September, 2012 and reached 2,241 m in December, and 
drilling has temporarily stopped. During the drilling, a seismic-while-drilling (SWD) survey was tried by deploying four radial 
surface geophone arrays to determine velocity structure which is critical in micro-seismic interpretation.  

Drilling of the first well restarted in May, 2013 and reached 4,127 m in granite basement in October. Progress of the drilling has 
been delayed mostly due to lack of experience in deep drilling and engineering. First hydraulic stimulation for testing and creating 
geothermal reservoir is scheduled to be performed in 2014 which will be followed by detailed assessment of the reservoir, next well 
design, and so on. 

1. INTRODUCTION: BACKGROUND OF THE PROJECT 
Geothermal utilization in Korea has been direct use, especially with ground-source heat pump (GSHP) installations, because there 
are no high temperature resources associated with active volcano or tectonic activity. GSHP installation in Korea has increased 
rapidly since the middle 2000s and total installed capacity exceeded 600 MWt in 2013. This successful deployment led the general 
public as well as professionals in the energy sector to become aware of what the geothermal energy is, especially its nature of 
covering base load. Exploration and exploitation of low-temperature geothermal water through deep fractures have been tried by 
the Korea Institute of Geoscience and Mineral Resources (KIGAM) over some potential regions from the beginning of the 21st 
century. Information on recent stories of low-temperature power generation including enhanced geothermal system (EGS) in 
Europe, Australia and US have caused decision makers and industries in Korea be interested in geothermal power generation, and 
this interest resulted in the launching of the EGS pilot plant project at the end of 2010.  

 

Figure 1. Conceptual model of the Korean EGS pilot plant project. 

For boehole storage/disposal, no pressurized water is 
pumped into the ground
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Vertical hole in crystalline basement rock (1)
Energies 2021, 14, 6356 11 of 24

Figure 3. Three-dimensional distribution of depth-dependent, random, spatially correlated permeabilities of fracture
continuum below a 200 m thick aquifer. Y-axis and borehole diameter exaggerated by a factor of 100.

3.6. Processes and Parameters
To the extent feasible, the safety analysis is performed using a high-fidelity, multiscale

simulator, with key processes fully coupled and most subcomponents of the repository
system integrated in a single computational model [20,42]. However, the current model
only accounts for coupled thermal-hydrological processes, with the effects of geochem-
ical and geomechanical processes indirectly included through the use of effective and
time-dependent parameters. Moreover, the source term and biosphere are represented
in a simplified manner (see Sections 2 and 3.3). Table 2 summarizes material-specific
hydrological, thermal, and transport parameters.

Table 3 lists radionuclide-specific transport properties. The molecular diffusion coef-
ficient in bulk water for the radionuclides of interest can be calculated using the Stokes–
Einstein law [75] or determined experimentally [76–79]. During the simulation, an effective
diffusion coefficient is dynamically calculated to account for temperature effects and
the impacts of salinity on viscosity according to the Stokes–Einstein equation [75]. The ef-
fective diffusion coefficient in a porous medium is further related to porosity by a factor of
f4/3 [80].

The Kd value describes instantaneous, reversible, linear sorption of radionuclides onto
the solid matrix of the host rock. Sorption coefficients are sensitive to the oxidation state of
the radionuclide, which in turn is related to groundwater composition, specifically ionic
strength and pH. Coefficients for granitic host rocks are taken from [81] for oxidation states
that yield lower Kd values.

Mobilization of radionuclides may be suppressed if they are poorly soluble. Whether
the release of a radionuclide is solubility-limited is checked by comparing its concentra-
tion in the pore water, taking the maximum solubility limit measured for groundwaters
in granitic bedrock, as summarized in [11].
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ridge is not explicitly included in the model, but its effect is represented by the Gaussian
pressure distribution specified along the top of the model domain. The velocity field
and streamtraces reveal the impact of the permeability contrast between the aquifer and
the bedrock. Moreover, the dense brine not only limits the depth to which freshwater
penetrates the bedrock, it also leads to a large, stable region with very small advective
flow velocities. Flow rates in the aquifer are significantly higher than those in the fresh-
water portion of crystalline basement rock, which in turn are much higher than those
within the high-density brine region. Velocities vary on the intermediate scale because of
the heterogeneity in fracture network permeability.

Figure 4. Initial conditions: Pore water velocity (color contours), fluid density (dashed contour lines), and streamtraces of
regional flow field (dark red solid lines). The dark red streamtraces only visualize the direction of the flow field, without reflecting
the magnitude of water flux. No streamtraces are shown in the region of essentially stagnant brine. Flow within the mountain
ridge (blue-grey area) is not simulated explicitly. The borehole diameter is exaggerated by a factor of 100.

The state shown in Figure 4 are the initial conditions for the simulations described
in the following subsections. It is assumed that construction of the vertical boreholes,
emplacement of waste, and closure of the repository occur instantaneously and do not lead
to significant perturbations of the host rock, except for the creation of a drilling disturbed
zone around the borehole. The post-closure evolution of the repository system is then
simulated for ten million years.

4. Simulation Results
4.1. Reference Scenario

The reference scenario described above forms the basis for simulating the transport of
the radionuclides listed in Table 1 through the engineered barrier system and the fractured
bedrock to a well that draws drinking water from the near-surface aquifer. The goal is to
understand the overall performance of the deep vertical borehole repository by estimating
exposure dose.

The flow field is affected by coupled thermal-hydrological processes. In addition to
the naturally occurring, mild gradients in pressure and temperature, there are repository-
induced effects, which are mainly driven by the decay heat generated by the disposed
spent fuel. As temperatures rise, the pore fluid expands, increasing pressures and inducing
advective fluid flow. Moreover, higher temperatures reduce the fluid’s viscosity and accel-
erate the diffusion of radionuclides, should they be released very early during the thermal
period. For example, increasing the temperature from 100 to 150 �C increases the specific
fluid volume by about 4%, reduces the viscosity by about 35%, and increases the effective
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Figure 6. Simulated distribution of 129I activity in fracture continuum at select times. A vertical slice along the borehole
and a horizontal slice along the bottom of the aquifer highlight the radionuclide distributions at these locations of interest.
The borehole diameter is exaggerated by a factor of 100.

4.2. Sensitivity Analyses
Sensitivity analyses were performed to examine the robustness of the reference case

results and to clarify some of the explanations made in the previous subsection. In particu-
lar, we examine the effects of (1) heat generation, (2) poor borehole sealing in combination
with early canister failure, and (3) matrix diffusion and advective transport. Given that 129I
is identified as the most safety-relevant, we focus on the annual exposure dose from this
radionuclide and its sensitivity to changes in assumptions or parameters.

Energies 2021, 14, 6356 18 of 24

Figure 7 shows the 129I dose curves for the reference case (red line) along with the re-
sults from the sensitivity cases. The reference model considers three principal driving
forces that potentially lead to upflow of contaminated water from the repository towards
the aquifer: (1) topography-induced regional groundwater flow (see Figure 4), (2) draw-
down due to extraction of drinking water from shallow wells, and (3) thermal fluid ex-
pansion and associated buoyancy effects triggered by the release of decay heat from
the repository.

Figure 7. Sensitivity of 129I dose curve to thermal driving force, backfilling and early canister failure,
and diffusion coefficient.

Many previous studies on deep borehole disposal focus on thermal effects as essen-
tially the only driving force available to induce vertical flow. Recall that thermal processes
are accounted for in the reference case and are fully coupled with fluid flow and radionu-
clide transport. Considered processes include conductive and convective heat transport,
thermal expansion of the pore space and pore fluids, associated changes in fluid density
(leading to buoyancy), temperature-dependence of viscosity, and impact on diffusion
coefficients. The energy released by the decaying waste is realistically represented by
a time-dependent heat source term.

To examine the impact of repository-induced thermal effects on exposure dose—
accounting for all coupled processes and interactions between the engineered barrier
system, near field, and fractured geosphere—a sensitivity analysis was performed by
removing heat generation from the waste. The simulation is still non-isothermal to account
for the natural geothermal temperature gradient and its impact on flow and transport
properties. The comparison between the reference case and the case without heat generation
(blue line in Figure 7) indicates that the impact of decay heat on peak dose is insignificant
for the reference scenario. This is due to the fact that the canister confines the waste for
the first 10,000 years, a time frame that is considerably longer than the thermal period.
Once radionuclides are released from the canister, they encounter an environment that is
very similar to the thermally undisturbed, ambient conditions, making repository-induced
thermal effects non-influential on peak dose for the reference scenario. This result is
consistent with previous findings [85].

As the driving forces from thermal expansion and buoyancy are aligned with the ver-
tical borehole, it has been argued that sealing of the borehole is essential, especially during
the thermal period. To examine this hypothesis, a sensitivity case was run in which the per-
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overȬȱandȱunderburdenȱbecomesȱaȱhydraulicȱstagnationȱzone.ȱRadionuclidesȱ leaveȱ thisȱ
regionȱpredominantlyȱbyȱdiffusingȱfromȱtheȱhostȱrockȱintoȱtheȱfaultȱzones,ȱwhichȱcarryȱ
relativelyȱuncontaminatedȱbrineȱfromȱdepthȱthroughȱtheȱhostȱrockȱtoȱtheȱoverburden.ȱInȱ
thisȱscenario,ȱtheȱaccessȱholeȱisȱsealed,ȱbutȱitȱisȱsurroundedȱbyȱaȱDDZȱwithȱaȱ100Ȭtimesȱ
higherȱpermeabilityȱthanȱtheȱsurroundingȱformation.ȱNoȱpreferentialȱtransportȱalongȱtheȱ
curvedȱsectionȱisȱnoticeableȱatȱearlyȱtimes.ȱAtȱlateȱtimes,ȱtheȱaccessȱholeȱisȱinȱcontactȱwithȱ
groundwaterȱatȱelevatedȱ129Iȱactivity.ȱHowever,ȱthisȱcontaminationȱdidȱnotȱoriginateȱfromȱ
theȱ borehole,ȱ butȱ isȱ theȱ resultȱ ofȱ lateralȱmigration—byȱ bothȱ advectiveȱ andȱ diffusiveȱ
transport—awayȱ fromȱ theȱoverpressuredȱ fault,ȱwhichȱhasȱaȱmuchȱgreaterȱcontactȱareaȱ
withȱtheȱoverburdenȱthanȱdoesȱtheȱaccessȱhole.ȱThisȱeffectȱtransfersȱ129IȱfromȱtheȱoverburȬ
denȱintoȱtheȱverticalȱaccessȱhole;ȱonlyȱaȱsmallȱfractionȱofȱtheȱoverallȱradionuclideȱbudgetȱ
arrivesȱatȱtheȱaquiferȱviaȱthisȱpathway.ȱ
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Figure 6. Distribution of 129I activity at different times for a two-fault scenario with well-sealing backfill.

However, these advective and diffusive rates of radial fluid and radionuclide losses
become smaller with time, as pressure and concentration gradients decline. Moreover, as
shown in Figures 7 and 8, the overpressured fault pushes contaminated water toward the
vertical access hole. Consequently, the radial transport of water and radionuclides away
from the access hole decreases, and the process is eventually reversed at higher elevations,
where contaminated water emanating from the fault enters the access hole. Furthermore,
the top of the access hole is slightly underpressured due to the continuous pumping from
the drinking water well. As a result, while decreasing in the lower parts of the access hole,
the vertical fluid flow and radionuclide transport increase again in the upper parts once
the 129I plumes migrating in the fault and overburden approach the aquifer.
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Figureȱ7.ȱDistributionȱofȱ129IȱactivityȱatȱdifferentȱtimesȱforȱtwoȬfaultȱscenarioȱwithȱpoorlyȬsealingȱbackfill.ȱFigure 7. Distribution of 129I activity at different times for two-fault scenario with poorly-sealing backfill.

It should be noted that this intricate temporal and spatial evolution of fluid flow
and associated radionuclide transport in the access hole would not be predicted if a
simple, separate submodel of the borehole and its surroundings were used to estimate
the release of radionuclides to the aquifer. The pressure and concentration distributions
strongly depend on the connections among the access hole, fault, overburden, aquifer, and
drinking water well. The integrated modeling approach captures the associated feedback
mechanisms, leading to a qualitatively different understanding and quantitatively different
result compared to a cylindrical model of the access hole and the adjacent formation,
specifically if the results of such a calculation were abstracted and introduced as source
terms into a geosphere model.
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3.6. Performance Comparison
The simulations discussed in the previous subsections demonstrate that a fraction

of the radionuclides released from the waste canisters are transported along the curved
and vertical sections of the access hole. However, only a small portion eventually reaches
the near-surface aquifer. Recall that the purpose of this study is to examine whether this
leakage fraction is significant, and if so, whether it is essential to backfill the borehole with
a sealing material that will have sufficiently low permeability for periods far outside the
range of engineering experience. These questions are answered by comparing the results
obtained for the three studied scenarios: The nominal scenario and the fault-activation
scenarios with a well-sealing and poorly-sealing backfill material. The performance metrics
examined are the radionuclide flux at different locations along the migration pathway
(see Figure 11) and the maximum annual dose of an individual exposed to contaminated
groundwater (see Figure 12).
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rateȱatȱtheȱwellȱofȱ10ƺ1ȱpCiȱsƺ1ȱencounteredȱafterȱ1.4ȱmillionȱyears.ȱForȱbothȱtheȱwellȬsealingȱ
andȱpoorlyȬsealingȱcases,ȱradionuclidesȱmigratingȱalongȱtheȱaccessȱholeȱcontributeȱaboutȱ
20%ȱtoȱtheȱtotalȱactivityȱrateȱinȱtheȱwell.ȱ

(a)ȱ (b)ȱ
Figureȱ11.ȱ129IȱactivityȱflowȱratesȱalongȱverticalȱaccessȱholeȱwithȱsealingȱandȱpoorlyȬsealingȱbackfillȱforȱ(a)ȱreferenceȱandȱ
twoȬfaultȱscenario,ȱandȱ(b)ȱoneȬfaultȱscenario.ȱ

Theȱultimateȱperformanceȱmeasureȱisȱtheȱannualȱradiologicalȱpeakȱdoseȱtoȱwhichȱanȱ
individualȱlivingȱatȱtheȱrepositoryȱsiteȱisȱexposed.ȱAsȱshownȱinȱFigureȱ12a,ȱtheȱpeakȱdoseȱ
forȱtheȱnominalȱscenarioȱoccursȱafterȱ1.5ȱmillionȱyearsȱandȱisȱestimatedȱtoȱbeȱ1.3ȱ×ȱ10ƺ4ȱmSvȱ
yrƺ1,ȱwhichȱ isȱaboutȱhalfȱtheȱpeakȱexposureȱratesȱofȱ2.3ȱ×ȱ10ƺ4ȱmSvȱyrƺ1ȱforȱtheȱtwoȬfaultȱ
scenarios,ȱrealizedȱafterȱ0.5ȱmillionȱyears.ȱThisȱdifferenceȱbetweenȱtheȱnominalȱandȱdisȬ
ruptiveȱscenariosȱrevealsȱtheȱimpactȱthatȱtheȱseismicȱeventȱandȱassociatedȱfaultȱreactivaȬ
tionȱhasȱonȱrepositoryȱperformance.ȱAsȱdiscussedȱinȱmoreȱdetailȱinȱ[45,46],ȱaȱhighȬpermeȬ
ableȱfaultȱtriggersȱaȱfaster,ȱadvectiveȱmigrationȱofȱradionuclidesȱfromȱtheȱrepositoryȱtoȱtheȱ
accessibleȱenvironment,ȱbutȱatȱtheȱsameȱtime,ȱitȱleadsȱtoȱgreaterȱspatialȱandȱtemporalȱdisȬ
persionȱofȱtheȱcontaminantsȱoverȱtheȱgeosphere,ȱthusȱreducingȱtheȱmaximumȱconcentraȬ
tionsȱwithinȱtheȱplumeȱandȱtheȱpeakȱconcentrationȱofȱtheȱbroadenedȱbreakthroughȱcurve.ȱ
Consequently,ȱ theȱ largerȱdispersionȱdampensȱ theȱdetrimentalȱ impactȱ thatȱpreferentialȱ
flowȱalongȱtheȱfaultȱzonesȱwouldȱotherwiseȱhave.ȱ

TheȱdifferencesȱbetweenȱtheȱwellȬsealingȱandȱpoorlyȬsealingȱbackfillȱcasesȱareȱinsigȬ
nificant,ȱbecauseȱonlyȱaȱsmallȱpercentageȱofȱtheȱradionuclidesȱarrivingȱatȱtheȱdrinkingȱwaȬ
terȱwellȱhaveȱtraveledȱthroughȱtheȱaccessȱhole,ȱandȱtheseȱratesȱareȱdominatedȱbyȱradialȱ129Iȱ
inflowsȱfromȱtheȱoverburdenȱ intoȱtheȱDDZȱofȱtheȱupperȱpartsȱofȱtheȱaccessȱholeȱratherȱ
thanȱaxialȱtransportȱalongȱtheȱboreholeȱfromȱtheȱdisposalȱsectionȱtoȱtheȱaquifer.ȱBackfillingȱ
theȱboreholeȱisȱlikelyȱtoȱhaveȱaȱgreaterȱ impactȱonȱrepositoryȱperformanceȱifȱ itȱcouldȱbeȱ
demonstratedȱthatȱitȱalsoȱeffectivelyȱsealsȱtheȱDDZ.ȱTheȱassumptionȱthatȱtheȱboreholeȱisȱ
surroundedȱbyȱaȱhighlyȱpermeableȱDDZȱthatȱpersistsȱoverȱtheȱentireȱsimulationȱtimeȱisȱ
consideredȱconservativeȱregardingȱtheȱcalculatedȱexposureȱdoseȱbutȱmayȱhaveȱledȱtoȱanȱ
underestimationȱofȱtheȱbenefitsȱofȱsealingȱtheȱaccessȱhole.ȱ

TheȱexposureȱdoseȱfromȱtheȱoneȬfaultȱscenarioȱisȱshownȱinȱFigureȱ12b.ȱWhileȱtheȱcaseȱ
withȱaȱpoorlyȬsealingȱbackfillȱleadsȱtoȱanȱearlierȱarrivalȱofȱradionuclides,ȱtheȱpeakȱdoseȱ
valueȱisȱnotȱaffectedȱbyȱtheȱbackfillȱpropertiesȱandȱisȱonlyȱslightlyȱhigherȱthanȱthatȱofȱtheȱ
nominalȱscenario.ȱUnlikeȱinȱtheȱtwoȬfaultȱscenario,ȱtheȱpeakȱdoseȱalsoȱoccursȱatȱaboutȱtheȱ
sameȱtimeȱasȱinȱtheȱnominalȱscenario.ȱThisȱindicatesȱthatȱtheȱchangesȱinȱtheȱdoseȱcurvesȱ
seenȱforȱtheȱtwoȬfaultȱscenarioȱareȱdominatedȱbyȱtheȱfaultsȱratherȱthanȱtheȱbackfillȱpropȬ
ertiesȱofȱtheȱaccessȱhole;ȱtheȱshortȱfaultȱterminatingȱinȱtheȱhostȱrockȱhasȱnoȱsuchȱimpactȱonȱ
theȱoverallȱdispersionȱofȱtheȱbulkȱofȱtheȱradionuclideȱplume.ȱ

Figure 11.
129I activity flow rates along vertical access hole with sealing and poorly-sealing backfill for (a) reference and
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Figureȱ12.ȱAnnualȱexposureȱdoseȱwithȱwellȬsealingȱandȱpoorlyȬsealingȱbackfillȱforȱ(a)ȱreferenceȱandȱtwoȬfaultȱscenarios,ȱ
andȱ(b)ȱoneȱfaultȱscenario.ȱ

4.ȱSummaryȱandȱConcludingȱRemarksȱ
Theȱconceptȱofȱwasteȱdisposalȱinȱdeepȱhorizontalȱboreholesȱconsistsȱofȱaȱsystemȱofȱ

multipleȱengineeredȱandȱnaturalȱbarriers.ȱInȱthisȱsystem,ȱtheȱmainȱengineeredȱcomponentsȱ
areȱtheȱwasteȱformȱitselfȱandȱtheȱcanisters.ȱConversely,ȱinȱaȱrelativelyȱshallowȱminedȱreȬ
pository,ȱconsiderableȱsafetyȱ functionsȱmustȱbeȱassignedȱ toȱ theȱbufferȱsurroundingȱ theȱ
canisters,ȱwhichȱisȱexpectedȱtoȱchemicallyȱandȱmechanicallyȱprotectȱtheȱwasteȱpackagesȱ
andȱ toȱretardȱ theȱmigrationȱofȱradionuclidesȱonceȱ theyȱareȱreleasedȱ fromȱ theȱbreachedȱ
canisters.ȱAȱboreholeȱrepositoryȱdoesȱnotȱaffordȱtheȱspaceȱnecessaryȱtoȱholdȱaȱbufferȱsufȬ
ficientlyȱthickȱtoȱmakeȱitȱanȱeffectiveȱbarrier,ȱandȱitsȱemplacementȱisȱchallenging.ȱThereȬ
fore,ȱonlyȱbackfillsȱwithȱaȱlimitedȱhydraulicȱsealingȱfunctionȱareȱconsidered,ȱincludingȱaȱ
boundingȱcaseȱofȱaȱhighlyȱpermeableȱbackfill.ȱ

TheȱgreaterȱdepthȱandȱtheȱlargerȱlengthȬtoȬdiameterȱaspectȱratioȱofȱtheȱaccessȱboreȬ
holeȱinȱaȱDHBRȱbothȱcontributeȱtoȱconsiderablyȱimprovedȱpassiveȱrepositoryȱsafety.ȱInȱ
particular,ȱtheȱgreatȱdepthȱreachableȱbyȱboreholesȱallowsȱ theȱrepositoryȱtoȱbeȱseparatedȱ
fromȱtheȱdrinkingȱwaterȱaquiferȱandȱplacesȱitȱinȱaȱhydrogeologicalȱenvironmentȱthatȱhasȱ
beenȱisolatedȱfromȱnearȬsurfaceȱimpactsȱforȱaȱveryȱlongȱtime.ȱEachȱindividualȱboreholeȱ
terminatesȱinȱaȱdeadȬendȱwithinȱtheȱtightȱhostȱformation,ȱlimitingȱtheȱamountȱofȱwaterȱ
thatȱcanȱenterȱtheȱborehole.ȱThisȱlinearȱarrangementȱalsoȱdisallowsȱfluidȱcirculationȱwithinȱ
anȱextensiveȱnetworkȱofȱaccessȱandȱdepositionȱtunnels.ȱShouldȱtheȱsealingȱofȱanȱaccessȱ
boreholeȱbeȱcompromised,ȱonlyȱtheȱradionuclidesȱfromȱaȱfractionȱofȱaȱsingleȱdisposalȱsecȬ
tionȱmayȱmigrateȱ towardȱ theȱverticalȱaccessȱhole.ȱForȱsuchȱaxialȱ flowȱandȱ transportȱ toȱ
occur,ȱaȱproperlyȱorientedȱheadȱgradientȱmustȱexist,ȱandȱaȱwaterȬconductingȱfeatureȱneedsȱ
toȱ intersectȱtheȱrepository,ȱwhichȱ isȱcapableȱofȱsupplyingȱsufficientȱandȱsustainedȱfluidȱ
flowȱintoȱtheȱdisposalȱsection.ȱOnlyȱtheȱradionuclidesȱreleasedȱfromȱcanistersȱplacedȱbeȬ
tweenȱ thisȱ inflowȱpointȱandȱ theȱcurvedȱsectionȱofȱ theȱaccessȱholeȱwouldȱbeȱmobilized.ȱ
Moreover,ȱtheȱwasteȱdisposalȱsectionȱisȱspatiallyȱseparatedȱfromȱtheȱverticalȱaccessȱhole.ȱ
Verticalȱbuoyancyȱforcesȱgeneratedȱduringȱtheȱthermalȱperiodȱareȱnotȱalignedȱwithȱtheȱ
horizontalȱorientationȱofȱtheȱdisposalȱsectionȱwhereȱtheyȱareȱcreated,ȱandȱtheyȱareȱspatiallyȱ
removedȱfromȱtheȱverticalȱaccessȱhole.ȱTherefore,ȱdrivingȱforcesȱfromȱthermalȱeffectsȱareȱ
insignificantȱinȱaȱhorizontalȱboreholeȱrepository.ȱ

Theseȱdesignȱfeaturesȱsuggestȱthatȱboreholeȱsealingȱmayȱnotȱbeȱofȱgreatȱrelevanceȱforȱ
theȱperformanceȱofȱaȱDHBR.ȱThisȱpremiseȱhasȱbeenȱexaminedȱbyȱdevisingȱscenariosȱthatȱ
promoteȱaxialȱflowȱalongȱtheȱborehole,ȱpotentiallyȱcarryingȱradionuclidesȱfromȱtheȱdisȬ
posalȱsectionȱtoȱtheȱaccessibleȱenvironmentȱatȱhighȱratesȱorȱhighȱconcentrations.ȱTheȱexȬ
aminedȱscenariosȱareȱveryȱunlikelyȱorȱperhapsȱevenȱunrealisticȱbutȱwereȱchosenȱtoȱcreateȱ
conditionsȱthatȱcircumventȱtheȱinherentȱsafetyȱfeaturesȱofȱtheȱboreholeȱrepositoryȱdesign.ȱ

Figure 12. Annual exposure dose with well-sealing and poorly-sealing backfill for (a) reference and two-fault scenarios, and
(b) one fault scenario.

The dotted lines in Figure 11 indicate the rate at which radionuclides enter the bottom
of the vertical access hole at a depth of �1200 m. We first consider the case where a37



© 2019 Deep Isolation, Inc. All Rights Reserved

sealing
(2)

Energies 2021, 14, 91 22 of 29

3.6. Performance Comparison
The simulations discussed in the previous subsections demonstrate that a fraction

of the radionuclides released from the waste canisters are transported along the curved
and vertical sections of the access hole. However, only a small portion eventually reaches
the near-surface aquifer. Recall that the purpose of this study is to examine whether this
leakage fraction is significant, and if so, whether it is essential to backfill the borehole with
a sealing material that will have sufficiently low permeability for periods far outside the
range of engineering experience. These questions are answered by comparing the results
obtained for the three studied scenarios: The nominal scenario and the fault-activation
scenarios with a well-sealing and poorly-sealing backfill material. The performance metrics
examined are the radionuclide flux at different locations along the migration pathway
(see Figure 11) and the maximum annual dose of an individual exposed to contaminated
groundwater (see Figure 12).
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rateȱatȱtheȱwellȱofȱ10ƺ1ȱpCiȱsƺ1ȱencounteredȱafterȱ1.4ȱmillionȱyears.ȱForȱbothȱtheȱwellȬsealingȱ
andȱpoorlyȬsealingȱcases,ȱradionuclidesȱmigratingȱalongȱtheȱaccessȱholeȱcontributeȱaboutȱ
20%ȱtoȱtheȱtotalȱactivityȱrateȱinȱtheȱwell.ȱ

(a)ȱ (b)ȱ
Figureȱ11.ȱ129IȱactivityȱflowȱratesȱalongȱverticalȱaccessȱholeȱwithȱsealingȱandȱpoorlyȬsealingȱbackfillȱforȱ(a)ȱreferenceȱandȱ
twoȬfaultȱscenario,ȱandȱ(b)ȱoneȬfaultȱscenario.ȱ

Theȱultimateȱperformanceȱmeasureȱisȱtheȱannualȱradiologicalȱpeakȱdoseȱtoȱwhichȱanȱ
individualȱlivingȱatȱtheȱrepositoryȱsiteȱisȱexposed.ȱAsȱshownȱinȱFigureȱ12a,ȱtheȱpeakȱdoseȱ
forȱtheȱnominalȱscenarioȱoccursȱafterȱ1.5ȱmillionȱyearsȱandȱisȱestimatedȱtoȱbeȱ1.3ȱ×ȱ10ƺ4ȱmSvȱ
yrƺ1,ȱwhichȱ isȱaboutȱhalfȱtheȱpeakȱexposureȱratesȱofȱ2.3ȱ×ȱ10ƺ4ȱmSvȱyrƺ1ȱforȱtheȱtwoȬfaultȱ
scenarios,ȱrealizedȱafterȱ0.5ȱmillionȱyears.ȱThisȱdifferenceȱbetweenȱtheȱnominalȱandȱdisȬ
ruptiveȱscenariosȱrevealsȱtheȱimpactȱthatȱtheȱseismicȱeventȱandȱassociatedȱfaultȱreactivaȬ
tionȱhasȱonȱrepositoryȱperformance.ȱAsȱdiscussedȱinȱmoreȱdetailȱinȱ[45,46],ȱaȱhighȬpermeȬ
ableȱfaultȱtriggersȱaȱfaster,ȱadvectiveȱmigrationȱofȱradionuclidesȱfromȱtheȱrepositoryȱtoȱtheȱ
accessibleȱenvironment,ȱbutȱatȱtheȱsameȱtime,ȱitȱleadsȱtoȱgreaterȱspatialȱandȱtemporalȱdisȬ
persionȱofȱtheȱcontaminantsȱoverȱtheȱgeosphere,ȱthusȱreducingȱtheȱmaximumȱconcentraȬ
tionsȱwithinȱtheȱplumeȱandȱtheȱpeakȱconcentrationȱofȱtheȱbroadenedȱbreakthroughȱcurve.ȱ
Consequently,ȱ theȱ largerȱdispersionȱdampensȱ theȱdetrimentalȱ impactȱ thatȱpreferentialȱ
flowȱalongȱtheȱfaultȱzonesȱwouldȱotherwiseȱhave.ȱ

TheȱdifferencesȱbetweenȱtheȱwellȬsealingȱandȱpoorlyȬsealingȱbackfillȱcasesȱareȱinsigȬ
nificant,ȱbecauseȱonlyȱaȱsmallȱpercentageȱofȱtheȱradionuclidesȱarrivingȱatȱtheȱdrinkingȱwaȬ
terȱwellȱhaveȱtraveledȱthroughȱtheȱaccessȱhole,ȱandȱtheseȱratesȱareȱdominatedȱbyȱradialȱ129Iȱ
inflowsȱfromȱtheȱoverburdenȱ intoȱtheȱDDZȱofȱtheȱupperȱpartsȱofȱtheȱaccessȱholeȱratherȱ
thanȱaxialȱtransportȱalongȱtheȱboreholeȱfromȱtheȱdisposalȱsectionȱtoȱtheȱaquifer.ȱBackfillingȱ
theȱboreholeȱisȱlikelyȱtoȱhaveȱaȱgreaterȱ impactȱonȱrepositoryȱperformanceȱifȱ itȱcouldȱbeȱ
demonstratedȱthatȱitȱalsoȱeffectivelyȱsealsȱtheȱDDZ.ȱTheȱassumptionȱthatȱtheȱboreholeȱisȱ
surroundedȱbyȱaȱhighlyȱpermeableȱDDZȱthatȱpersistsȱoverȱtheȱentireȱsimulationȱtimeȱisȱ
consideredȱconservativeȱregardingȱtheȱcalculatedȱexposureȱdoseȱbutȱmayȱhaveȱledȱtoȱanȱ
underestimationȱofȱtheȱbenefitsȱofȱsealingȱtheȱaccessȱhole.ȱ

TheȱexposureȱdoseȱfromȱtheȱoneȬfaultȱscenarioȱisȱshownȱinȱFigureȱ12b.ȱWhileȱtheȱcaseȱ
withȱaȱpoorlyȬsealingȱbackfillȱleadsȱtoȱanȱearlierȱarrivalȱofȱradionuclides,ȱtheȱpeakȱdoseȱ
valueȱisȱnotȱaffectedȱbyȱtheȱbackfillȱpropertiesȱandȱisȱonlyȱslightlyȱhigherȱthanȱthatȱofȱtheȱ
nominalȱscenario.ȱUnlikeȱinȱtheȱtwoȬfaultȱscenario,ȱtheȱpeakȱdoseȱalsoȱoccursȱatȱaboutȱtheȱ
sameȱtimeȱasȱinȱtheȱnominalȱscenario.ȱThisȱindicatesȱthatȱtheȱchangesȱinȱtheȱdoseȱcurvesȱ
seenȱforȱtheȱtwoȬfaultȱscenarioȱareȱdominatedȱbyȱtheȱfaultsȱratherȱthanȱtheȱbackfillȱpropȬ
ertiesȱofȱtheȱaccessȱhole;ȱtheȱshortȱfaultȱterminatingȱinȱtheȱhostȱrockȱhasȱnoȱsuchȱimpactȱonȱ
theȱoverallȱdispersionȱofȱtheȱbulkȱofȱtheȱradionuclideȱplume.ȱ

Figure 11.
129I activity flow rates along vertical access hole with sealing and poorly-sealing backfill for (a) reference and

two-fault scenario, and (b) one-fault scenario.
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Figureȱ12.ȱAnnualȱexposureȱdoseȱwithȱwellȬsealingȱandȱpoorlyȬsealingȱbackfillȱforȱ(a)ȱreferenceȱandȱtwoȬfaultȱscenarios,ȱ
andȱ(b)ȱoneȱfaultȱscenario.ȱ

4.ȱSummaryȱandȱConcludingȱRemarksȱ
Theȱconceptȱofȱwasteȱdisposalȱinȱdeepȱhorizontalȱboreholesȱconsistsȱofȱaȱsystemȱofȱ
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areȱtheȱwasteȱformȱitselfȱandȱtheȱcanisters.ȱConversely,ȱinȱaȱrelativelyȱshallowȱminedȱreȬ
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canisters,ȱwhichȱisȱexpectedȱtoȱchemicallyȱandȱmechanicallyȱprotectȱtheȱwasteȱpackagesȱ
andȱ toȱretardȱ theȱmigrationȱofȱradionuclidesȱonceȱ theyȱareȱreleasedȱ fromȱ theȱbreachedȱ
canisters.ȱAȱboreholeȱrepositoryȱdoesȱnotȱaffordȱtheȱspaceȱnecessaryȱtoȱholdȱaȱbufferȱsufȬ
ficientlyȱthickȱtoȱmakeȱitȱanȱeffectiveȱbarrier,ȱandȱitsȱemplacementȱisȱchallenging.ȱThereȬ
fore,ȱonlyȱbackfillsȱwithȱaȱlimitedȱhydraulicȱsealingȱfunctionȱareȱconsidered,ȱincludingȱaȱ
boundingȱcaseȱofȱaȱhighlyȱpermeableȱbackfill.ȱ

TheȱgreaterȱdepthȱandȱtheȱlargerȱlengthȬtoȬdiameterȱaspectȱratioȱofȱtheȱaccessȱboreȬ
holeȱinȱaȱDHBRȱbothȱcontributeȱtoȱconsiderablyȱimprovedȱpassiveȱrepositoryȱsafety.ȱInȱ
particular,ȱtheȱgreatȱdepthȱreachableȱbyȱboreholesȱallowsȱ theȱrepositoryȱtoȱbeȱseparatedȱ
fromȱtheȱdrinkingȱwaterȱaquiferȱandȱplacesȱitȱinȱaȱhydrogeologicalȱenvironmentȱthatȱhasȱ
beenȱisolatedȱfromȱnearȬsurfaceȱimpactsȱforȱaȱveryȱlongȱtime.ȱEachȱindividualȱboreholeȱ
terminatesȱinȱaȱdeadȬendȱwithinȱtheȱtightȱhostȱformation,ȱlimitingȱtheȱamountȱofȱwaterȱ
thatȱcanȱenterȱtheȱborehole.ȱThisȱlinearȱarrangementȱalsoȱdisallowsȱfluidȱcirculationȱwithinȱ
anȱextensiveȱnetworkȱofȱaccessȱandȱdepositionȱtunnels.ȱShouldȱtheȱsealingȱofȱanȱaccessȱ
boreholeȱbeȱcompromised,ȱonlyȱtheȱradionuclidesȱfromȱaȱfractionȱofȱaȱsingleȱdisposalȱsecȬ
tionȱmayȱmigrateȱ towardȱ theȱverticalȱaccessȱhole.ȱForȱsuchȱaxialȱ flowȱandȱ transportȱ toȱ
occur,ȱaȱproperlyȱorientedȱheadȱgradientȱmustȱexist,ȱandȱaȱwaterȬconductingȱfeatureȱneedsȱ
toȱ intersectȱtheȱrepository,ȱwhichȱ isȱcapableȱofȱsupplyingȱsufficientȱandȱsustainedȱfluidȱ
flowȱintoȱtheȱdisposalȱsection.ȱOnlyȱtheȱradionuclidesȱreleasedȱfromȱcanistersȱplacedȱbeȬ
tweenȱ thisȱ inflowȱpointȱandȱ theȱcurvedȱsectionȱofȱ theȱaccessȱholeȱwouldȱbeȱmobilized.ȱ
Moreover,ȱtheȱwasteȱdisposalȱsectionȱisȱspatiallyȱseparatedȱfromȱtheȱverticalȱaccessȱhole.ȱ
Verticalȱbuoyancyȱforcesȱgeneratedȱduringȱtheȱthermalȱperiodȱareȱnotȱalignedȱwithȱtheȱ
horizontalȱorientationȱofȱtheȱdisposalȱsectionȱwhereȱtheyȱareȱcreated,ȱandȱtheyȱareȱspatiallyȱ
removedȱfromȱtheȱverticalȱaccessȱhole.ȱTherefore,ȱdrivingȱforcesȱfromȱthermalȱeffectsȱareȱ
insignificantȱinȱaȱhorizontalȱboreholeȱrepository.ȱ

Theseȱdesignȱfeaturesȱsuggestȱthatȱboreholeȱsealingȱmayȱnotȱbeȱofȱgreatȱrelevanceȱforȱ
theȱperformanceȱofȱaȱDHBR.ȱThisȱpremiseȱhasȱbeenȱexaminedȱbyȱdevisingȱscenariosȱthatȱ
promoteȱaxialȱflowȱalongȱtheȱborehole,ȱpotentiallyȱcarryingȱradionuclidesȱfromȱtheȱdisȬ
posalȱsectionȱtoȱtheȱaccessibleȱenvironmentȱatȱhighȱratesȱorȱhighȱconcentrations.ȱTheȱexȬ
aminedȱscenariosȱareȱveryȱunlikelyȱorȱperhapsȱevenȱunrealisticȱbutȱwereȱchosenȱtoȱcreateȱ
conditionsȱthatȱcircumventȱtheȱinherentȱsafetyȱfeaturesȱofȱtheȱboreholeȱrepositoryȱdesign.ȱ

Figure 12. Annual exposure dose with well-sealing and poorly-sealing backfill for (a) reference and two-fault scenarios, and
(b) one fault scenario.

The dotted lines in Figure 11 indicate the rate at which radionuclides enter the bottom
of the vertical access hole at a depth of �1200 m. We first consider the case where a
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Multiple borehole spacing & temperature

o Early temperature peak 
determined by heat release curve 
and cylindrical heat dissipation 
rate

o Not affected by borehole spacing 
s except if s is small (e.g., 25 m)

o Second peak determined by 
proximity to symmetry boundary

o Long-term temperature 
determined by rock volume in 
symmetry cell available to absorb 
total amount of heat released

o Consistent with Bates (2015)

39



© 2019 Deep Isolation, Inc. All Rights Reserved

• 0 yr Cost: Initial cost of borehole > initial cost of dry cask

• 12 yr Cost: Actual cost spent (guns, guards, etc) à competitive after 12 years

• Recoverability can be monitored at low cost

• Storageà disposal: seal the access borehole (when regulations allow). Risk that 
site will not pass disposal requirement is minimal

• Guards and Guns: Surface storage must pay the additional cost of disposal, when 
the time comes. (”Kick down the road – our grandchildren can take care of it”)

Borehole Storage vs Borehole Disposal
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All aspects 
have been 

demonstrated

• Spent nuclear fuel and 
other wastes are 
routinely handled, 
packaged, transported 
and stored

• Wells are routinely 
drilled horizontally

• Costs are a fraction of 
a traditional mined 
repository

• Deep Isolation is using 
a proven approach to 
stakeholder and 
community outreach

Waiting only for 
regulations to catch up
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no humans underground
much less rock removed
drilling technology well established

modular 
faster time scale than mined repositories
can be used in mined+ combination

Why is the cost so much lower?
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Discussion
Richard Muller
CTO Deep Isolation Inc.

(m) +1 510 735 6877
rich@deepisolation.com
https://deepisolation.com

4-minute tech video:
www.youtube.com/watch?v=IQx5zFUUln0&t=11s

7 minute demo/stakeholder engagement video:www.youtube.com/watch?v=3GZ4TC8ttbE&t=10s
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