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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

Energies 2019, 12, 596

2 of 23

parameters investigated in the current analysis) in a casing that lines the drillhole. The disposal section
and vertical access hole are eventually sealed. Additional information about the concept can be found
on the technology page of Reference [1].
As for any other geologic disposal concept (such as mined repositories or deep vertical borehole
disposal), the performance of the engineered and natural barrier systems must be assessed for the
specific repository design and the conditions expected during the regulatory compliance period. We
focus here on the thermal aspects of such an assessment and how they impact design decisions.
Nuclear waste releases heat due to the decay of radionuclides, elevating temperatures within
the canister. The heat then dissipates into the nearby engineered structures and the host formation.
Predicting the temperature evolution within the disposal section of the drillhole and the surrounding
host rock is necessary as it may alter the properties of the multi-barrier system by accelerating the
corrosion of the waste form [2,3] and of metal components comprising the containment systems [4–6],
by degrading bentonite [7–9] or cement [10] used as backfill materials, and by affecting argillaceous
host rocks [11,12]. Heat-driven degradation mechanisms may also make the retrievability of the
waste canisters more difficult. Furthermore, temperature variations may lead to driving forces that
affect the migration of radionuclides in the near field of the repository. The maximum allowable
temperature—which needs to be determined by analysing the acceptable impact on barrier functions,
and which may eventually be set by the regulator—is thus an important design variable for a geological
repository, because it determines interim storage time as well as canister loading, canister spacing,
and the minimum distance between disposal drillholes. All these factors affect the configuration and
length, and thus cost, of the drillholes for a given amount of waste.
The decay heat is time-dependent and determined by (a) the radionuclide inventory of the waste
(itself a function of waste type and, in the case of SNF, initial enrichment and burnup percentage) and
(b) the duration of post-reactor cooling. The initial temperature rise and subsequent cooling period
are referred to as the heat pulse, which typically lasts a few decades to a few hundred years, until
temperatures approach their ambient values prior to waste emplacement.
The temperature evolution during the heat pulse has been extensively studied for various
disposal systems using both laboratory and field experiments as well as numerical analyses.
Large-scale, long-term heater tests for mined repositories in the saturated zone have been conducted
in underground rock laboratories dedicated to nuclear waste research [13–15]. Data collected during
these experiments were analysed using advanced simulators to predict and reproduce the observed
thermal, hydrological, geomechanical, and geochemical evolution of various buffer materials and the
surrounding formation [14–20]. These studies reveal the importance of heat generation as it induces
coupled thermal-hydrologic (TH) effects. Strong thermal perturbations also affect the geochemical
conditions as well as the geomechanical properties and stress state of the repository components, with
complex feedback mechanisms to thermal and hydrologic processes. Several heater tests were also
conducted and numerically analysed as part of the Yucca Mountain project [21–27]. The unsaturated,
highly fractured volcanic rocks at Yucca Mountain and the arrangement of waste packages in open
disposal drifts leads to conditions that are significantly different from those encountered in repositories
that emplace waste in backfilled deposition holes located in the saturated zone. Since the latter
configuration is more akin to that encountered in deep horizontal drillhole disposal, thermal testing and
modelling at Yucca Mountain are not discussed further here. Finally, the thermal effects arising from
the disposal of high-level radioactive waste in vertical boreholes drilled deep into crystalline basement
rocks of the continental crust were investigated using semi-analytical and numerical models [28–30].
Some of these analyses also examined fluid flow induced by the thermal expansion of the rocks and
the pore fluids, and considered very high temperatures designed to partially melt and recrystallize the
granitic host rock for additional borehole sealing [31,32].
The concept of disposing nuclear waste in horizontal drillholes has some favourable attributes.
In addition to operational advantages, there are a number of beneficial factors. For example, the
reducing environment of a fully saturated host rock further prolongs the longevity of the canisters
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that are made of corrosion-resistant alloy. The linear arrangement of heat-generating nuclear waste
in a drillhole makes thermal management considerably less challenging, as will be discussed below.
Boiling of water at depth can be avoided, reducing the complexities of multi-phase flow processes.
Moreover, relatively minor temperature changes lead to weaker thermal-mechanical stresses, helping
to preserve the integrity of the engineered barriers and reducing the disturbance to the host formation.
These attributes considerably reduce uncertainties that need to be propagated through performance
assessment calculations and strengthen the technical basis for the safety case.
The goal of the present analysis is to examine the impact of (a) design parameters and (b)
uncertainty in host-rock thermal properties on temperatures in and around a horizontal disposal
drillhole. Response surfaces are generated based on numerical simulations of heat dissipation in such
a system. Moreover, sensitivity and data-worth analyses are performed to help design an in situ heater
experiment that can reduce the uncertainty in subsequent model predictions.
The analyses show that the temperature evolution in a horizontal drillhole containing
heat-generating nuclear waste can be managed by adjusting a few design parameters. The thermal
properties of the host formation have a dominant influence on the temperature evolution; these
properties thus must be determined with sufficiently low estimation uncertainty, which can be
accomplished by appropriate drillhole characterization methods and the collection of sensitive data
during a short-term heater test.
2. Conceptual and Numerical Model Development
Waste emplacement geometry and configuration of the engineered barriers within the horizontal
drillhole need to be designed such that the maximum temperatures remain below limits that are set for
each component of the engineered and natural repository system. The design calculations presented
below are based on numerical simulations. The sophistication of the conceptual model to be developed
and the level of detail with which features and processes must be represented are given by the specific
purpose of the model, which in this case is to examine the thermal evolution around heat-generating
waste canisters for a wide range of material properties and disposal configurations. Such scoping
calculations typically have lower requirements regarding fidelity and accuracy than detailed studies in
support of the safety case and performance assessment for a nuclear waste repository. Nevertheless,
the simplifying assumptions made during model development must be transparent and justified in
the context of the ultimate analysis to be done once the fully detailed configuration is known. The
assumptions and model choices made for the current general design calculations are described in the
following subsections.
2.1. System Description
The deep horizontal drillhole disposal concept targets a variety of waste forms, ranging from
nuclear waste from the U.S. defense program to SNF assemblies from different reactor types to vitrified
HLW. While design calculations must accommodate the specifics of each waste type (especially canister
geometry and heat output characteristics), the method described here is general and thus, can be
illustrated using a single waste type. We consider the disposal of capsules that contain primarily
short-lived cesium-137 (137 Cs) and strontium-90 (90 Sr) [33] extracted in the form of cesium chloride
(CsCl) and strontium fluoride (SrF2 ) during the chemical processing of defense fuel. The capsules,
fabricated from 316L stainless steel, are typically 20.775 inches (0.528 m) long, 2.6 inches (0.066 m)
in diameter and weigh less than 10 kg [34,35]. Currently, there are 1335 cesium and 601 strontium
capsules stored underwater at the Hanford Waste Encapsulation and Storage Facility; we will study
the thermal response to the disposal of these capsules in deep horizontal drillholes.
We propose to insert one or several of such capsules into a canister made of a corrosion-resistant
alloy (e.g., Alloy 625); the canister will have an outer diameter of approximately 4.5 inches (0.114 m).
The space between the capsule and canister is filled with an appropriate backfill material (such
as quartz sand) for mechanical stability and to provide sufficient conductivity for heat dissipation.
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The canister is placed in a liner or casing, which has an inner diameter of 5.5 inches (0.140 m). The
space between the canister and the casing (and axially between individual canisters) may be filled
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The average power output (as of 29 August 2007) of a Sr and Cs capsule is 193.2 W and 143.6 W,
respectively [34]. The heat output from Sr capsules is substantially more variable than that of Cs
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The average power output (as of 29 August 2007) of a Sr and Cs capsule is 193.2 W and 143.6 W,
respectively [34]. The heat output from Sr capsules is substantially more variable than that of Cs
capsules, with standard deviations of 101.0 W and 14.1 W, and a maximum output of 504.6 W and
195.4 W, respectively [34]. Nevertheless, the resulting temperature evolution for conduction- dominated
heat transfer depends approximately linearly on the heat output, i.e., results calculated for a reference
heat generation rate of 100 W per capsule can readily be scaled to capsules with a different initial
radioactivity and different cooling period.
As heat generation is directly related to radioactive decay, the time-dependent rate follows the
exponential decay curve of the respective isotope, i.e.,
Q H (t) = Q H0 ·e−λκ t ,

(1)

where Q H0 is the initial heat generation rate; λκ is the decay constant of isotope κ, which is related
to the half-life T1/2 by λκ = (ln 2)/T1/2 ; and t is time. The half-lives of cesium and strontium are,
respectively, 30.17 and 28.79 years.
Heat generation will be assigned exclusively to the capsule itself, i.e., no heating of the other
components of the drillhole or the host rock due to radiation is considered. This is justified by the fact
that 90 Sr (and its decay products) undergoes a beta-decay, whereby the emitted electron is absorbed
within the capsule. For 137 Cs, about 22% of the decay energy is released by short-range electrons; the
remaining 78% of the energy released by gamma rays is effectively attenuated in CsCl and Alloy 625,
with only a very small fraction being deposited in the casing and virtually none in the host rock.
2.2. Physical Processes
The dissipation of thermal energy in engineered and natural materials is mainly driven by
heat conduction, and to a much smaller degree through convection by moving fluids (liquids or
gases) and radiative heat transport. Latent heat effects during phase transitions and contributions
from changes in the gravitational potential energy [36] also impact the temperature distribution.
Many thermal and hydrological processes are strongly coupled, specifically if phase changes occur.
Mechanical effects are triggered by thermal stresses, and the geochemistry of pore fluids and the
mineral composition of the rocks are affected by temperature. While feedback mechanisms that affect
temperature due to chemical reactions and stress changes do exist, they are typically much weaker
than coupled thermal-hydrological effects [37]. It can be generally observed that many geochemical
or corrosion models require thermal input, whereas thermal calculations rarely require geochemical
input. Similarly, most stress calculations require thermal input, whereas thermal calculations rarely
require geomechanical input. It is therefore sensible to start the analysis of a novel disposal concept by
examining the thermal response to the emplacement of heat-generating waste.
For the deep horizontal drillhole system of interest, conduction is the dominant heat transfer
mechanism. This is undoubtedly the case for the hydraulically impermeable, but thermally highly
conductive metals of the engineered barrier system, but also for the porous backfill materials and the
host rock, which, by design, are of low permeability and porosity and are located in a low hydraulic
gradient environment. Radiative heat transfer is negligible for the expected temperatures and in the
absence of large open space, or is included in the experimentally determined thermal conductivity
value. The gravitational potential energy is irrelevant in the horizontal disposal section of the drillhole,
and of no significance in the vertical section, specifically in the absence of fluid flow.
Latent heat effects are not expected in a deep drillhole repository, where ambient fluid pressures
are close to hydrostatic and thus likely above the saturated vapor pressure, preventing boiling even for
relatively high temperatures. Figure 2 shows the boiling temperature as a function of pressure, which
is correlated to depth assuming a hydrostatic pressure profile. For example, for a repository depth of
1 km, temperatures below 300 ◦ C will not lead to boiling. Finally, latent heat effects due to melting and
recrystallization of the host rock are not relevant for the temperature range considered in this study.
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The thermal properties of water are well known and only weakly dependent on salinity. Should
a special drilling fluid, mud, or slurry be used, their thermal (and hydraulic) properties need to
be measured and included in the simulations, specifically if no porous backfill material is used or
convection within the drillhole or in the formation becomes significant.
While fluid flow and associated heat conduction is expected to be a minor contributor to heat
transfer, it will be accounted for in the simulations. However, it is assumed that the sole driving force
for fluid flow is that triggered by the thermal expansion of the fluids and pore space. Note that thermal
pore expansivity partly compensates for fluid expansion, and the resulting pressure change is further
mediated by elastic deformation of the pores, which in the model is assumed to depend on the pore
pressure rather than effective stress.
As discussed above, a time-dependent heat source is specified, which follows the decay curve
of the radionuclides in the waste. The heat source is assumed to be uniformly distributed within the
volume representing the waste capsule. While the waste is not necessarily uniform, the high thermal
conductivity of the capsule is likely to homogenize the temperatures and heat release to the engineered
barrier system.
It should be noted that while the heat-driven coupled processes outlined above are inherently
complex, the horizontal drillhole concept, which promotes heat dissipation, reduces the thermal
stresses and thus the challenge to predict their impacts on repository performance.
2.3. Mathematical and Numerical Model
A mathematical model of the physical processes discussed in the previous subsection is
implemented in the TOUGH2 [42] numerical simulator, which calculates non-isothermal, multiphase,
multicomponent fluid flow in fractured porous media. TOUGH2 solves mass- and energy-balance
equations formulated in a general, integral form. A simplified version (assuming single-phase liquid
conditions with water being the only component) of the time-dependent energy balance equation can
be written for an arbitrary subdomain Vn , which is delimited by the closed surface Γn as [42]
d
dt

Z

[(1 − φ)ρs cs T + φρw uw ]dVn =

Z

[−K ∇ T + hF]·ndΓn +

Γn

Vn

Z

qdVn .

(2)

Vn

The energy accumulation during time interval dt on the left-hand side of Equation (2) contains
contributions from the solid and liquid phases, where φ is porosity; ρs and ρw are, respectively, the
grain and water densities; T is temperature; cs is the solid specific heat; and uw is the specific internal
energy of liquid water. The first term on the right-hand side is the heat flux across the volume boundary,
which includes conductive and convective components. Here, K is the effective thermal conductivity
discussed above, h is the specific enthalpy of liquid water, and n is a normal vector on the surface
element dΓn , pointing inward into Vn . The specific source term q is proportional to the time-dependent
decay heat curve of Equation (1). The liquid mass flux F is given by Darcy’s law,
F = ρw u = −k

ρw
(∇ P − ρw g),
µw

(3)

where u is the Darcy velocity, k is absolute permeability, µw is the dynamic viscosity of liquid water, P is
fluid pressure, and g is the vector of gravitational acceleration. All thermophysical fluid properties are
a function of pressure and temperature, accurately calculated based on the IAPWS-95 formulation [43].
TOUGH2 uses a finite volume formulation for space discretization and a first-order implicit
scheme for time discretization. The resulting coupled, nonlinear algebraic equations (with pressure
and temperature in each grid block as the unknown primary variables) are solved simultaneously
using Newton–Raphson iterations. The elements of the Jacobian matrix are calculated numerically.
At each iteration, the set of linear residual equations is inverted using a preconditioned conjugate
gradient solver; see Reference [42] for details about the numerical implementation and user
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features. All analyses discussed in the following subsections are performed within the iTOUGH2
simulation-optimization framework [44], which performs forward simulations; solves the inverse
problem; and conducts sensitivity, uncertainty, and data-worth analyses.
2.4. Model Setup
We simulate the coupled fluid flow and heat transfer processes described in Section 2.2 within
the two-dimensional, radial model domain shown in Figure 1. The model domain is discretized into
cylindrical shell elements, each with an axial length of 0.5 inches (0.0127 m). The total length of the
model domain in axial direction is adjustable between 12.0 inches (0.3048 m) and 84.0 inches (2.1336
m) to accommodate different separation distances between waste capsules. In radial direction, the first
100 shells have a constant thickness of 0.125 inches (0.003175 m) up to a radius of 12.5 inches (0.3175
m), after which the shell thicknesses increase logarithmically until the outer model domain radius
of 3600 inches (91.44 m) is reached. The model has a total of 22,008 elements and 43,717 connections
between them. Three equations (for the three primary variables pressure, saturation, and temperature)
are solved at each point in space and time.
No-flow boundaries are specified at the symmetry planes. At the outer model domain radius,
a Dirichlet boundary condition is specified with a pressure of 100 bar and a temperature of 40 ◦ C,
representative of a horizontal waste disposal section at a depth of 1 km. The same values are used
as initial conditions throughout the model domain. As heat transfer is only mildly impacted by the
absolute pressure and temperature values, we report our results as temperature changes with respect
to the initial temperature of 40 ◦ C.
A transient simulation for a duration of 30 years is performed with automatic time-step adjustment
based on the convergence behavior of the Newton–Raphson iterations. The temperature change is
extracted at the center of the waste capsule (X = 0.0; see Figure 1c) and for select radial distances, each
representing a component of the engineered barrier system. Response surfaces are created for the
maximum temperature change, which is extracted by fitting a polynomial through the three highest
points of the discrete time series and setting its derivative to zero.
The key material properties are summarized in Table 1. These are reference material properties
that will be adjusted over a considerable range to account for different selections of backfill materials
and potential host rocks.
Table 1. Reference parameter set.
Material

Parameter

Units

Value

Range 1

capsule

thermal conductivity, K
solid density, ρs
solid specific heat, cs
permeability, k

W m−1 K−1
kg m−3
J kg−1 K−1
m2

11.9
5500.0
427.0
0.0

8.0–40.0
n/a
400.0–700.0
n/a

canister

thermal conductivity, K
solid density, ρs
solid specific heat, cs
permeability, k

W m−1 K−1
kg m−3
J kg−1 K−1
m2

13.0
8000.0
490.0
0.0

8.0–40.0
n/a
400.0–700.0
n/a

casing

thermal conductivity, K
solid density, ρs
solid specific heat, cs
permeability, k

W m−1 K−1
kg m−3
J kg−1 K−1
m2

40.0
7670.0
460.0
0.0

8.0–40.0
n/a
400.0–700.0
n/a

backfill 2

thermal conductivity, K
solid density, ρs
solid specific heat, cs
porosity, φ
permeability, k

W m−1 K−1
kg m−3
J kg−1 K−1
%
log(m2 )

2.0
2650.0
880.0
40.0
−16.0

0.5–3.0
n/a
700.0–900.0
n/a
n/a
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Table 1. Cont.
Material

Parameter

Units

Value

Range 1

host rock 3

thermal conductivity, K
solid density, ρs
solid specific heat, cs
porosity, φ
permeability, k

W m−1 K−1
kg m−3
J kg−1 K−1
%
log(m2 )

2.0
2710.0
850.0
5.0
−17.0

0.5–3.0
n/a
700.0–900.0
n/a
n/a

waste

initial heat load, QH0
capsule spacing, ∆x

W/capsule
m

100.0
1.0

50.0–200.0
0.61–4.30

1

Lower and upper bounds of parameters, defining the range examined by global sensitivity analysis and response
surfaces; n/a: not applicable, i.e., parameter is fixed. 2 Backfill of canister, casing, and annulus; each may consist of
a different material, e.g., quartz sand, bentonite, drilling mud, or cement; properties to be selected based on chosen
backfill material. 3 Various host rocks may be considered, including sedimentary, magmatic, and metamorphic
rocks; properties to be selected based on site-specific host rock.

2.5. Local and Global Sensitivity Analyses
In addition to calculating the temperature evaluation for the reference parameter set of Table 1 and
some discrete variants, we also perform extensive local and global sensitivity analyses and a data-worth
analysis. Local sensitivity coefficients are needed to calculate composite sensitivity measures and
to calculate estimation and prediction uncertainties. The local sensitivity coefficients are the partial
derivatives of an output variable zi with respect to an input parameter p j , evaluated at the reference
parameter set p*:
∂zi
.
(4)
Sij =
∂p j
p∗

To make Sij dimensionless and comparable across different types of parameters and observations,
they are scaled as follows:
σp j
Sij = Sij ·
,
(5)
σzi
Here, where σp is the input- or parameter-scaling factor, and σz is the output- or
observation-scaling factor. In the context of a sensitivity analysis, σp is the expected parameter
variation, and σz denotes the threshold at which a change in the model prediction is considered
significant. In the context of a data-worth analysis (see below), σp is interpreted as the acceptable
parameter uncertainty, and σz is the expected mean residual obtained after the inversion, or the
acceptable prediction uncertainty of the target predictions (for details, see References [44]).
A local sensitivity analysis indicates the relative influence of each of the unknown, uncertain,
or variable parameters on the target predictions, which in our case are the maximum temperatures
at specific points within the repository system. However, if the model is nonlinear, the sensitivity
coefficients depend on the parameter set, which varies considerably during the early design stages
of a project. We therefore employ a global sensitivity analysis method to identify the overall most
influential parameters. Global sensitivity methods are comprehensively described in Reference [45].
As any global method, the Morris one-at-a-time (MOAT) elementary effects method [46] examines
many parameter combinations within the range of acceptable values. In The MOAT method, the
n-dimensional parameter hypercube is subdivided along each axis into r − 1 intervals, resulting in r n
grid points. For each parameter j, a perturbation ∆ is calculated as:
∆j =


r
· p j,max − p j,min .
2(r − 1)

(6)
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With a parameter set selected from a random grid point, the performance measure z is evaluated
by the model. Each parameter p j is perturbed in turn by ∆ j , z is recalculated, and the impact on the
output (referred to as elementary effect, EEj ) is computed as:

z p1 , p2 , . . . , p j + ∆ j , . . . , p n − z ( p1 , p2 , . . . , p n )
EEj =
.
∆j

(7)

EEj is referred to as the elementary effect. EEj is repeatedly evaluated, starting at randomly
selected points. After several such paths within the parameter space have been explored, the mean
and standard deviation of the absolute elementary effects (denoted by EE and σEE , respectively) are
determined. EEj reflects the composite influence of parameter j on the output, whereas σEE,j identifies
nonlinearities and interactions of the effect. We also create response surfaces for pairs of the most
important design factors identified by the global sensitivity analysis.
2.6. Data-Worth Analysis
Finally, a data-worth analysis is done with the goal to design an experiment in which the
key parameters affecting maximum temperatures can be determined with sufficient accuracy. A
data-worth analysis identifies and ranks the relative contribution a data point makes when used in an
inversion (e.g., for the estimation of thermal properties) and a subsequent predictive simulation
(e.g., of maximum repository temperatures). The approach used in this study is described in
Reference [47]. It is based on sensitivity coefficients, a linear estimation error analysis (to obtain
the uncertainty in the estimated parameters given the available data and their uncertainties), and a
linear uncertainty propagation analysis (to obtain the prediction uncertainty given uncertainty in the
estimated parameters).
We denote n as the number of uncertain parameters that will be estimated based on m discrete
measurements, i.e., n is the length of the parameter vector p, and m is the length of the observation
vector z. Note that m changes during a data-worth analysis, as individual data points (or entire data
sets) are either removed from the reference data set or added as potential observations. The covari-ance
matrix of the estimated parameters, C pp , is calculated as:

 −1
1
C pp = JT C−
.
zz J

(8)

Here, J is the m × n Jacobian matrix, holding the sensitivity coefficients Sij ; Czz is the m × m observation
covariance matrix, containing the variances σz2 on its diagonal.
A linear uncertainty propagation analysis is performed to yield the covariance matrix of the
model predictions:
T
Cẑẑ = ĴC pp Ĵ .
(9)
Here, the Jacobian matrix Ĵ contains the partial derivatives of the predictions with respect to the
parameters. These sensitivity coefficients propagate the uncertainties in the parameters (described by
C pp ) to the predictions of interest.
In a data-worth analysis, the estimation and prediction uncertainty matrices, C pp and Cẑẑ ,
respectively, are re-evaluated for different calibration data sets. The data worth, ω±k , is then
defined as the relative increase or decrease in the prediction uncertainty (measured by the trace
of Cẑẑ ) caused by the removal or addition of data. Starting with a set of reference data, the
uncertainty analyses of Equations (8) and (9) determine whether the target values can be predicted
with sufficiently low uncertainty, making it acceptable for the objectives of the modeling study. If
it is acceptable, the data-worth analysis suggests which data could be removed, resulting in a less
complex and less expensive design with minor impact on the accuracy of the estimated parameters
and without markedly increasing prediction uncertainty. If uncertainties are unacceptably high, the
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data-worth analysis indicates which supplementary data shall most effectively reduce the estimation
and prediction uncertainty.
3. Results
3.1. Temperature Evolution
The temperature evolution at various radial distances from the center of the capsule (representing
different components of the system) is shown in the left column of Figure 3 for three different capsule
spacings; the time-dependent decay-heat power output for one capsule is also shown. The simulated
temperature distribution 3 years after the emplacement of heat-generating waste capsules is shown in
the right column. As expected, temperatures are higher if waste capsules are emplaced end-to-end
with very little separation distance, and maximum temperature changes are reduced if the capsules are
spaced farther apart. However, the relative reduction in maximum temperature becomes smaller for
larger separation distances, as the heat dissipation regime transitions from cylindrical (Figure 3a) to
approximately spherical (Figure 3c). As a result, only small benefits regarding maximum temperature
can be gained by spacing capsules by more than about 2 m.
For an initial heat output of 100 W per capsule, a dense capsule emplacement configuration with
a spacing of 2 ft (0.6096 m) leads to maximum temperature increases of about 73 ◦ C for the capsule
itself, and about 60 ◦ C at the drillhole wall. Recall that these temperature increases are proportional
to the heat output. To avoid boiling in the backfill material between the canister and the casing, the
initial heat output must be limited to about 360 W in a drillhole that is at a depth of 1 km at an ambient
temperature of 40 ◦ C, as inferred from the boiling curve of Figure 2 and the maximum temperature
increase shown in Figure 1a. Note that none of the cesium capsules and only a small fraction of
the strontium capsules generate heat in excess of 360 W [34,35]. These capsules can be stored at the
surface for a longer period, or placed in the horizontal drillhole with an appropriately increased
separation distance to their neighbors. In general, a slightly broadened emplacement pattern should
be used to account for uncertainties in heat output, in ambient temperature and pressure, and in the
thermal properties of the various materials, in particular the host rock, whose heat conductivity is
most uncertain, most variable, and at the same time most influential, as demonstrated in the following
sensitivity analyses.
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changes over a wide range of the most influential parameters, creating response surfaces as a
convenient design tool.
For the drillhole disposal concept, heat dissipation is almost exclusively in the radial direction,
passing through different materials that are arranged in concentric, cylindrical shells. Because of this
configuration, the components are encountered in series, and, consequently, heat flow is controlled
by the components of relatively low thermal diffusivity. The metallic elements with a high thermal
conductivity and small shell thickness (i.e., the canister and casing) are expected to have an insignificant
impact on the spatial and temporal temperature distribution. This is confirmed by a local sensitivity
analysis, which is performed for a capsule spacing of 48 inches (1.22 m). A composite sensitivity
measure—defined as the sum of the absolute values of the scaled sensitivity coefficients (Equation (5))
for each column and row of the sensitivity matrix—is calculated for each thermal parameter (columns
of S) and the maximum temperature at select locations (rows of S). We also evaluated the impact of a
10% change in the heat output on the maximum temperature.
Table 2 indicates that the heat conductivity of the host rock is the most influential parameter,
followed by the strength of the heat source. As expected, a 10% change in rock thermal conductivity
has about the same impact as a 10% change in heat output. The conductivity of the canister backfill
material has some effect on the capsule temperature, but not on the temperatures outside the canister.
The thermal properties of the capsule, canister and casing are essentially irrelevant if fabricated
with highly conductive material. As heat dissipates in a radially outward direction, the composite
sensitivity measures for the observations generally decline with radial distance from the drillhole axis.
The thermal conductivity of the host rock has its maximum influence at the drillhole wall, where the
observation is collocated with the domain the parameter refers to. These general insights are quite
robust with respect to the somewhat subjective choice of the parameter scaling factor, i.e., even if the
uncertainties in thermal conductivity vary between materials, this does not substantially affect the
qualitative statements made above.
Table 2. Scaled sensitivity coefficients Sij and composite sensitivity measures.
Parameters 1

Data 2
Tcapsule
Tcanister
Tcasing
Trock 0.0 m
Trock 0.1 m
Trock 0.5 m
Trock 1.0 m
ΣSi

Kcapsule

Kback1

Kcanister

Kback2

Kcasing

Kannulus

Krock

Qheat

ΣSj

0.13
0.02
0.02
0.01
0.01
0.00
0.00
0.19

2.76
0.06
0.05
0.04
0.02
0.01
0.00
2.94

0.06
0.06
0.03
0.02
0.01
0.01
0.00
0.19

1.25
1.25
0.02
0.02
0.01
0.00
0.00
2.55

0.05
0.05
0.05
0.04
0.02
0.00
0.00
0.21

1.18
1.18
1.18
0.12
0.06
0.00
0.00
3.72

14.25
14.36
14.44
14.61
12.22
8.28
5.51
83.67

4.67
4.00
3.72
3.42
2.83
1.96
1.37
21.97

24.35
20.98
19.51
18.28
15.18
10.26
6.88
-

1

The parameter scaling factor for thermal conductivities and heat output are σK = 1.0 and σQ = 10.0, respectively;
subscripts back1 and back2 refer to the backfill material between the capsule and the canister, and between
the canister and the casing, respectively; the sensitivity coefficient for heat capacity and material densities are
significantly smaller and are thus not tabulated. 2 Observations of interest are the maximum temperatures
encountered during the repository lifetime; Trock X m is the maximum temperature in the rock X m from the
drillhole wall; as only temperatures are considered, the observation scaling factor is irrelevant—it is set to σT = 1.0.

The local sensitivity analysis is contingent on the chosen reference parameter set (see Table 1).
Therefore, a Morris global sensitivity analysis is able to test the validity of the simple local sensitivity
analysis and to examine nonlinearity and interaction effects. The parameters involved in this global
sensitivity analysis and their upper and lower bounds (defining the parameter hypercube) are listed in
Table 1 above. The 12-dimensional parameter hypercube is subdivided into r − 1 = 5 intervals and
examined along n p = 40 paths, as described in Section 2.6.
Figure 4 shows a cross-plot between the mean and standard deviation of the absolute elementary
effect (EE; Equation (7)) of the Morris global sensitivity analysis. The dashed line represents

significant. By far the most influential parameters are the heat output (red circle), the host rock’s
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3.3. Response Surfaces
Figure 5 shows two-dimensional response surfaces of the maximum temperature increase at select
radial locations as a function of thermal conductivity of the host rock and capsule spacing. Host-rock
conductivity is chosen because it is the most influential property that may also vary over a considerable
range depending on the rock type and spatial heterogeneity. Capsule spacing is selected as the main
design parameter that can be adjusted for effective temperature control.
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capsules with a heat output of 200 W were disposed in a horizontal drillhole at a depth of 1 km.
(Recall that thermal criteria other than the boiling temperature may be relevant.) These response
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calibration model simulates the heater test data, whereas the prediction model simulates the
maximum temperatures induced by the disposal of heat-generating nuclear waste. The calibration
model covers the short duration of the heater test; the prediction model covers the much longer
duration of the thermal period.
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Next we observe that no significant benefits can be gained by moving the DTS from the casing
to the drillhole wall or towards the heater. Installation of the DTS fiber-optic cable by clamping it to
the outside of the casing is not only most practical, but also desirable as it avoids interference of the
cable with waste emplacement operations. We therefore decide to focus only on the DTS data collected
along the casing, discarding the use of additional sensors.
We first discuss the results of the notional inversion, which is simply the evaluation of Equation
(8) with the assumption that the match to the (still non-existent) data is consistent with the prior
observation covariance matrix, Czz . The resulting covariance matrix of the estimated parameters, C pp ,
reveals that performing the heater test mainly helps determine the thermal conductivity of the host
rock, as expected.
Table 3 shows the estimation and prediction uncertainties for different testing durations. Without
conducting an in situ heater test, the uncertainty of the predicted maximum temperature is high.
For example, on the 95% confidence level, the prediction of the maximum temperature change at
the drillhole wall would read ∆Twall = 34 ± 30 ◦ C. Even granted that the normality and linearity
assumptions underlying the uncertainty analysis of Equation (9) are violated, this large uncertainty
renders the prediction essentially not very useful.
Table 3. Estimation and prediction uncertainties for select heater test durations.
Prediction 1

Estimation
Time (d)

σKrock

σT,capsule

0
1
2
5
10
20
30

1.00
0.28
0.25
0.20
0.16
0.14
0.13

14.8
2.9
2.7
2.7
2.7
2.7
2.7

1

σT,canister σT,casing
14.6
2.1
1.5
1.2
1.1
1.1
1.1

14.6
2.1
1.3
0.8
0.7
0.6
0.6

σT,wall

σT,0.1m

σT,0.5m

σT,1.0m

14.7
2.8
2.0
1.2
0.9
0.6
0.5

12.3
2.3
1.7
1.0
0.7
0.5
0.4

8.3
1.6
1.1
0.7
0.5
0.3
0.2

5.6
1.0
0.8
0.5
0.3
0.2
0.2

Uncertainty of predicted maximum component temperature during repository life time.

Performing a 1-day-long heater test, the estimation uncertainty of the most influential parameter,
the host rock thermal conductivity, is reduced from its prior value of 1.0 to less than 0.3 W m−1 K−1 .
An even lower uncertainty can be achieved if the heater output is controlled accurately, a result of
the fact that these two parameters are strongly correlated. Combined with uncertainty reductions
in the other parameters that are concurrently estimated with Krock leads to considerably improved
temperature predictions. Specifically, the maximum temperature at the drillhole wall now reads
∆Twall = 34 ± 6 ◦ C. Whether such a prediction uncertainty is acceptable depends on its use for
repository design and performance assessment. The uncertainties can be further reduced by prolonging
the heater test, albeit with diminishing added value for the later times. If testing lasts for 10 days or
longer, the uncertainty of the model-predicted maximum temperature experienced by the host rock at
the drillhole wall is less than 1 ◦ C.
4. Discussion
The temperature evolution in the disposal section of a horizontal drillhole was simulated for a
wide range of thermal properties of engineered and natural materials. We specifically examined the
maximum temperatures encountered during the thermal pulse period at selected locations within the
drillhole and the near-field host rock. The sensitivity analyses indicate that the key factors affecting
maximum temperatures are the thermal conductivity of the host rock, the spacing between waste
capsules, and the wattage of the heat-generating waste. The global sensitivity analysis demonstrates
that the identification of the most influential parameters is robust even if the reference property values
are uncertain or variable over a wide range. Of these three influential parameters, only the heat
conductivity of the host rock cannot be adjusted and needs to be determined for in situ conditions at
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the selected disposal site. Should its value turn out to be too low (leading to excessive temperatures in
the repository), a different layer needs to be chosen, or an altogether different site must be explored.
The heat output of the waste can be partly controlled by extending the post-reactor cooling period in a
surface storage facility. Finally, the spacing of waste within the drillhole is the main, readily adjustable
design parameter used for thermal management of the repository.
The thermal properties of the backfill material have a much smaller impact on the maximum
temperatures. Temperatures increase somewhat if backfill conductivities approach very small values.
Such small values may only occur if a relatively wide, fluid-filled gap develops over the entire
circumference of the canister, casing, or drillhole wall, acting as a relative insulator. Despite this
possibility, it can be recommended that a suitable backfill material should be selected mainly based on
its ability to fulfill a specific barrier function rather than because of its thermal properties.
We also examined the possibility of performing an in situ heater test to determine the thermal
properties of the as-built repository system. From an operational point of view, the proposed heater
test is well integrated into the site development and characterization process. After completion of the
drillhole, the heater (which has the same dimensions as the waste canister) is pushed to the end of
the disposal section, testing the integrity of the drillhole and the absence of obstructions, confirming
that emplacement of actual waste capsules is possible. The short testing section is then instrumented
and backfilled according to the design specifications, testing the corresponding procedures. Heating
and data collection begins. While the heater experiment is running, the entire drillhole is available
for logging, characterization and disposal preparation. Temperature data are analyzed in real time
by performing inversions using a calibration model that will be set up in advance. Once sufficient
data are collected such that the site-specific thermal properties are determined with the desired level
of accuracy, the heater test can be terminated, and waste emplacement may commence. If there are
indications of considerable heterogeneities along the drillhole, the heater test may be repeated at
selected locations. Finally, the DTS sensors can be used to observe the thermal evolution along the
disposal section as part of performance confirmation monitoring. The design of the heater experiment
(including the way power is supplied) should be further optimized and tested in a pilot drillhole. If
the main goal is only to determine the host rock’s thermal conductivity under in situ conditions (i.e.,
without testing the thermal performance of the as-built engineered barrier system), a less intrusive
approach using a combination of DTS and a borehole-length electrical resistance heater (a system
referred to as distributed thermal perturbation sensor; see Reference [49]) could be considered.
5. Conclusions
The maximum temperature expected within a horizontal drillhole and the surrounding host
formation is an important factor that mainly affects our ability to robustly predict repository
performance. These temperatures need to be simulated with acceptably low prediction uncertainty in
order to provide a defensible basis for the demonstration that they are below regulatory thermal limits.
While such thermal limits are not discussed or proposed in this study, we recommend that repository
temperatures remain below the boiling temperature under in situ conditions at all times to avoid the
significant complexities arising from phase changes and the related coupled processes.
In general, the linear arrangement of waste capsules or spent nuclear fuel assemblies in a long
horizontal drillhole leads to relatively large specific surface areas available for heat dissipation. Thermal
management for a drillhole repository is thus less challenging compared to that for other repository
concepts, where relatively large volumes of heat-generating waste are densely packed in mined caverns
or large-diameter deposition holes. For a moderate capsule spacing of about 2 m, thermal interference
is very small; denser loading of the disposal section of the drillhole can be justified using the design
approach outlined in this paper. The simulations show that waste spacing is a very effective design
parameter to manage temperatures in the disposal section of the drillhole.
The design calculations presented here were done for the disposal of relatively small, but thermally
hot cesium and strontium capsules. The maximum temperatures for a cesium capsule, which typically
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generates about 100 W at the time it is emplaced in the drillhole, are less than 100 ◦ C above the ambient
temperature, i.e., far below the in situ boiling temperature. Only a small fraction of the strontium
capsules have high enough heat output to significantly raise the temperatures, but these cases can
be readily managed by increasing the capsule spacing. The thermal maximum is reached after less
than 10 years, i.e., a time much shorter than that predicted for a large, mined repository. Note that
deep nuclear waste isolation in horizontal drillholes is considered feasible also for other waste forms,
specifically SNF assemblies. The thermal analyses discussed in this paper need to be adapted for the
specific geometry and heat output of these other waste forms.
While predominantly conductive heat transfer is appropriately captured by focusing on the local
behavior in a short section of the repository, other processes (e.g., corrosion gas migration, regional
fluid flow, radionuclide transport) may require that the entire drillhole (including the vertical access
section) be modeled. Nevertheless, an overall approach similar to the one presented here can be
used to examine such processes in support of repository design, uncertainty quantification, and
performance assessment.
Parameters that are both influential and uncertain need to be carefully assessed prior to performing
design calculations and uncertainty analyses. We have demonstrated through a data-worth analysis
that a short-term in situ heater test is a viable approach to robustly identify the key factors affecting
the temperature evolution in the repository. The main conceptual idea is to run a test that (a) uses the
as-built configuration under in situ conditions (thus testing the actual disposal system), (b) examines
the system at the actual scale (thus avoiding the need for upscaling), (c) perturbs the system using
thermal stresses (thus invoking the relevant process), and (d) collects (temperature) data that are
identical to the prediction variable of interest (thus avoiding the need for indirect inferences). A
well-designed heater test, which can readily be integrated into the operation of a horizontal drillhole
waste repository, is an effective, defensible way to obtain confidence in our understanding of the
thermal system behavior, and to improve our ability to make robust predictions.
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