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5 Demonstration Programme

Due to the lack of an underground laboratory in salt in Germany it was decided to perform the demon-
stration tests in a first step in a surface facility. For this purpose a former turbine hall of a power sta-
tion in the village of Landesbergen in the vicinity of Hanover, Lower-Saxony, has been rented. This
building provides the possibility to simulate the emplacement process of a BSK 3 canister in a vertical
borehole. The components of the emplacement system will be assembled at a level of 10 m above
ground floor (Figure 11). Thus, a 10-m long vertical steel metal casing will simulate the emplacement
borehole. The BSK 3 canister will be lowered down by the grapple of the emplacement device and -
different to a real repository - re-moved again for further tests afterwards.

Figure 11: Test facility design

The test programme comprises demonstration tests, simulation tests and tests to resolve operational
disturbances. In total approximately 500 complete emplacement cycles will be simulated in order to
obtain information on the reliability of the entire system and of each component.
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Figure 12. The photo shows a view onto the test platform of the test facility in Langesbergen. The
battery-driven locomotive and the new transport cart are already positioned on the platform.
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6 Outlook

All the components have been designed in detail, the drawings and reports evaluated by external ex-
perts. The components will be manufactured until spring 2008. The construction work to prepare an
appropriate test facility has been performed from February to April 2008. The transport cart and the
battery powered locomotive were delivered to the test site in April. With the delivery of the emplace-
ment device in May and the transfer cask and the borehole lock in June 2008, all components will be
available at the test site. After the individual components have been accepted on site the demonstration
program - performed in two shifts - will commence in July and last until end 2008. The intention is to
show the reliability of the emplacement system by means of a large number of demonstration tests and
to draw conclusions and give recommendations for industrial application in the repository.

Figure 12: Full scale demonstration platform at the test site in Landesbergen

Reference:

Engelmann, H.-J., 1995. “Systemanalyse Endlagerkonzepte”, Abschlussbericht, Hauptband, DEAB T
59.

23-11



International Conference
Underground Disposal Unit Design & Emplacement Processes for a Deep Geological Repository.
16-18 June 2008, Prague

9+ YEARS OF DISPOSAL EXPERIENCE AT THE
WASTE ISOLATION PILOT PLANT (WIPP)

Authors: Norbert T. Rempe, Roger A. Nelson
Waste Isolation Pilot Plant (WIPP), Carlsbad, New Mexico, USA

Abstract

WIPP disposes of contact-handled waste since 1999 and remotely-handled waste since 2007.
Emplacement methods range from stacking 0.21- 4.5 m® containers inside rooms to remotely inserting
0.89 m® casks into horizontally drilled holes. One-third of WIPP’s authorized repository capacity is
full. Neither employees nor the public have been exposed to radiation beyond local background
variability. Waste characterization, transportation, and disposal consistently meet or exceed safety
standards and expectations. Process improvements continuously reduce cycle times and costs.
Beyond current political, regulatory, and administrative restrictions, WIPP helps pave the way toward
permanent isolation of all radioactive waste categories, including high-level.

1 Current Repository Operations

The Waste Isolation Pilot Plant (WIPP) east of Carlsbad, New Mexico, has since March 26, 1999,
been disposing of radioactive waste in impermeable bedded Permian salt 655 m below the surface.
This weapons program waste is considered intermediate-level in an international context, but in the
U.S. it is categorized as transuranic (TRU) waste. The repository is currently authorized to eventually
accommodate ~175,000 m® of radioactively contaminated, solid, non-heat generating, and mostly
unconditioned laboratory and manufacturing trash. About 12 t plutonium, in addition to other
radioactive isotopes, are estimated to eventually be isolated inside WIPP.

The US Department of Energy (DOE) did, and continues to, excavate and operate WIPP specifically
and almost exclusively for waste disposal. Illustrations on just about any aspect of WIPP operations
are readily available at the WIPP web site (US DOE, 2008a) and the DOE photo archive web site (US
DOE, 2008b). Location- and design-specific salt creep rates are relatively high (4-6 cm/yr), leading to
rapid waste encapsulation and permanent isolation.

1.1 Contact-Handled Waste

Most contact handled (CH) TRU waste is contained in seven-packs of 0.208 m® drums or in single
1.88 m® standard waste boxes (SWBs). Other approved CH waste containers include four-packs of
0.32 m® drums, three-packs of 0.38 m® drums, and single 4.5 m® ten-drum-overpacks (TDOPs). Waste
containers are stacked inside disposal rooms, and each stack is capped by a bag of pelletized MgO.
CH waste containers may have surface dose rates up to 0.002 Sv/h. Under the current regulatory
regime, waste resulting in dose rates at the surface of the container in excess of 0.002 Sv/h must be
packaged in remotely handled canisters and disposed of as described below.
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1.2 Chemical Backfill

WIPP salt is hydrologically quite stable: no groundwater intruded since its original deposition >250
million years ago; however, for purposes of evaluating future repository performance, it is assumed
that water may some day inundate the disposal rooms due to inadvertent human intrusion. For this
reason, a chemical backfill (MgO) is emplaced along with the waste to buffer the pH of the assumed
resulting brine and to reduce actinide solubility. MgO would also consume essentially all the CO2
that could be produced by microbial activity assuming all cellulosic, plastic, and rubber (CPR)
materials in the TRU waste and its containers participated in the reactions. MgO is emplaced in
polypropylene “supersacks” (each weighing ~1,900 kg) on top of the freestanding container stacks.
Creep closure of WIPP disposal rooms will rupture the supersacks, crush and compact the waste
containers, and in the process disperse the MgO. The dispersed MgO will be exposed to the room
atmosphere, to any CO2 produced by microbial consumption of CPR materials, and to H20 vapor and
any brine present. More details on the very conservative but regulation-required release scenarios
leading to the emplacement of MgO are available in the WIPP Compliance Certification (US DOE,
1996) and Recertification Applications (US DOE, 2004).

1.3 Remotely-Handled Waste

Remotely-handled (RH) TRU canisters with a volume of 0.89 m® (length 3.07 m, diameter 0.66 m)
and a maximum weight of 3.63 tons arrive and are handled in shielded re-usable casks before they are
emplaced in pre-drilled horizontal holes (in the walls of the disposal rooms), which are then closed
with concrete shield plugs. Current emplacement practice, while successful so far, includes serial
single-failure points subject to future process improvements. RH waste containers may have surface
dose rates up to 10 Sv/h.

1.4 Operational Challenges and Lessons

Examples of obstacles overcome and lessons learned during the first 9+ years of disposal operations
include:

1.4.1 Excavation Stability

Relatively high rates of excavation closure due to salt creep cause rapid isolation of the waste in the
impermeable surrounding salt. Excavation of the first panel of seven rooms was completed by 1988 in
anticipation of first waste receipt. But political, regulatory, administrative, and judicial hurdles
delayed arrival of the first shipment for another eleven years. Meanwhile, salt creep, brittle
deformation of anhydrite layers in the back and floor, and fracture development in the disturbed rock
zone around excavations continued. The gradual decline in excavation stability required costly
countervailing measures, e.g., pattern bolting and re-cutting many excavations, to maintain a safe
working environment and clearances sufficient to accommodate waste handling equipment. With the
benefit of hindsight, delaying excavation to full design dimensions of access drifts and the first panel
until all hurdles were cleared would have been preferable.

1.4.2 Salt Hoist Capacity

Driven by the desire for expedited clean up of waste generator sites to achieve protection of
neighbouring communities sooner than originally intended, the DOE decided early in the operating life
of WIPP to accelerate disposal rates beyond those anticipated in designing the facility. Speeding up
the mining rate was fairly simple, but the resulting flow of mined salt exceeded the hoisting capacity
of the salt shaft. The solution was to mine during one shift, stockpile the excess salt underground, and
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hoist it to the surface during a second shift. Double-handling of some of the mined salt increased cost
and occupational risk at WIPP, but achieved the purpose of more rapid risk reduction at some
generator sites. The lesson here is to design key components of repositories as robust and flexible as
possible to accommodate moderate changes without creating bottlenecks.

1.4.3 Disposal Horizon Change

Geotechnical data and modelling after the first panel had been filled indicated that raising the WIPP
repository level (floor and roof) by about 2 m should improve roof stability and reduce ground control
needs. The regulator approved the proposal for implementing the change, beginning with Panel 3.
Unfortunately, results did not match expectations, and actual ground control costs, primarily for
additional bolting, increased. The 25+ year WIPP record of gathering and interpreting data from
instrumentation and observation is impressively extensive, yet its length pales in comparison with the
practical experience of salt and potash mines. Most of them have been in operation many decades,
some even longer than a century. Other repositories in similar geologic settings but with long mining
histories have not reported surprises such as WIPP encountered as the result of the horizon change.
This contrasting experience encourages a re-assessment of the commonly held but largely unexamined
assumption that prefers de novo excavations over former or current mines, in which to locate
repositories.

1.4.4 Waste Retrieval

A records check in 2007 revealed that a waste drum already emplaced in Panel 4 contained less than a
cup full of free liquid, which is prohibited by the WIPP waste acceptance criteria. When the problem
was discovered, 36 rows of waste containers had already been placed in front of the offending “errant”
drum over-packed inside an SWB, turning retrieval into quite an operational challenge. Analysis
showed beyond rational doubt that leaving the drum in place was less risky than all retrieval options.
The US Environmental Protection Agency (EPA), the chief regulator of WIPP with focus on the
radiologically toxic waste constituents, raised no objection to leaving the drum underground. But the
New Mexico government agency regulating the chemically toxic constituents of the waste ordered the
drum to be retrieved and returned to the generator site anyway. This decision flew in the face of an
unchallenged independent evaluation that “the radiological risks (sic) from WIPP wastes are much
greater than the risks from hazardous wastes*(Channel, Neill, 1999). WIPP employees accomplished
actual retrieval of the errant drum quickly and accident-free, but at considerable risk as well as
expense in time and money. The experience highlights the need to critically examine regulatory
regimes guided by rote rulebook compliance rather than thoughtful case-by-case comparative risk
assessment.

2 Continuing Process Improvements

As part of its drive to constantly increase operational safety and efficiency, WIPP’s continuing process
improvement goals focus on decreasing vulnerabilities by reducing, eliminating, or optimizing
requirements that do not enhance safety or add value. As the result of past efforts, cycle time for
processing a CH waste shipment has been reduced from eight to less than two hours, and RH
shipments have ramped up from one to six per week. Current and future efforts include:

2.1 Simplify Panel Closures

The two access (intake and exhaust) drifts to each panel are closed after the panel has been filled with
waste. Closure structures are designed to protect workers while disposal operations in other panels
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continue. The original WIPP permit requires the eventual emplacement of a massive concrete
monolith in each drift. During pilot-scale test pours, this design proved very difficult and expensive.
Thus, the first three panels were -with permission of the regulators- closed with simpler systems.
Structures installed in the access drifts of Panels 1 and 2 consist of solid concrete block walls without
penetrations for monitoring conditions behind the walls. The Panel 3 structures consist of a much less
expensive combination of chain link fence, brattice cloth, and piled-up mined salt and incorporate
conduits for remotely monitoring geotechnical instruments and the atmosphere inside the panel. WIPP
expects to propose to the regulatory agencies simple run-of-mine salt barriers about 30m long and
backfilled from floor to back. Such barriers should be adequate after re-consolidation by creep to
effectively isolate disposal panels from each other. Data gathered through the penetrations in the
closure structures in Panel 3 and panels to be closed in the future will help the regulator evaluate and
approve a safe yet cost-effective final design choice.

2.2 Re-configure Some RH Waste as CH Waste

Operating experience gained since first receipt of RH waste has made obvious the need for alternatives
to eliminate or at least alleviate the many single failure points contained in the RH waste handling
sequence. Current practice involves several components without backup, substitute, or spare; many of
them were custom-built ~25 years ago. An alternative already being discussed and likely to be
presented to the regulators in the future would be to load at the generator sites materials that would
otherwise be categorizes as RH waste into shielded containers that could then be handled and disposed
of alongside CH waste, i.e., stacked vertically inside rooms. WIPP considers proposing that the waste
packaged in this fashion would still be counted against the RH waste capacity limit imposed by
regulations and agreements with the state of New Mexico. This method could be applied to a
significant fraction but not all RH waste. The remainder would continue to be emplaced into
horizontal holes.

2.3 Reduce or even Eliminate Chemical Backfill

The head of the (now defunct) Environmental Evaluation Group (EEG), an independent and frequently
very confrontational oversight body, used to call the requirement for MgO as chemical backfill and
engineered barrier a prime example of the “belt-and-suspenders” approach to many aspects of WIPP.
The assumptions underlying, and the rationale for, adding MgO to the repository environment are
subjective, very conservative, and in some cases unrealistic. The prospect of potential savings during
the life of WIPP, resulting from the reduction or even removal of this requirement, is in the range of
several tens of millions of dollars. In addition, substantial CH waste emplacement efficiencies may
result from changing this requirement. Discussions between WIPP and the EPA on this topic are
continuing.

3 Science Underground

The DOE offers WIPP underground real estate not needed for waste disposal to researchers from
around the world as a laboratory to study a variety of subjects. The underground environment is very
suitable for experiments in many disciplines, including particle astrophysics, waste repository science,
mining technology, low radiation dose exposure effects, fissile materials accountability and
transparency, and deep geophysics. Research unrelated to waste disposal is accommodated as long as
it has no negative impact on the primary waste isolation mission.
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3.1 Applied Repository Science

Being the world's first fully licensed deep geologic repository for TRU waste, WIPP can serve as a test
bed for enhancing the concepts and designs of future geological repositories for other permanent
disposal programs in at least two areas:

3.1.1 Repository Performance

WIPP demonstrated compliance with regulatory standards initially in 1998, and again for the first re-
certification in 2004. Features, events, and processes that may affect the integrity of the site for the
next 10 000 years must continue to be re-assessed by probabilistic analyses. A performance
assessment system consisting of conceptual models, computational codes, parameter databases, and
computer systems is being maintained and constantly updated to support future re-certification
applications and analyses of contemplated changes to the disposal system.

3.1.2 Transparency

The DOE has made WIPP available to serve as a proving ground of techniques to answer two
questions for the back-end of the nuclear fuel cycle, namely disposal: First, how do we establish to
someone else’s satisfaction that our nuclear activities pose no threat, either by accident or
proliferation? Second, how do we establish to our own satisfaction that someone else’s nuclear
activities pose no threat? A successful transparency program can monitor remotely the geologic
disposal of radioactive waste without adversely affecting repository operations or regulatory
compliance. WIPP has served as a host for evaluating non-proliferation technologies in a deep
geologic repository. Monitoring experiments demonstrated the value of a transparency test bed at
WIPP. Preliminary results were reported at the International Conference on Geologic Repositories in
Denver in November 1999.

3.2 Basic Science

WIPP may be the best and most cost effective location in the US to serve as an underground
laboratory dedicated to experiments to probe the nature of the cosmos, to study known particles and
their interactions, and to search for postulated particles that are thought to pervade our universe. A
clear advantage of exploiting an existing facility, especially one that is already operated by the
government, is to make best use of taxpayer’s investment with highest scientific return. There has
already been a large investment to support science in WIPP. Neutral current detectors that helped the
Sudbury Neutrino Observatory to confirm that neutrinos have mass were first tested in the WIPP
underground. Currently active experiments support the search for neutrino-less double-beta decay
which, if proven to exist, could change our understanding of the universe.

3.2.1 Low-Background Environment

Nuclear and particle physics communities need suitable facilities in which to survey samples of
materials for radiological impurities at unprecedented sensitivity. WIPP offers very low background
radiation and excellent shielding from cosmic radiation. Augmenting the shielding against
cosmogenic radiation provided by the overburden, WIPP salt contains significantly less natural
radioactivity than rocks exposed in most other underground mines. Careful monitoring to document
clean waste disposal operations ensures that hardly any airborne radioactivity, e.g., radon, contributes
to instrument background levels.
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There is also a growing need to create detector components underground to avoid incorporation of
cosmogenic impurities. This includes underground storage of detector or shielding materials needed
later at either WIPP or other location. Small quantities of lead bricks and other shielding materials
have been stored in the WIPP underground for many years. A low-level counting chamber made of
pre-WW 11 steel is available, and most recently some radio-pure copper test parts were electro-formed
in the WIPP underground, demonstrating the complete elimination of radiogenic elements in materials
used for detector construction

A third category of research can use the low radiation background in the WIPP underground to
investigate the biological effects of low-level radiation. An international summit in January 2006
concluded that WIPP fulfills the requirements for such an underground laboratory. It also proposed an
experimental design that would conclusively test the linear no-threshold hypothesis of dose response
to low dose and low dose rate radiation (Orion International Technologies, 2006).

3.3 Science Benefits to Repository Operations (What’s in it for DOE and
WIPP?)

Conducting sensitive underground experiments during the disposal of radioactive waste supports the
argument for safe and sound repository operation. Delicate research at WIPP provides a counterpoint
to the mistaken perception that the project is nothing more than a radioactive waste “dump”. While
supporting experiments, WIPP also gains expertise and experience in handling exotic materials and
equipment configurations. Research grants and experiments create jobs in the private sector and boost
the regional economy. The science mission helps recruit, retain, and develop talent in SE New
Mexico. Taxpayers benefit from science at WIPP because it optimizes the return on their investment.
Finally, the subtle irony of using the low-background radiation environment for basic science research
right next to mega-curies of radioactive waste is not lost on the public. The message received is that
radioactive waste may not be as fearsome as represented by anti-nuclear activists.

4 Opportunities for Cooperation

More than 35 years of WIPP history, including almost ten years of practical waste disposal experience,
constitute a significant record in the field of deep geologic waste isolation. WIPP participants have
shared this record by organizing and hosting symposia and workshops and by participating in
international waste management organizations and conferences. Beyond these past efforts, much more
can and should be done to share scientific and technical expertise and experience that enhance
operational and post-closure assurance, safety, and reliability for all repositories.

4.1 Actual Repository Performance

WIPP is one of only three operating underground repositories (the other two being the Swedish and
Finnish facilities for low- to intermediate-level waste) that were excavated primarily for waste
disposal. Lessons derived from any aspects of the performance of these excavations, but especially
from phenomena that were not anticipated, may help other repositories that do not have the benefit of
decades-long mining histories. The rich performance experience of repositories for chemically toxic
waste in former or currently active mines in bedded salt can in turn benefit current and future
repositories for radiologically toxic waste in similar host rocks.
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4.2 \Waste Retrieval

Retrievability is a bit of an oxymoron in the context of permanent isolation. But depending on the
repository environment and the timing of a retrieval decision, it can be technically possible. At least
one repository for chemically toxic waste has retrieved wastes for which uses were found after
disposal, and WIPP retrieved an “errant” drum that was found to be not in compliance with regulatory
proscriptions. In the former case, the window for retrieval is many decades wide, because room
closure rates are so low they cannot be measured past the first decade after excavation. In the latter
case, retrieval even just a few months or a year later would have been indefensibly difficult, risky, and
expensive. In any case, lessons drawn from actual retrieval experience may be helpful to current and
future repositories.

4.3 Public Acceptance

Underground waste repositories have enjoyed decades of successful operation in several countries [6].
Most relevant to the public acceptance of future repositories are those that were operated in open
societies, with “the consent of the governed.” The German repositories for non-radioactive waste in
salt and potash mines, the Scandinavian repositories for operating waste in granite, and WIPP can help
each other and facilities in the planning or preparation stages achieve the same or even higher degree
of acceptance and voluntary consent they were able to generate for themselves.

4.4 Transparency: Key to Success in Transportation

While opponents of anything radioactive used to consider waste transportation an easy target, the
WIPP record has proven them wrong. TRU waste haul routes are established in early, close, and
transparent cooperation with corridor communities and jurisdictions, foremost among them their
transportation and emergency response authorities. WIPP gives these agencies real-time access to
satellite tracking data for all shipments. Well before starting to use a transportation route, WIPP truck
drivers introduce themselves and their tractors, trailers and transportation containers in “road show”
displays at schools, malls, and town halls along the route. Students, teachers, community leaders, and
the general public are invited to come, ask, and touch. Supportive attitudes are not taken for granted,
thus communication continues even after operations have been going smoothly for many years.
Constant communication makes it easy to monitor and fulfill all commitments and to avoid surprises.

5 Applications to High-Level Waste Disposal

While high-level waste (HLW) is neither permitted nor planned to be disposed of at WIPP, almost ten
years of operating experience and quite a few data gathered during prior site investigations can be
useful for future repositories in salt that may some day accept HLW.

5.1 Early WIPP Plans

The original WIPP concept actually included not just one but two disposal horizons: one for
intermediate-level TRU waste, and a lower one for defense HLW. Planning for the second disposal
level ceased during the early years of the project, but parts of the waste handling building, including a
hot cell, had been designed and built to safely handle HLW just the same. Early rock mechanics
testing included experiments with heated container configurations simulating HLW at emplacement
thermal densities up to 18 W/m2. Data accumulated during these experiments should be useful to
future repositories for heat-generating waste in salt.
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5.2 Simulated HLW Tests

Original intentions contemplated tests with simulated and actual HLW, but eventually only
experiments with simulated waste were actually conducted. Of special significance for heat-
generating HLW were thermal/structural interactions tests. These tests investigated the stability of
underground excavations during waste disposal and possible retrieval and the long-term deformation
of excavations.

One unique configuration used a heated round pillar in the center of a round room. The creep of room
and pillar was recorded at ambient temperature for one year, after which the pillar was covered with
insulating blankets, heated to about 70°C with strip heaters, and kept at that temperature for several
more years. A one-year cool-down period concluded the ten-year experiment.

Interest in, and funding for, actual HLW experiments in salt waned after the U.S. Congress in 1987
chose to focus further HLW-repository site characterization on the Yucca Mountain Project. If that
project falters, the concept of HLW disposal in rock salt may experience a renaissance in the U.S. and
elsewhere.

5.3 Horizontal Emplacement Lessons

Alone among former and current underground repositories, WIPP is placing waste canisters in holes
drilled horizontally into disposal room walls. Despite the significant potential for delays from serial
failure points in the WIPP RH emplacement process, the project has managed to keep up with
deliveries from generator sites. WIPP practice to date and future process improvements may shorten
the learning curve for other waste management programs. The WIPP experience and initial
calculations strongly indicate that a much more efficient and safe method than horizontal (or, for that
matter, vertical) emplacement in drilled holes may be to simply lay canisters down along the ribs of
disposal rooms and to cover them (about 3m deep) with run-of-mine salt at its natural angle of repose
for shielding. If and when this and other improvement concepts mature, they will be shared with the
international community.

5.4 RH-TRU Waste: Stepping Stone from L/ILW to HLW

WIPP takes no credit for the shielding drums and other containers provide to CH-TRU waste. The
various container configurations are intended to confine the waste only while people are in close
vicinity and to serve as barriers against release, inhalation, and ingestion. This corresponds to best
management practices for containerized low-activity waste.

RH-TRU waste must be shielded while people are in close vicinity during storage, transportation, or
disposal operation. It requires radiological precautions similar to HLW. But it differs from HLW in
that it does not generate significant heat. RH-TRU waste occupies an intermediate position between
L/ILW and HLW. Much that is learned at WIPP during RH operations is therefore of potential use to
HLW disposal, whether in salt or other host rock

6 Conclusion —-Integrated Multiple Underground Use

WIPP and its predecessors and contemporaries continue to varying degrees a trend toward a more
comprehensive use of underground resources than used to be practiced in the past. Space originally
excavated for one use alone is increasingly being made available for a variety of additional purposes,
be they secure storage, e.g., Hutchinson and Kansas City, permanent disposal of dangerous wastes, or
scientific experiments that need shielding against terrestrial and cosmogenic background radiation.
Environmental and fiscal prudence mandate ever more integrated multiple use of underground space.
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In an ideal future project, planning for underground mining of mineral resources incorporates from the
beginning not just safe and efficient mining and eventual abandonment and reclamation but serious
consideration of follow-on uses for the excavated space. It has now been proven quite feasible to start
with mineral exploitation, continue by phasing in science experiments, and finish by filling some or all
of the remaining space with waste before decommissioning the entire project. The Asse has
accommodated all three of these phases; several German mines (mostly potash and salt) and WIPP are
accommodating two, and the Bure underground research laboratory will quite possibly be used for
basic science after it has served its primary purpose. Collaboration of these and other facilities
promotes the more complete and sustainable use of natural and financial resources and serves
mankind.
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Abstract

A geological repository at Yucca Mountain with a legislative capacity of 70,000 MTHM has been
proposed for the disposal of commercial spent nuclear fuel (CSNF) and other radioactive waste.
Results of the Electric Power Research Institute (EPRI) independent evaluation of the technical
(geological, excavation, operational, thermal management), rather than legislative, limits of CSNF that
could be safely disposed at Yucca Mountain for a multi-tier repository concept are reported.

1 Introduction

The 1982 Nuclear Waste Policy Act mandated a 70,000 metric tons of heavy metal (MTHM) limit to
nuclear waste that may be disposed of in the proposed Yucca Mountain repository. This limit includes
63,000 MTHM of commercial spent nuclear fuel (CSNF), the projected amount of CSNF that will be
produced in the US by about 2014. Because of extended lifetimes of current US reactors, as well as
anticipated expansion of new reactors, the Electric Power Research Institute (EPRI) has studied the
feasibility of storing a larger amount of CSNF at the Yucca Mountain site. The US Department of
Energy (USDOE) may also consider possible expanded capacity for a Yucca Mountain repository.

One possible option to accomplish an expanded disposal capacity (EPRI, 2006) would be to excavate
one or two additional drifts above and/or below the original drift excavations, each ‘tier’ of drifts
separated vertically by 30-m as illustrated in the Figure 1 (left-hand side). In plan view, each tier
would essentially replicate the original layer some 30-m above and/or below the original layer. If
feasible, this would essentially double or triple the capacity of the repository. Another possible option
to increase capacity would be to introduce one or more adjoining ‘satellite’ drifts at the same level as
the original emplacement drifts. A variation of this option is shown on the right hand-side of Figure 1,
in which addition of two ‘satellite’ drifts on either side of the original drift would increased capacity
by a factor of three compared to the currently planned limit of 70,000 MTHM.

This paper reports on three related aspects of excavating and operating a multi-tier design;
e Ventilation requirements for increased thermal-loading density layout.
e Feasibility of excavating drifts in close proximity to existing waste—filled drifts.
e Thermal-mechanical limits.

These analyses use the current reference layout for a repository at Yucca Mountain in order to avoid
issues associated with re-baselining of the design. It is clear based on recent thermal-hydrological
modeling, however, that optimization of the current design (e.g., decreasing plan-view ‘foot-print’ of
the repository by reducing pillar spacing between emplacement drifts) may be possible while still
assuring robust safety. While technical implications for only the multi-tier option are reported here,
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other reports have shown that there is broad applicability of the results from the multi-tier option to the
‘satellite’ option (EPRI 2006,2007).
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Figure 1: TIllustration of the Conceptual Models Established (EPRI,2006) for Evaluation of
Expanded, Multi-tier Capacity of Yucca Mountain Repository Maintaining the Current Reference
Design (i.e., 81-m Drift Spacing) for Each Tier.

2 Ventilation of a Multi-tier Repository

The total air quantities entering from and returning to the surface for the period of active ventilation of
a repository during emplacement operations, as currently designed at Yucca Mountain (BSC,2004)
must increase in direct proportion to the repository capacity i.e. the total number of emplacement
drifts. This is true for both the expanded capacity options shown in Figure 1.

Thus the main intake and exhaust air flows for a two-tier system must be doubled, or tripled in the
case of a three-tier system. If the decision to construct a multi-level repository is made before
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repository construction begins, then it would be possible to increase the size of the shafts and raises as
currently proposed to allow the total airflow to be doubled or tripled, as needed. Doubling of airflow
in a circular shaft or raise can be achieved without increasing the pressure drop in the shaft/raise by
increasing the shaft/raise diameter by a factor of ~1.4 (i.e. from the present 8-m (or 5-m for a raise) to
11.2-m (or 7-m for a raise). Similarly, tripling of the airflow would require a 73% increase in shaft and
raise diameters, (8-m to 15-m, and 5-m to 8.5-m respectively). The fan horsepower would need to be
doubled or tripled, correspondingly. The shafts and raises would also need to be deepened to reach the
lowest tier of the repository. Although feasible, these larger diameter excavations are somewhat
beyond the usual values for shafts and raises. Raises up to 7-m diameter and shafts up to 10.5-m
diameter have been excavated. The 300-m to 330-m depth of the repository is relatively shallow
compared to many shaft depths in mines, and so depth should not present any special problems.

Some combination of increased shaft and raise size and increased number of shafts and raises could
also be considered. Increasing the number of air intake and exhaust locations could improve the
efficiency of emplacement drift ventilation by reducing the pressure losses between the primary
ventilation arteries and the emplacement drifts. It would also be possible to increase the flow velocity
in the existing shafts and raises, but the pressure losses increase as the square of the air velocity, so
that this is not likely to be a desirable solution. With the present system, the shaft air velocities are in
the range of 8m/s (e.g. Intake Shaft); air flow 868,980 cfim (410 m’/s), area 50 m?; air velocity 8.2m/s.
This is well below the industry recommended maximum velocity of 15~20 m/s in shafts, so that some
increase in this manner would be possible. As seen in Figure 2, it would also be possible to install
additional shafts and raises along the outer East and West extremities of the main intake and exhaust
roadways linking the emplacement drifts.

Assuming that the repository becomes operational as currently proposed, the following design is
offered as one example of how to accomplish a doubling of air flow to a double capacity repository. It
is assumed that construction and emplacement will continue to be accomplished using the same three
ramps (albeit deepened by spiral declines, as needed) as in the current design.

Each 8-m diameter intake shaft would be assumed to have a capacity of 850,000 cfm (essentially as
shown in Figure 2). A total air intake of 3,541,130 cfm. could be provided by 4 shafts (one fan
capacity increased slightly to assure total requirements are met). If the 8-m shafts are replaced by 11.3
m diameter shafts (i.e. doubling the cross-sectional area of each shaft) the air required to double the
repository capacity could be achieved with just two additional intake shafts, and two exhaust shafts.
Tripling the capacity would require a total of 4 x 11.3-m diameter intake shafts and 4 x 11.3-m
diameter exhaust shafts. Since the additional shafts will be used almost exclusively for ventilation,
their location is reasonably flexible. Intake shafts will, of course, connect to a main intake artery
(shown in blue in Figure 2), and exhaust shafts to a main exhaust artery. The location of the shaft
would be chosen such that the intake air is distributed appropriately down each artery with a minimum
of control by air regulators. Each emplacement drift would have an adjustable regulator at the drift
entrance to ensure that 15 m’/s flows to each emplacement drift and returns to an exhaust shaft.

The spacing (i.e. pillar width) between emplacement drifts in the current reference repository design is
81-m, so it is possible also to locate additional shafts or raises between emplacement drifts. Since the
repository design includes ramp access for both emplacement drift construction and waste
emplacement operations, it is expected that most, if not all, shafts (and raises) will not be used for
transport of personnel or equipment. Certainly, there will be no transport in the exhaust shafts or
raises, and no human access to the exhaust shafts while exhaust air from the emplacement drifts is
flowing in these shafts or raises.

The current design is arranged such that all waste packages are transported from the surface to the
repository horizon by rail at a 2% down gradient. If a decision is made to add a second tier some 30-m
below the initial repository during the period of active ventilation, (the most probable conjecture), this
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transport railway will be open as an airway. It should be possible to extend the railway to reach the
lower level. Thus, a 1.6 km long, 2% grade, spiral decline on a 305-m radius of curvature (specified as
the required minimum radius for the ramps, see BSC, 2005 Table 2 p.23) would reach an horizon 30-
m below the end of the railway in approximately one complete spiral. The railway could also be used
to introduce waste to a third, overlying horizon since it would intersect this horizon before reaching
the extent of the currently planned railway. If it is decided to start construction of the second-tier
repository independently of the status of the first repository (e.g. during the emplacement period), it is
possible to develop a construction portal to access the appropriate depth, complete the second tier of
drifts, ventilation shafts, etc. This would allow emplacement to begin as soon as the first level is
filled, avoiding the necessity to conduct drift excavation and emplacement operations simultaneously.

N
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“ Intake Shaft #2 North
Exhaust Shaft #1 Construction
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Figure 2: Proposed Ventilation System for Current Single-tier Repository, Showing Shaft
and Isolation Barrier Locations. Adapted from (BSC, 2004).
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3 Radiation Hazard Analysis

Working within proximity (i.e. an intervening thickness of 30-m of volcanic tuff) of highly radioactive
waste in the emplacement drift could lead to significant exposure of workers both during and after
excavation of the supplementary drift. However, this is an unwarranted concern, as illustrated by the
following bounding calculation.

Assume a narrow beam of mono-energetic gamma rays with an incident intensity /,, penetrating a
layer of material with mass thickness x and density p, emerges with intensity / given by the
exponential attenuation law:

I/1y=exp [ - (u/p)x]
The constant x is an attenuation coefficient for the material through which the radiation passes.

Dry cask storage is now accepted as a safe method of temporary above-ground storage of high-level
radioactive waste. The dry cask consists of a cylinder of steel, several inches thick, surrounded by
two~ three feet of concrete. Heat generated by the waste is dissipated into the open atmosphere. Let us
assume that the concrete has a diameter of one meter. Now assume that a waste package of the same
gamma radiation intensity as that incident on the inner surface of the concrete is placed in direct
contact with the wall of the emplacement drift. The package is, in fact, placed on a pedestal in the
center of the drift surrounded by an air gap, but this will be conservatively neglected. Since the
concrete and the Yucca Mountain tuff are of approximately the same density, it will be assumed that
the dimensionless ratio (i /p) is the same for both. The thickness x in the case of the pillar between the
emplacement and supplementary drifts is 30-m, compared to 1m for the dry cask concrete. The gamma
ray intensity entering the supplementary drift is denoted as /.., and the corresponding intensity on the
outside of the dry cask as /;. . The ratio /.., / ;. is then exp(-30)/exp (-1), which is of the order of 10°
B or virtually zero. Thus, there will be no risk of radiation exposure to workers in a drift that has an
intervening 30-m thick pillar of rock between the drift and the waste-filled drift. By analogy with dry
cask storage, a solid rock thickness of one meter or more provides adequate isolation from the
radiation fields in the waste-filled drift.

The same comment applies to the allowable proximity to the waste emplacement drifts of other
excavations (e,g., shafts and drifts that are accessible to humans). In reality, other considerations, such
as rock stress concentrations and stability of excavations usually dictate that a separation of two or
more excavation diameters is maintained around adjacent excavations.

4 Thermal-Mechanical Analysis

For the current reference one-tier emplacement panel design (BSC, 2004), all drifts are assumed to be
actively ventilated (15 m® /sec) for 50 years after waste emplacement. The calculated temperatures for
the side and crown of the drift rise to a maximum of ~84°C (at about 25 years) during this period, an
increase of 60°C over the initial 24°C of the rock mass. Post-closure rock temperature rises rapidly to
a maximum of about 180°C once the active ventilation is terminated for the reference, one-tier design.

For analyzing a multi-tier alternative disposal concept, it is assumed that driving of the additional
drifts of panels below and/or above the initial waste-filled drift will take place during the 50 years of
active ventilation. This is reasonable, since a decision on the strategy for augmenting the capacity of
Yucca Mountain could certainly be made within 50 years of the start of underground placement of
waste. Once excavated, additional drifts can be ventilated in the same manner as the original drifts.
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The effect of heating of the (waste filled) main drift on the rock temperature in the vicinity of the
supplementary drift was analyzed using the numerical code FLAC3D. The model dimensions and grid
are shown in Figure 3. The lower drift is assumed to be partially extracted, as shown. Thus, an initial
panel in the current first-tier layout, smaller than other panels, could be developed first in order to
allow an early start to waste emplacement. This would not be required for the supplementary tiers in
the current layout, so that the supplementary panels could be developed in a different sequence.

xl

Figure 3: FLAC3D Model Used for Thermal Calculations. The front vertical face is
a plane of symmetry through the drifts being modelled.

4.1 Superposition of Heating between Emplacement Drifts

The thermal properties of the rock assumed for the analysis are; density 2,043 kg/m®; conductivity
1.9672 W/ m-K; specific heat 930 J/kg-K. These properties are quite variable and the values are
averages based on reference data (BSC 2004). For purposes of this analysis it was conservatively
assumed that the initial drift remained open and actively ventilated for 100 years and the temperature
remained constant at 84°C (60°C above the initial rock temperature 24°C) for this period. It is further
assumed that the additional drifts of the second tier are not driven until 50 years after initial waste
emplacement in the first-tier drifts. Rock temperatures at the second-tier horizon are calculated to be
53°C at this time. The second-tier drifts are then added and the temperature maintained via ventilation
at a constant value of 24°C. The resulting temperature distribution is shown in Figure 4.

25-6



International Conference
Underground Disposal Unit Design & Emplacement Processes for a Deep Geological Repository.
16-18 June 2008, Prague

Figure 4: Temperature Distribution in the Rock after 100 years, with First-tier
Drift Maintained at 84°C and Second-tier Drift Maintained at 24°C.

Figure 5 shows calculated heat inflow to the second-tier drift over the 100-year period. This must be
removed to maintain the drift at 24°C. For a drift length of 600-m, the total heat removal required
would be 600 x 75 W= 45 kW at 50 years, and a maximum of 600 x 85 W =51 kW at 100 years.

Evolution of heat power entering the lower drift (per unit length in the axial direction)
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Figure 5: Heat Removal Necessary (per meter of tunnel) over 100 Years in order to
maintain a temperature of 24°C in the second-tier drift.
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This is still a conservative estimate, since the decline in rock temperature in the first-tier drift (due to a
progressive decline in the waste package heat-generation rate) will reduce the rock temperature from
the assumed constant AT = 60°C to AT = 45°C after 50 years.

4.2 Heat Produced by the Tunnel Boring Machine

A Tunnel Boring Machine (TBM), similar to the one used to excavate the 8-m ESF (Exploratory
Studies Facility) at Yucca Mountain, is assumed to be used to excavate all of the 5.5-m emplacement
drifts as well as other connecting tunnels. The ESF TBM was rated at 3,800 HP. Assuming that the
power required for excavation scales directly as the cross-sectional area of the drift, a 5.5-m drift
would require a rated capacity of 1,800 HP. As a confirmatory estimate, the 5-m diameter ECRB
(Enhanced Characterization of the Repository Block) TBM was rated at 1200 HP. This scales to 1,450
HP for a 5.5-m TBM. The ECRB machine was possibly underpowered. It will be assumed that the
TBM for the 5.5-m emplacement drifts would have a rated capacity of 1,800 HP (i.e. ~1,350 kW).

Von Glehn and Bluhm (2000) have studied the heat generation by TBM’s in relation to ventilation
cooling requirements in deep South African mines. At this site, the virgin rock temperature is
approximately 50°C at 3-km depth, with a geothermal gradient ~10°C/km. Gold mines are now in
excess of 3-km deep with plans to continue to 4 km. They note that all of the electrical power used by
TBM s essentially manifests itself as heat and this is the most significant thermal input for a TBM
drive. In determining heat loads related to power consumption, it was concluded that the maximum
average heat transfer is between 40 and 55 percent of the rated capacity. The reasons for this relatively
low factor include thermal storage effects, cyclic loading of drive motors during the overall cutting
and advance, and a significant portion of the TBM heat goes to the muck. It will be assumed,
therefore, that the heat load from the TBM that enters the second-tier drift is 55% of the rated capacity
of 1,350 kW, or ~750kW.

Von Glehn and Blum (2000) estimate heat loads from various sources in driving a 4-m diameter,
6,000-m long TBM tunnel at a depth of 3 km, presumably through Witwatersrand quartzite which is a
harder rock than Yucca Mountain tuff. This is reproduced below as Table 1. Scaling these values, the
estimated values of heat loads from a TBM excavation of a second-tier drift (i.e. 30-m below or above
a waste—filled drift) at Yucca Mountain are shown for comparison.

Table 1: Comparison of Overall Heat Loads associated with TBM Tunneling.

South Africa (Von Glehn | Yucca Mountain
and Bluhm, 2000) (EPRI, 2006)

Tunnel length (m) 6,000 600

Heat Sources kw kW

TBM (power as heat) 1,040 750
Surrounding rock 900 54

Main tunnel fan power and auxiliary fans 270 27
Lights, cable losses, etc. 100 10
Electric locomotives 90 9
Shotcrete/cover drilling equipment, etc. 80 8

TOTAL 2,480 813
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In the case of Yucca Mountain, the heat load from an elevated rock temperature around the second-tier
drift (45 to 51 kW) is insignificant compared to the heat load from the TBM (750 kW). Thus, the
ventilation requirements to drive second- and third-tier drifts at 30-m spacings from a waste-filled drift
and maintain a 24°C drift environment will be no different from the requirements when driving first-
tier waste emplacement drifts at Yucca Mountain.

4.3 Thermo-Mechanical Results.

Increase in temperature around the supplementary drift will increase the stress concentrations
compared to those already existing due to the pre-existing in situ stress field. The effect of the
thermally induced stresses on stability of the supplementary drift was examined using the FLAC 3D
model. Input data for the model are shown in Table 2 below.

Table 2: Rock Property and Related Data Assumed in Thermo-Mechanical Analysis'.

Density 2,043 kg/m® Initial vertical stress 6 MPa
(300-m overburden)
Young’s modulus 15.84 GPa Horizontal-to-vertical stress ratio 0.5
Poisson’s ratio 0.2 Initial temperature 24°C
Thermal expansion | 7.46E-6 1/°C
coefficient

The analysis considered the weakest rock encountered in the Topopah Springs tuff unit (target
repository horizon), so-called Category 1 lithophysal rock (Figure A-2 page 57, EPRI, 2006). This
rock is encountered in only 6% of the current reference, single tier repository. This rock has an
unconfined compressive strength of 10 MPa. Behavior under confined conditions was determined
assuming Mohr-Coulomb behavior with a friction angle of 35° and zero dilatation angle, consistent
with previous analyses (EPRI, 2006).

The extent of failure around a second-tier drift, including the face, when the rock temperature around
the drift increases from 24°C to 44°C was modeled with FLAC3D. The calculated increase in the
failure region was small, less than 5%. Since most of the rock is considerably stronger than the
Category 1 lithophysal rock, this increase in failure region is expected to be negligible for second- and
third-tier emplacement drifts. As a further check on this result, a FLAC2D analysis with a finer grid
was carried out using the same Category 1 rock properties, for a section of the drift well (i.e. greater
than three tunnel diameters) behind the face. Again, the increase in the failure region was negligible.
Finally, the FLAC3D and 2D analyses show that with a 30-m vertical spacing between multi-tier drifts
that there is essentially no significant thermo-mechanical interaction between the drifts.

5 Conclusions

The technical feasibility of increasing the disposal capacity for commercial spent nuclear fuel at the
propose Yucca Mountain repository using conventional, and proven technologies is examined.

' The thermal properties (conductivity and specific heat) of the rock considered in the thermo-mechanical models are the
same as those used for the thermal analyses discussed above.
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Specifically, the option of adding identical second- and third-tier emplacement drifts above and below
the current, reference single-tier emplacement drifts (EPRI, 2006, 2007) is considered. The general
results and conclusions are summarized here:

1. The primary determinant of ventilation needs for the proposed Yucca Mountain repository
is removal of heat generated by excavation and waste emplacement, such that each
emplacement drift remain within proscribed temperature limits during the active-
ventilation period on the order of 50~100 years after emplacement. For the cases of
adding a second- and third-tier set of emplacement drifts above and below the planned
first-tier of drifts, is found that it is well within current technology to provide the
ventilation needed to increase the repository capacity by a factor of two or three. This
increase could also be achieved with increased density of waste emplacement drifts on one
level (e.g., reducing the current 81-m spacing between drifts), although this option is not
evaluated here.

2. Excavation of drifts in proximity to drifts containing high level waste/ spent nuclear fuel
does not pose any significant radiation risk. As with dry cask surface storage, a thickness
of the order of one meter of solid rock (or concrete for dry casks) is sufficient to reduce
radiation to safe levels. Drift spacings considered for the increased loading capacity
strategies are of the order of 30-m for the multi-layer options. Since radiation intensity
decreases exponentially with the rock barrier thickness, these rock thicknesses reduce
radiation to immeasurably low, negligible levels.

3. Although the temperature of the rock around first-tier emplacement drifts increase by the
order of 60°C after 50 or more years of heat generation, the temperature in the rock at a
distance of 30-m below or above the drifts is no more than 40°C. Thus, the working
temperature in the second-tier development drifts can be maintained at about 24°C with
removal of only 70-90 watts per meter of tunnel advance from the rock, or 42-54 kW over
the 600-m length of the tunnel. This is compared with an induced heat load of 750 kW
from the Tunnel Boring Machine. Therefore, the working environment in the second- and
third-tier drifts using conventional and proven ventilation technology will be no different
than the previous conditions encountered at Yucca Mountain during the boring of both the
ESF and ECRB drifts.

4.  The increased temperature of the rock in the vicinity of the second- and third-tier drifts
produces minimal increased stresses over those of a tunnel subjected to the in situ stresses
at the 300-m (+/- 30-m) level at Yucca Mountain. The average stress increase due to
thermal effects is of the order of 3 MPa only. Therefore, only minor rock fracturing in
second-tier drifts, confined to the immediate periphery of the drift walls, is expected even
in the weakest lithophysal formations (encountered in only 6% of the previous ESF and
ECRB excavations). In the stronger lithophysal and non-lithophysal rocks, no fracturing is
anticipated. This is true also at the face of the drifts during excavation.

In summary, excavation of vertically stacked multi-tier emplacement drifts at 30-m intervals from the
first-tier waste-filled emplacement drifts can be achieved under conditions similar to those
encountered in previous excavation of the ESF and the ECRB drifts at Yucca Mountain. A further
benefit to a multi-tier repository concept is that all of the second- and third-tier supplementary drifts to
be excavated will be driven parallel to and in the vicinity of the original waste emplacement tunnels
and in the same Topopah Springs tuff unit. Thus, the experiences and information collected during
driving the first-tier drifts will provide an excellent and rarely available database on which to predict
conditions likely to be encountered in driving the vertically separated supplementary drifts. This
should provide further assurance of safe and efficient excavation conditions overall.

These analyses support the conclusion that, on a pre-closure, operational feasibility basis, the CSNF
disposal capacity at Yucca Mountain could be readily increased substantially (factor of 2 or 3)
compared to the currently planned 70,000 MTHM using the multi-tier option. Combination with other
options, notably expanding the lateral footprint of the current reference design, could lead to an overall
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expansion in disposal capacity by a factor of 4 to 9 based on using the present reference design and
currently available site characterization data (EPRI, 2006). Post-closure safety assessments of the
enhanced long-term containment and isolation capabilities of a multi-tier repository design are
addressed in other reports (e.g., EPRI 2007; Zhou and Apted 2008).
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Abstract

A Deep Geologic Repository (DGR) for the long-term management of operational Low and
Intermediate Level Radioactive Waste (L&ILW) is being proposed by Ontario Power Generation at
the 932-ha Bruce site. The Bruce site is located approximately 225 kilometres northwest of Toronto
near Tiverton, Ontario. The project is currently in the environmental assessment phase. This paper
describes OPG’s proposed DGR, a concept which is still under development. The underground
repository concept is comprised of horizontally-excavated emplacement rooms arranged in two panels
with access provided via two vertical concrete-lined shafts. The emplacement rooms would be
constructed at a depth of about 680 m within limestone. This limestone formation is laterally
extensive and is directly overlain by 200 m of low permeability shale. The low-permeability
diffusion-controlled geosphere immediately surrounding and above the repository will assure long-
term isolation of the L&ILW.

1 Introduction and Background

Low and intermediate-level radioactive waste that is produced during the operation of Ontario’s
reactors is stored centrally at Ontario Power Generation’s (OPG’s) Western Waste Management
Facility. Although current storage practices are safe, OPG’s long-term plan is to transfer these wastes
to a long-term management facility because some of the wastes remain hazardous for thousands of
years.

In 2002 the Municipality of Kincardine volunteered to assess options for long-term management of
L&ILW at the existing storage site. In October 2004, Kincardine and Ontario Power Generation
reached an agreement on the terms and conditions of a hosting agreement for a DGR facility, subject
to achieving all regulatory approvals. The DGR concept was selected by Kincardine’s Council
members because it would have the largest margin of safety of all options considered and because this
concept is consistent with best international practice. Through a polling process it was confirmed that
the residents of the Municipality of Kincardine agree with Council’s decision to support the
establishment of a long-term management facility for L&ILW on the Bruce site. The proposed DGR
will not be accepting OPG’s used nuclear fuel (Squire and Barker, 2005).

In December 2005, OPG initiated an Environmental Assessment in accordance with the Canadian
Environmental Assessment Act. In June 2007, the federal Minister of the Environment referred the
project to a Review panel. The next step in the process is the release of guidelines for preparation of
the Environmental Impact Statement (EIS).

Documents describing the above processes and various other studies can be found on the DGR project
web site at www.opg.com/dagr .
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2 L&ILW from Reactor Operations and Refurbishment

OPG’s L&ILW is generated primarily by the operation of 20 nuclear reactors at Pickering, Bruce and
Darlington stations and the waste is sent to WWMF for interim storage (Figure 1). Approximately
5,000 m2 to 7,000 m3 of new waste is received at the WWMF each year, resulting in 2,000 m3 to 3,000
m3 of additional stored waste following volume reduction. If the fleet of 20 reactors operates a
nominal 40 years, then about 160,000 m3 (as-stored volume) of operational and refurbishment
L&ILW will be produced. In the future, about 135,000 m3 of L&ILW will also be generated during
the decommissioning of the reactors and the associated nuclear waste storage facilities.

2.1 Operational Low-Level Wastes

LLW consists of common industrial items that have become contaminated with low levels of
radioactivity during routine clean-up and maintenance at the nuclear generating stations. It consists of
mops, rags, paper towels, temporary floor coverings, floor sweepings, protective clothing, and
hardware items such as tools. Where possible, the LLW is processed by either compaction or
incineration to reduce volume and the space required for storage and disposal.

Figure 1: Aerial view of OPG’s Western Waste Management Facility (October 2007);
1) Ten Low-Level Storage Buildings, 2) In-ground Containers for ILW,
3) Refurbishment Waste Storage Buildings, and 4) Western Used Fuel Dry Storage

Wastes that can neither be compacted nor incinerated are stored as-received without processing. The
“non-processible” wastes constitute approximately 25 per cent of all wastes received but make up
about 55 per cent of the waste stored at WWMF. LLW is stored in a variety of stackable carbon-steel
containers and these containers are stored in warehouse-like structures, known as Low-Level Storage
Buildings (LLSBs) (Figures 1 and 2). There are currently ten LLSBs at the WWMPF containing
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approximately 65,000 m3 of waste. The wastes stored in LLSBs and in all other storage structures at
WWMF are continually monitored and can be easily retrieved. All WWMF storage structures have
minimum design life of 50 years.

Figure 2: Containers stacked inside Low-Level Storage Building

2.2 Operational Intermediate Level Wastes

ILW, because of its physical condition and greater levels of radioactivity, is not processed for volume
reduction. ILW consists of ion exchange resins, filters and irradiated reactor core components. These
wastes are currently stored in concrete- and steel-lined structures constructed in augered boreholes, in
concrete-lined and covered trenches, and in concrete above-ground structures (these latter structures
are no longer receiving waste). There is 10,000 m3 of ILW in storage and approximately 300 m3 of
ILW is received at the WWMF each year. About five per cent of all waste (excluding used nuclear
fuel) received at WWMF is classified as ILW.

2.3 Refurbishment Waste

Ontario’s reactors are either under-going refurbishment or there are future plans for reactor
refurbishment. The refurbishment activities include replacement of motors, valves, instrumentation,
fuel channels and steam generators. As a result of the refurbishment and improvements activities, it is
expected the life of each of reactor unit will be extended for up to 30 additional years. About 26,000
m® of radioactive waste will be generated from the planned refurbishment activities.

The irradiated fuel channel wastes are being stored in reinforced concrete containers with inner and
outer steel shells. The loaded containers are disposal-ready and weigh about 30 Mg.  Steam
generators removed during refurbishment are being transferred intact to a storage building. The
largest steam generator to be handled will weigh about 135 Mg and have an overall length of 16 m.
Because of their weight and size, these steam generators will likely require the use of special handling
and processing equipment in order to allow transfer into the DGR.
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2.4 Future Decommissioning Wastes

Following permanent shutdown, the reactors at Pickering, Bruce and Darlington will be
decommissioned generating additional L&ILW. About 124,000 m3 of decommissioning LLW will
be produced mainly as metals and concrete, and when sent to a repository would take the form of
boxed wastes and various large objects. In addition, approximately 11,000 m3 of ILW will be
generated as reactor components, filters and resins wastes. OPG is currently not seeking approval to
dispose of these future decommissioning wastes in the DGR.

3 Geologic Setting and Reference Repository Depth

The geologic conditions beneath the Bruce site have been evaluated through a review of regional data
in existing reports, and through an on-site drilling and testing program (Jensen et al., 2007). The site
is underlain by approximately 850 m of relatively undeformed, and nearly horizontal carbonates,
shales and evaporates formations. It is proposed that the repository be constructed within this
sedimentary sequence at a depth of 680 m in the low permeability argillaceoaus limestone Coburg
formation.

The stratigraphic sequence is comprised of an upper 400 m of Devonian and Silurian age dolostones
with some shale and evaporate layers. In the geologic past Silurian salt formations with combined
thickness up to 100 m were solution-weathered from within this upper sequence of rocks which has
contributed to enhanced permeability of the near-surface dolostone formations. The lower half of the
sequence is Ordovician in age and is comprised of an upper 200 m of shales and a lower 200 m of
limestones. The entire sedimentary sequence rests on the crystalline Precambrian basement (Figure
3).

The key attributes of this geologic setting with respect to hosting a repository are (OPG, 2005):

o extremely low permeability of the 400-m-thick sequence of Ordovician sedimentary rock
formations which are proposed for hosting the repository;

o diffusion-dominated migration regime and the absence of cross-formational ground water
flow in the Ordovician rock formations as indicated by distinct hydrogeochemical signatures
within specific rock formations. These characteristics have existed over geologic timeframes
despite repeated glacial perturbations during the Pleistocene period;

e nearly stagnant deep-seated groundwater flow domains within the proposed host formations
as indicated by the extremely high groundwater salinity (>100 mg/L). The extremely high
salinity is the result of rock-water reaction times on the order of millions of years;

o predictable “layer-cake” geometry and lateral continuity of the sedimentary rock formations
over distances of 100s of kilometers; and

o stability of the lower Ordovician rock formations; they have remained intact and relatively
undeformed for hundreds of millions of years.

Results of a preliminary geotechnical assessment have indicated that the construction of an
underground repository in either an Ordovician shale or Ordovician limestone formation would be
feasible. However for the purposes of developing the repository concept, the deep Ordovician
limestone was selected as the preferred host formation. The potential advantages of constructing a
repository in limestone versus shale are: a) the geotechnical properties of limestone allow construction
of larger and more stable underground openings, b) the overlying 200-m-thick shale layer offers an
ideal location to construct shaft seals; and c) mining limestone to create underground openings will
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likely produce a resource in the form of aggregate which, as a minimum, could be recycled for other
construction purposes at no cost to OPG.

Figure 3: Proposed L&ILW Deep Geologic Repository at Bruce site

4 Layout and Construction

A conceptual layout has been developed for the proposed underground repository and the associated
surface facilities for the DGR. The underground repository layout, as depicted in Figure 4, will
provide sufficient capacity for 186,000 m® of operational and refurbishment L&ILW (packaged
volume for disposal and includes volume of sacrificial shielding materials). The proposed DGR
layout is subject to change as the design of the facility progresses. The DGR facility would be
centrally located on the 900-ha Bruce site. The underground repository design consists of a series of
dead-ended emplacement rooms arranged in parallel rows on either side of central access tunnels.
Access to the repository is assumed to be through two vertical concrete-lined shafts. The DGR
surface facilities are comprised of the Main Shaft and Waste Receiving Building, Ventilation Shaft
Headframe Building, and various ancillary facilities. Additional information about waste capacity and
size of the proposed repository is presented in Table 1.

26-5



International Conference
Underground Disposal Unit Design & Emplacement Processes for a Deep Geological Repository.
16-18 June 2008, Prague

SN
7 M
7 e
; - Project
// % J;g; North
N5
/ \
/ \
J \
/ Access Tunnel \
Main Shuﬂ—\/ Emplacement
<\/ i . ; 7 Rooms \‘.\
ST & 77y
Ring Tunnel\l/ ; & % \
Vent Shaft ), ) < ‘ & — \
/ o \ East
f/ VN Panel \
f’/ /5/ 4 §) \ DGR
/ TS / Project
g Site
S Y \ Boundary
=0 P
S ‘/ ) \
N/ -~
N L
/ .
/ B
'd ™
. P S
S — — 5
_ T— —
—~— e /
.
0 100 200 S
s

Figure 4: Conceptual layout of a repository to accommodate OPG’s L&ILW

Table 1: Summary of key repository features and associated value or dimension

Repository Feature Value/Dimension
Packaged volume of LLW in South Panel 141,000 m?
Number of operational LLW packages 39,000
Number of LLW emplacement rooms 28
Packaged volume of operational ILW 45,000 m®
Number of ILW packages in East Panel 11,000
Number of ILW emplacement rooms 15
Rock pillar width between rooms 16 m
Overall footprint of repository ~35ha
Repository excavated volume ~ 450,000 m*
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4.1 Shafts

The Main Shaft and the Ventilation Shaft would be excavated using the drill and blast method to a
depth of 400 m and then by roadheader to the proposed repository horizon at 680 m. The use of
roadheader is proposed to minimize excavation damage to rock in which primary shaft sealing
materials will be placed. The 6.5-m diameter Main Shaft provides primary access to the underground
repository and services, including fresh air, for the underground repository are also provided via this
shaft (Figure 5). The Ventilation Shaft has a 4.5-m finished inside diameter and its functions include
providing emergency access for staff to and from the repository, routing for exhaust air from the
repository, and removal of excavated rock materials.
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Figure 5: Conceptual layout of DGR Main Shaft

The two DGR shafts will be excavated through 150 m of potential water-bearing dolostone formations
near the top of sedimentary sequence. Excavation grouting will be used to condition rock formations
to limit any water inflow during construction, and then the shafts will be concrete-lined to further
limit potential water inflow. As successfully demonstrated at a nearby 530-m deep salt mine, the
constructed features in each DGR shaft and the thick low permeability formations directly overlying
and hosting the repository will result in negligible water inflows via the shafts (Mamen, 1959).
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4.2 Underground Tunnels and Ventilation System

Access to the emplacement rooms from the underground waste package receiving area near the Main
Shaft will be via two tunnels. All tunnels and emplacement rooms will be excavated by roadheader.
Both access tunnels have a poured concrete floor and the East Panel tunnel has rails mounted flush to
the floor surface to allow movement of rail cars loaded with large and heavy packages.

A ventilation system is required to support repository construction activities (i.e. flush gases and dust
from rock excavation activities) and to deliver fresh air during waste emplacement operations.
Ventilation of underground repository will be by a pull-system of surface fans with fresh air
introduced via the Main Shaft and then exhausted by the Ventilation Shaft (note that airflow direction
in shafts is currently under review and may change). Fresh air will be delivered to working areas
within the repository via the access tunnels and in such a manner that underground workers are
always in fresh air. The exhaust air will be directed to the vent shaft through a roof-mounted system
of steel ducts. A Heating, Ventilation and Air Conditioning (HVAC) plant will condition fresh air
prior to delivery to the underground repository.

4.3 Emplacement Rooms

All emplacement rooms will have exposed limestone rock walls and will have a poured concrete floor
to allow access by rubber-tired forklifts. In three East Panel rooms, there will be rails embedded flush
to the floor surface for access by the rail car carrying the heavy ILW packages. The entrance tunnels
to all emplacement rooms will be designed to allow closure of the rooms once filled with waste.

Underground openings have been excavated in similar limestone formations and geologic settings
elsewhere in Ontario and the United Sates (Byerly, 1975 and Raven et al, 1989). Based on experience
in these underground openings, it is expected that there will be no visible seepage into the proposed
emplacement rooms and tunnels of the DGR.

4.4 Underground Office, Amenities and Maintenance Areas

Adjacent to Main Shaft and Vent Shaft there will be a Ring Tunnel with excavations to house the
underground office and amenities (Figure 4). Refuge areas will be located throughout the
underground repository and will be equipped with emergency supplies of fresh water, compressed air,
a fireproof door and sealing materials, and a communications link with surface. The maintenance area
will be used for servicing of all underground equipment. It will also serve as the terminus and
distribution point for services brought underground via the Main Shaft.

4.5 Surface Facilities

Two new surface buildings and other ancillary facilities will be constructed, and they will be
integrated into the existing infrastructure at the WWMF (Figure 3). The Main Headframe and Waste
Package Receiving Building will be used to house the Koepe hoisting system, waste receiving
facilities, and offices. The Vent Shaft Headframe Building is located above the second smaller shaft,
and houses exhaust fans and the access/emergency man-hoist equipment. Nearby will be buildings
housing HVAC equipment, electrical substation, emergency generator, and other ancillary facilities.

It currently assumed that all waste rock from underground excavation will be transferred to an
disposal area located on the Bruce site and within the DGR Project Site boundaries. It is estimated
that approximately 750,000 m® (bulked) of waste rock will be produced during the 5-year construction
program and placed in the 6-ha disposal area to a height of 15 m.
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4.6 Future Design Modifications and Improvements

The proposed layout of the underground repository is based, by necessity, on assumptions about
future waste quantities, form in which wastes will be received, nature of the deep rock conditions,
and preferred methods to handle waste packages in access tunnels and emplacement rooms. As new
information is gathered and assumptions are updated, the layout and design of the underground
repository will be modified and improved. Future design studies will also define the final locations
of various surface facilities taking into consideration factors such as potential construction impacts,
traffic flow, material flows, interaction with current operations, and potential environmental impacts.

5 Repository Operation

L&ILW retrieved from various storage structures at the WWMF or shipped directly from the nuclear
generating stations will be received at the DGR waste package receiving area and then transferred into
the underground repository.

5.1 LLW Package Handling

It expected that the majority of LLW packages will be transferred “as is” to the DGR. However all
LLW packages will be inspected and if any are found damaged, have high radiation levels, or are
otherwise unacceptable for emplacement in the underground repository, they will be placed into an
overpack container. The waste packages will be delivered by forklift or truck to the DGR waste
package receiving area and then loaded into the Main Shaft cage. The packages will be unloaded
from the cage and then transported by forklift to the LLW emplacement rooms. The LLW packages
will be stacked in the rooms in @ manner similar to current practice within LLSBs (Figures 2).

5.2 ILW Package Handling

ILW is currently stored in structures that provide shielding against gamma radiation. In order to
provide continuous shielding for workers during handling, it has been assumed that the various ILW
containers will be placed directly into concrete shields after removal from storage structures. The
shields remain in place during movement to the repository, as well as after emplacement. Depending
on the type of ILW and the size of the storage container, the full weight of a shielded ILW package is
expected to be in the range of 5 Mg to 35 Mg. A large number of the ILW packages will be in the
form of two 3-m3 resin liners stacked inside a cylindrical concrete shield. This type of shield would
have a 250-mm-thick wall with a nominal outside diameter of 2 m, an overall length of 5 m, and a full
weight of 30 Mg.

At the repository level most ILW packages are transferred by heavy-duty forklift to the emplacement
rooms. The large and heavy ILW packages will be transferred by rail car. Once in an emplacement
room, a gantry crane is used to unload these ILW packages from the rail car and to place the packages
into position within the room.

5.3 Repository Development and Expansion

The repository shown in Figure 4 has a modular design that would allow repository capacity to be
expanded, as required, to match the L&ILW disposal needs of Ontario’s nuclear power program. It is
expected that the geologic conditions at the Bruce site will allow lateral expansion of the repository, if
required.
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During initial repository construction and prior to start of waste emplacement operations, a sufficient
number of emplacement rooms will be constructed to accommodate 186,000 m® of waste (as-disposed
volume). Should a future decision be made to expand beyond this capacity, waste receipt and
emplacement operations would cease to allow the construction of additional rooms. During this
construction campaign, the waste-filled rooms would be isolated to protect the construction workers.
While excavating new emplacement rooms, the access tunnels and shafts will be converted to non-
radiological working areas to facilitate construction activities. Any future expansions of the repository
to increase capacity beyond the current proposed capacity would require regulatory approval.

5.4 Room Closure and Repository Shaft Sealing Systems

At the completion of room filling, walls will be erected to isolate waste-filled rooms from the active
emplacement rooms, access tunnels and the ventilation exhaust tunnel. The walls will be designed to
limit release of tritiated air, natural and waste-generated methane, and other off-gases from waste
packages (e.g. H, and CO,), as well as potentially contaminated water. Each wall will have
provisions to allow venting should monitoring indicate contaminant concentrations in air exceed
levels that would not allow safe reentry. Although there is no intention to reenter the emplacement
room following sealing, provisions to allow venting and safe reentry are required.

A conceptual sequence of shaft sealing has been developed and includes the stripping of the concrete
liners and any excavation-damaged rock on the shaft walls, followed by placement of the clay-based
and concrete seal materials. The shaft seals will be designed so that the bulk permeability of the seals
will be the same as or less than the permeability of the surrounding shale formations. The seals will
be in full contact with the surrounding rock and constructed to limit preferential migration along
pathways between the seals and the rock. The time-dependent deformation characteristics of the
Ordovician shale may cause “squeezing” of the seals, further enhancing the effectiveness of the shaft
sealing systems. It is expected that these clay-based sealing systems will maintain their integrity in
perpetuity.

6 DGR Project Schedule

The DGR is currently in the regulatory approvals phase which is expected to last about five years.
This process includes geoscientific site investigations, environmental baseline monitoring, safety
assessment analyses, conceptual and preliminary engineering design, completion of an Environmental
Assessment, and application for Site Preparation and Construction Licences.

It is currently assumed that the Environmental Impact Statement (EIS) will be submitted in 2011 and
EA approval will be received in 2012. CNSC Site Preparation and Construction Licence approvals
are assumed to be in 2012. L&ILW receipts at the DGR will start in late 2018, and span several
decades depending on future developments in Ontario’s nuclear power programme.
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Abstract

Many repository designs for the disposal of vitrified high-level waste (HLW) or spent fuel (SF) were
developed at times when both national programme boundary conditions and the state of technical
knowledge were very different from today. Such constraints are likely to be even more changed when
projects are finally implemented in future decades. Especially given the emphasis on operational
safety and practicality in the ESDRED project, it is valuable to consider alternative concepts which
may be inherently better suited to the requirements for a facility to be licensed in the first half of the
21% century.

1 Introduction

Most conventional engineered barrier system (EBS) designs for HLW /SF repositories are very simple.
Focusing here on disposal systems in saturated, “wet rocks” (i.e. excluding salt and disposal above the
water table), various designs incorporating only the waste matrix, a metallic overpack and bentonite
buffer can be traced back to concepts originally developed in the 1970s and 1980s (e.g. KBS, 1983;
Nagra, 1985). These were constrained very much by the boundary conditions in the leading national
programmes at that time, requiring assured feasibility with high margins of safety in order to convince
decision makers to proceed with geological disposal projects (or even continue use of nuclear power)
despite technological uncertainties. Additionally, less obvious, tacit constraints were set by the
capabilities of the models and databases used to assess post-closure safety; for example, designs had
the specific goals of reducing the number of components and utilising only established, well-
characterised materials.

As these concepts were developed decades before their planned application, there was very little
consideration of operational aspects; indeed, EBS emplacement schemes actually tended to be focused
entirely on “designing around” potential complications in assuring post-closure safety. Examples here
include KBS-3 vertical emplacement to avoid the need to consider potential short-circuits via the
excavation damaged zone (KBS, 1983) and the 100°C limit set for maximum temperature throughout
(KBS, 1983; PNC, 1992; Vieno et al. 1992) or in the outer annulus of bentonite buffer/backfill (Nagra,
1985; 1993) to simplify assessment of thermal perturbations.

In the interval since the advent of such “feasibility demonstration designs”, significant progress has
been made in improving system understanding and reducing technological uncertainties. In particular,
the capabilities of computer models have expanded beyond the dreams of the early designers, who
relied on simple analytical models complemented by a very few crude 1-dimensional digital
simulations. It is a tribute to the robustness of these designs that, with the much more sophisticated
analytical capabilities now available, the safety margins calculated have, if anything, increased —
showing that, if implemented in a suitable site, any releases of radionuclides occur only at trivial
concentrations in the very distant future.
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This positive situation with respect to the technical aspects of assuring post-closure safety contrasts,
however, with a growing awareness of other, equally important concerns associated with the
practicality and safety of operational implementation and challenges regarding social acceptance,
highlighted in particular in new, emerging (or recently revitalised) national repository programmes.
Indeed, the social awareness of radioactive waste disposal may be one of the greatest changes from the
“old days”, when this was seen as a purely technological problem. One clear aspect of this is the move
towards some kind of volunteering approach to siting — emphasising the acceptance of a disposal
project, particularly by host communities, as a key attribute to its future success (e.g. Kitayama et al,
2007). Another is the prominence of waste disposal in the debate about the future of nuclear power
and its role in a world with rapidly expanding power demands and increasing concern about global
warming (e.g. Miyamoto et al., 2006). Whereas, even a decade ago, it was considered reasonable to
plan repository projects based on fixed waste inventories and assumption of limited or no reprocessing
of spent fuel, this is now seen as an increasingly unlikely scenario in many countries.

2 Repository Concept Assessment

Given such a situation, it certainly seems sensible to re-evaluate the repository designs being used as
references in national programmes. As indicated by the NUMO repository concept catalogue study
(NUMO, 2004), there are advantages in reassessing how previous designs can be modified and
optimised in the light of improved system understanding, allowing a robust EBS to be flexibly
implemented to meet nation-specific and site-specific conditions. The NUMO study also established a
useful set of “design factors” which would be used to assess any particular repository concept (defined
to include a full description of construction and operation, along with an associated safety case), which
are:

e |ong-term safety: robustness of the post-closure safety case;

e operational safety: conventional and radiological safety of construction, operation and
decommissioning;

e engineering feasibility: fundamental feasibility of construction and operation to defined
quality levels;

e engineering reliability: practicality of implementation in view of operational boundary
conditions and robustness with regard to potential perturbations;

e site characterisation: effort required to satisfy technical requirements for site
characterisation and monitoring data;

o retrievability: ease of retrieval after emplacement;

e environmental impact: extent of all environmental impacts associated with repository
implementation;

e socio-political and economic aspects: factors contributing to costs and acceptance by all key
stakeholders.

As such, the assessment of alternatives in this study is much wider in remit than other comparisons of

design variants (e.g. SKB, 1993, 2001; Autio et al., 1996), which consider only a restricted number of
such factors.
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Full-scale emplacement demonstrations, particularly those carried out underground, have highlighted
many of the issues associated with operational practicality that have to be addressed [e.g FEBEX —
(Huertas and Gago, 2003); Aspo prototype repository (Johannesson et al., 2007)]. Particular concerns
include handling of compacted bentonite in humid conditions, use of concrete for support
infrastructure, remote handling of heavy radioactive packages in confined conditions, quality
inspection, monitoring / ease of retrieval of emplaced packages and institutional control. Although
there are certainly many ways in which conventional designs can be modified to reduce the difficulties
of quality-assuring emplacement (e.g. Kawamura et al., 2008), providing the flexibility to respond to
new socio-political requirements and changing programme boundary conditions is inherently much
more challenging.

For example, conventional designs all focus, naturally, on disposal; for spent fuel, in particular,
difficulty of reversal of emplacement was seen in the past as a positive advantage, as it reduced
possible safeguards concerns. Retrieval is possible in all cases — but may be a hazardous and costly
exercise and performance monitoring may be practically difficult without risking degradation of long-
term performance. Here, too, some modification of conventional designs is possible, but there are
much tighter limitations in what can be achieved without a major change in the fundamental concept
involved. There is thus value in considering alternative designs that can provide better flexibility.
Nevertheless, it is important that a full range of design factors is borne in mind, to ensure that such
flexibility is not gained at the cost of other important performance goals — in particular long-term
safety and operational practicality.

3 Cavern Disposal

The CAvern REtrievable (CARE) concept (e.g. Masuda et al., 2004; 2006) envisages emplacement of
HLW or SF within multi-purpose transportation / storage / disposal casks in large (in the order of 100
m? cross-sectional area) ventilated caverns at a depth of several hundred metres (Figure 1). In effect,
the caverns operate as inspectable stores for an extended period of time (up to a few hundred years)
until a decision is made to close them. At this point the caverns are backfilled and sealed as a final
repository, effectively with the same safety case components as conventional “feasibility designs”.

Ventilation

Storage (300years)

Figure 1: CARE disposal conceptual illustration
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Clearly, during the open “storage” period there is little difference between CARE and a conventional
intermediate dry storage facility (such as Zwilag — http://www.zwilag.ch/project/project.asp) - except
that it is located deep underground. Casks can be based on “Castor” type designs, which are already
used for transport and storage of both spent fuel and HLW - although some modifications will be
needed to ensure their suitability for disposal. Compared with conventional HLW / SF repository
designs, the CARE concept has the advantages of large dimensions of the emplacement caverns
(Figure 2) — which are more comparable with designs developed for longer-lived intermediate level
waste (often referred as “TRU” waste). This allows utilisation of well-established technology for
waste package handling, ensures ease of monitoring (or, if desired, inspection) and retrieval of some or
all of the waste inventory is trivial until a decision is made to backfill and seal the facility.
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Figure 2: Indication of the relative dimensions of the handling and emplacement of the EBS for the
CARE concept (upper left; an early design study for hard rock), Nagra disposal of SF in the Opalinus
clay (upper right; Nagra, 2002) and KBS-3H disposal in crystalline rock (lower; Thurner et al., 2006)

Under expected operational conditions, there are effectively no radiological hazards during the storage
phase. In terms of possible perturbations, compared to a conventional surface store some additional
factors may need to be considered (e.g. flooding risk) — but these may be balanced by other safety
concerns that are reduced (e.g. vulnerability to surface perturbations, terrorist attacks, etc.).

Corrosion during dry storage is expected to be negligible compared to the wall thickness and is likely
to be concentrated in areas where contact with water or other materials occurs — predominantly on the
base and top surface, which can easily accept the maximum possible degradation (<< 1cm) as this is
trivial in comparison to the total wall thickness. Corrosion can be further reduced by use of inert,
corrosion-resistant surface coatings — e.g TiC or DLC (diamond-like carbon), as already used for many
industrial applications. Such a measure is mainly for acceptance grounds as any such corrosion would
not be relevant to post-closure safety, but merely degrade appearance - which could nevertheless cause
public concern. In any case, regular inspection and refurbishment will ensure that quality of the cask
meets specifications for disposal.
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Because of the intention to keep the caverns open for extensive periods, they are lined with high
performance, fibre-reinforced concrete and incorporate a drainage system external to this liner. Note
that, in this concept, ventilation is provided by an overlying tunnel and, ideally, this could be
dimensioned to provide passive ventilation in an appropriate setting although, under expected
operational conditions, this would be driven by forced air extraction.

One of the original incentives for examining such designs involved the long open storage period,
which decreases the heat loading at closure and thus allows significantly higher waste emplacement
densities. This can result in improved utilisation of small sites and lead to reduced costs as there can
be massive reductions in the volume of rock broken out compared to conventional designs. There is,
however, a certain cost-benefit analysis that has to be considered when planning such a period as the
costs and risks of maintaining and refurbishing caverns over very long periods need to be balanced
against the gains from extending this time.

4 Operational Practicality and Safety

For the concerns of the ESDRED project, however, the key issues are associated with the process of
closure of CARE, when caverns are backfilled and sealed and a repository system has to be
established that can lead to a convincing safety case. As for the storage period, the operational aspects
associated with transforming the storage caverns into disposal vaults benefits from the large
dimensions involved, making all handling operations much easier and safer. This is emphasised in
Figure 2, which shows not only an early CARE design, but also typical conventional disposal systems
(Nagra “Entsorgungsnachweis” and KBS-3H) on a similar scale.

The self-shielding, multi-purpose casks also simplify handling operations considerably; it is expected
that all operations will be carried out using tele-operated equipment but, in the event of any
perturbations, there is no radiological hazard that would prevent direct access to caverns or even
manual contact with casks (especially after >100 years cooling, when the conversion of the storage
facility into its final disposal configuration is expected in the reference case).

Although there is much potential to tailor the disposal system to the waste involved (HLW or SF), the
properties of the host site and regulatory / social / economic boundary conditions, it is useful to
consider a simple reference option that can be used to contrast the operations involved to those in a
conventional repository.

To allow for refurbishment of individual emplacement caverns, the design envisages a buffer store
capable of holding the total waste inventory of one cavern. To prepare for closure (Figure 3a), waste
is removed from an emplacement cavern to allow all removable infrastructure components (power,
lighting, fixed monitors, etc.) in lower parts of the tunnel to be stripped out and the cavern to be
cleaned to the standard required. The roof crane and services in the roof space are left in place. The
first step is then the emplacement of the base buffer (Figure 3b), which can be carried out either by in-
situ compaction or spraying of highly compacted pellets (granulate). To ensure that there are no
problems with humidity, very high ventilation rates can be used, if required.

The multi-purpose casks undergo final inspection and removal of any external neutron shielding (if
used) before being placed horizontally in a shaped emplacement unit prefabricated from highly
compacted bentonite (e.g. by cold isostatic pressing). This unit sits on a steel support plate and, if
required, may be contained within a very thin handling shell to ensure mechanical stability or avoid
any risk of loss of quality due to water uptake under humid conditions. This module can be fully
quality assured before transport to the emplacement tunnel, where it is moved into place by the
overhead crane, being supported on the base plate, which is left in place (Figure 3c).

After module emplacement is completed (either in an entire tunnel or a defined tunnel section), a
partial wall is built at a plug location and lower void space in the tunnel filled with compacted
bentonite granulate and the upper part filled with a lower performance backfill (e.g. crushed rock); in
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both cases, this can be done with remotely controlled operation by using spraying equipment located
on the gantry crane (Figures 3d,e). Choice of materials will depend on the site, waste and regulatory
requirements but, if required, such backfill can also be compacted in place using tele-operated or
manual equipment.

Thereafter, the crane is removed along with any remaining infrastructure components in the upper part
of the cavern, drainage is sealed and residual head space filled with granulate using a hose that is
gradually withdrawn along supports in the crown of the roof (Figure 3f, based on the
Entsorgungsnachweis system — Nagra, 2002). The final plugging system in then emplaced and finally
the overlying ventilation tunnel is filled with granulate (first filling of vertical shafts into emplacement
cavern, which is followed by tunnel sealing using the withdrawn hose system — Figure 3g).

Such an operational system can provide a very high assurance of quality of the bentonite buffer, which
is recognised to be the most important component of the EBS (e.g. Kawamura et al., 2006; Wersin et
al., 2007). The bentonite in the immediate vicinity of the waste package is most critical and is able to
be very rigorously quality checked during the prefabrication process. The integrity of the unit during
transportation to the disposal tunnel can be assured by high resolution video monitoring.

a

Figure 3: Illustration of the steps in emplacement of the CARE EBS

Additional bentonite surrounding the module serves as an additional barrier, but its primary role is to
fill void space to ensure that, on resaturation, the buffer within the module cannot expand to the extent
that it loses density — in the worst case to the point where it cannot support the load of the cask and
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this sinks through the buffer (en passant, it can be noted that, although the cask is much more massive
than conventional overpack designs, its net density is not significantly different). As the quality of this
barrier depends on constraining water uptake during emplacement, high ventilation may be needed
during this period.

In turn, the subsequent backfilling steps with non-swelling backfill serve to limit total void space for
expansion of all bentonite. Water uptake is much less of a concern at this stage, but the completeness
of the infilling is important to ensuring quality. The relatively large space available makes this a less
problematic process than for conventional repository designs and, as noted above, the infill can be
compacted, if required.

To finalise infilling, residual space in the crown of the roof and the overlying tunnels needs to be filled.
As this is only a small percentage of the total tunnel volume, however, a small decrease in efficiency
of infilling need not cause fundamental problems.

The extremely high mechanical strength of the casks effectively precludes radiological risks from any
conceivable operational perturbation or subsequent remediation activities, especially as there is
enough clearance for any perturbation during the key emplacement steps shown in Figure 3c —d to be
reversed using remote-handled procedures. In cases of perturbations during other steps, manual testing,
remediation or recovery should be easily possible without any radiological risk.

5 Post-closure safety

After sealing of the emplacement caverns, the lining materials will gradually degrade and the buffer
and backfill materials will saturate with inflowing water. Although very dependant on the rate of
supply of water from the host rock, this process is likely to initially be rather localised and total
saturation may well take many decades to centuries. Indeed, the saturation process may be hindered by
the build up of an internal pressure of hydrogen, resulting from the anoxic corrosion of the steel casks.

Although caverns will include cement-based ground support, carbonation during the extended open
phase will significantly reduce subsequent post-closure concerns about bentonite alteration due to
hyperalkaline leachates (Metcalfe and Walker, 2004). Indeed, such carbonation has to be taken into
account when specifying the concrete liner composition — precluding the use of conventional steel-
reinforced concrete, as the resultant drop in pH decreases the protective passivation of steel and can
result in significant degradation due to build up of corrosion products. Nevertheless, the thickness of
the buffer allows for some alteration of outer layers without significant degradation of long-term
performance.

Pressure on the cask will gradually ramp up to, at least, hydrostatic load and, for a softer rock, to
somewhere around lithostatic load — maybe up to around 15 MPa for a repository at around 500m
depth. Such a load can be readily borne by casks with steel wall thicknesses of over 40 cm;
mechanical failure would probably require general corrosion of around half of this thickness. With
such a great wall thickness, any minor corrosion during storage or the presence of residual coating
material would have negligible significance. Corrosion to a depth of 20 cm would typically take
several tens of thousands of years.

Given the long time required for general failure of the cask, the focus will be on potential localised
failure mechanisms. An obvious potential weak point would be the lid — presently assumed to be
bolted, as in conventional transport cask designs. Although additional welding would be possible, this
is not considered necessary for expected conditions where the cask is under a fairly isotropic
compressive regime, due to the swelling / plasticity of the clay-based backfill layer. Indeed, even if
water initially penetrates into any fine gaps, the swelling of resultant corrosion products can be
expected to result in a self-sealing system.
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In the case where the lid does not fail significantly earlier, the emphasis would be on mechanical
failure mechanisms, e.g. due to fault movements. Here, the massive design of the cask and the large
volume of surrounding buffer and backfill material means that rather significant fault movements
would be needed to result in risk of failure — certainly many cm and probably more in the dm range.
Such movement in active faults is possible in countries with active tectonics during distinct events, but
such features would be rigorously avoided during siting. Smaller fractures will inevitably be present
and could accumulate such displacements gradually over long-periods of time. Apart from being very
localised, it is improbable that such cumulative movement in small fractures would build up in
significantly less time than that required for cask failure due to general corrosion.

When the cask fails, the thin stainless steel HLW fabrication containers or cladding of spent fuel are
not assumed to serve barrier roles and hence waste dissolution will commence immediately. It should
be emphasised that such dissolution will occur in an environment in which solute transport occurs only
by diffusion and may be greatly restricted by the transport resistance of the corroded cask. In any case,
the release rate of radionuclides from the waste matrix would not be greater than that in conventional
designs and, in all probability would be much less if assessed by realistic models. As alteration of
waste and corrosion of the inside of the cask progresses, available pore space will decrease (as
alteration products are generally less dense than the original materials) which will tend to feedback to
reduce solute transport and matrix degradation rates.

For solubility-limited radionuclides, the effect will be even more significant as, when saturation is
reached, the release rate will be dependant completely on the diffusion rate through the EBS and not
on the rate of supply from the corroding waste. In such a case, scoping calculations indicate that the
release rate of such radionuclides from the repository may be at least an order of magnitude lower than
conventional repository designs. This has, however, not yet been analysed in detail and, in this case,
particular focus would be on the influence of the “instant release” fraction of key, mobile
radionuclides from SF.

As yet, the models used to assess post-closure performance are very simplistic and certainly
underestimate the power of such an EBS to limit releases. Improved models will not only allow the
impact of a wider range of relevant processes to be quantified (e.g. transport resistance within the cask,
immobilisation of key radionuclides in the massive “redox trap” provided by the corroding steel), but
also allow performance optimisation measures to be considered. For example, the void space within
casks can be filled with either glass beads (HLW) or depleted uranium (SF), which may potentially
reduce radionuclide release rates. Similarly, the prefabrication of the emplacement package and the
large surrounding void space allows many variants of multi-layer backfill/buffer to be considered (e.g.
McKinley et al., 2006). A single example might be including an inner sand layer that is surrounded by
the main bentonite-rich diffusive barrier. Such a layer may reduce the risk of canister sinking, reduce
the corrosion rate of the cask if the pore space fills with hydrogen generated by the anaerobic
corrosion process and also give a reduction in total cost.

It can be noted that, for the boundary conditions in countries like Japan, there would be considerable
advantages in developing a safety case with emphasis on the long-term performance of the engineered
barriers, which can be fully quality assured. The assessment of such barriers in the past has tended to
be very conservative and, it appears, drastically over-conservative for the massive barriers envisaged
in the CARE case. Although improvement of PA models is required to more realistically assess this
situation, this appears to be cost-effective when compared to the difficulty and expense of
characterising a complex geological setting in detail — and modelling its long-term evolution in a
robust manner. It may also be the case that emphasis on the massive engineered barriers with the
argument of no significant release from the near field at any time may be easier to present to the
general public (a key factor in the Japanese setting where emphasis is on volunteering).
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6 Conclusions

The CARE concept has many advantages for HLW / SF management if an extended period of
inspectability / easy reversibility is desired. The use of a massive steel emplacement cask within a
thick buffer / backfill system results in an EBS which promises performance as good as, if not
exceeding, that of conventional designs at costs which may be lower (very dependant on the way in
which financing of the extended institutional control period is assessed). The assessment of
performance is, however, constrained by the limitations of the present generation of PA codes &
databases (e.g. assumption of “vanishing overpack” after mechanical failure — clearly drastically over-
conservative in this case).

For the concerns of the ESDRED group, however, the ease of handling and emplacement operations is
a major contrast with conventional designs. This not only increases operational safety and facilitates
quality assurance methods, but also allows great flexibility to tailor details of the EBS design in order
to respond to changes in boundary conditions or evolution in system understanding and the capabilities
of performance assessment models.
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Abstract

Especially during the last ten years, a part of Romanian research program “Management of
Radioactive Waste and Spent Fuel” was focused mainly on applicative research for the design of near-
surface disposal facility, which intends to accommodate the low and intermediate radioactive waste
generated from Cernavoda NPP. In this frame, our contribution was at the acquisition of technical data
for the characterization of the future disposal facility.

In the present, the project of the disposal facility, located on the Saligny site, near Cernavoda NPP,
must be licensed.

As regards to the safe disposal, the location of final disposal, the Saligny site, has been characterized
through the five geological formations which contain potential routes for transport of radionuclide
released from disposal facility, in the receiving zones(potential receiving zones), into liquid and
gaseous phases.

The technical characteristics of the disposal facility were adapted at the Romanian disposal concept
using the reference data from IAEA technical report (IAEA,1999). Input parameters which
characterized from physical and chemical point of view the disposal system, were partially taken from
literature.

The performance assessment studies, which follows the preliminary design development phases and
the selection, describes how the source term is affected by the infiltration of water through the disposal
facility, degradation process of engineering barriers (reflected in the distribution coefficient values)
and solubility limit.

The studies regard the evaluation of the source term, sensitivity and uncertainty analysis provide the
information on “how” and “why” were evaluated, following:

e radiological safety assessment of near-surface disposal facility on Saligny site;
e complexity standard assessment of the Engineering Barriers Systems (EBS);

e identification of the elements which must be elaborated for the increase of the disposal safety
and the necessity for new technical data for the characterization of the disposal facility.

In the frame of the performance assessment, sensitivity and uncertainty analyses for the Saligny
disposal facility have been conducted, consulting associate activity for the three phases corresponding
to the disposal:

e operational period;

e Institutionalized control;
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e post-operative control.

In source term evaluating study and of the sensitivity and uncertainty analysis, we took into
consideration radionuclide Co-60, Cs-137, H-3 and C-14, these representing the most relevant
radionuclide generated by the operation of the nuclear power plant.

The sensitivity and uncertainty analysis applies to Saligny disposal facility, correlated with special
parameters that are influencing the release of radionuclide from repository, was conducted by using a
computer code which yielded results allowing the characterization of the disposal facility at the end of
the operational period and to eliminate the uncertainties.

1 Introduction

The objective of this paper is to make sensitivity and uncertainty analyses about some parameters that
have been effects about gas release. The release it is possible in aqueous and gas phase.

In source term evaluating study and of the sensitivity and uncertainty analyses, we took into
consideration radionuclide of Cs-137, H-3 and C-14, these representing the most relevant radionuclide
generated by the operation of the nuclear power plant.

Uncertainty is inherent in all performance and safety assessment calculations and regulatory decision-
makers need to be informed how uncertainties within the analysis translate into uncertainty in
estimates of performance and safety.

Generally uncertainties in assessment are classified as:
e  scenario uncertainty;
e model uncertainty;
e parameter uncertainty.

Uncertainty analysis benefits from sensitivity analysis, as results from the latter can be used to reduce
the number of parameters for uncertainty analysis. Results from sensitivity analysis may be further
used to justify the use of a simple model as a surrogate for a more complex model without loss of
important detail, and define priorities for data acquisition. A variety of approaches can be used to
identify key sensitivities in the performance and safety assessment analysis, including:

a) calculations in which one parameter related to a single feature or process is varied over a
reasonable range of values holding all parameters constant;

b) calculations in which many parameters are varied simultaneously over a reasonable range of
values;

¢) calculations considering multiple conceptual models.

Sensitivity analysis is done by evaluating effects of perturbations of parameters, models, and
scenarios:

e How robust is the disposal system to changes in parameters, models, scenarios?
e improve knowledge on aspects that have greatest impact on model output;

e priorities data collection (directing research towards those site and radwaste properties which
contribute most to risk uncertainty;

e which parameters to consider in uncertainty analysis.

A range of different approaches may be used for evaluating uncertainty in performance calculations.
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Scenario uncertainty addresses the inability to precisely formulate the future state of the engineered
barriers. Scenario uncertainty is generally treated by considering a set of altered evolution scenarios in
addition to the expected evolution scenario. To address uncertainty about the future state of repository,
altered evolution will be developed.

More specifically, we will develop uncertainty about the future state of engineered barrier:

hydraulic barrier , use of different about degradation/lifetime;

concrete degradation (vault/containers/drums). Could consider more conservative assumption
about engineering barrier degradation (for example, very simple step function for concrete lifetime
can be imposed: from t=0 to t=100 years optimal functioning, for t>100 years complete
degradation);

post-intrusion and intrusion:

0 Gas release as post-intrusion related scenario (as a result of exploratory drilling causing
pathways for gas to escape; or as result of cap removal thus providing much shorter travel
distance);

0 Exploitation drilling for groundwater: due to core drilling for groundwater exploitation,
engineered barriers are short-circuited, and a preferential flow path through the waste zone
exists and the unsaturated zone. This results in a (very) small fraction of the waste being
leached at a high velocity to the groundwater. Possibly (likelyO the effect on the dose will
be very small, but a quantitative evaluation was found justified;

0 Dwelling scenario: two periods of intrusion will be considered soon after end of ICP
(Institutionalized control), and one at later time, e.g. after 1000 year to account for effects
of radium ingrowths from actinides present in the inventory.

Climate change: impacts on near field, hydrogeology, biosphere (dryer growing season will
require more irrigation possibly groundwater.

Concept model uncertainty refers to uncertainty about model used to represent a given set of FEP;
(Feature Event Process) and interactions, or choice of models. Uncertainties about the conceptual
models relate to uncertainties for models of near field (release or source term models), geosphere
models (unsaturated zone and saturated zone), and biosphere models.

Near field-source term modeling as concerns the leaching pathway. Two approaches have been
developed:

e a generic model with one uniformly distributed source (complete and instantaneous release
after =30 years) with time-dependent adjective flux;

e a generic model but with several release functions considered representative for different
waste forms (mix of diffusive and adjective processes).

Near field —gas-release:

e determination of gas-source (C-14, H-3, Cs-137): quantity/activity available for release via the
gas phase;

e conceptual model for gas transport calculation : we must certify that is a 1D-diffusion
equation (or an empirical interpretation of it) a sufficient representation of gas migration
processor or is a two-phase representation necessary;

e we must see what is the effect of using different long-term sorption models and/or different
concrete degradation models on the availability of the C-14 source for gas generation and
migration. Link between engineered barrier lifetime and maximum gas release rates (100y
lifetime versus 500y for concrete EB) and in connection, use of different sorption models for
C-14: constant, or kd=f (time).
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2 Results and Discussions

For sensitivity analysis, on the basis of the ranking is selected those parameters that have highest
impact on dose and consider those for stochastic uncertainty and sensitivity analysis (Figure 1).

NEAR FIELD

kd
Solubility
Infiltration
Container lifetime

Flux max.

GEOSPHERE
, Unsaturated
zone
kd
Infiltration

zone

kd

Saturated
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Imigration amount
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e

Figure 1: General methodology for selection of parameters calculations

The sensitivity and uncertainty analysis applies to Saligny disposal facility, correlated with special
parameters that are influencing the release of radionuclide from repository, was conducted by using a
computer code which yielded results allowing the characterization of the disposal facility at the end of
the operational period and to eliminate the uncertainties, (Sullivan, 2006).

The activity is assumed to be uniform distributed, so the principal mechanism of release in aqueous

phase is diffusion.

The most relevant parameters that were using to make a sensitivity and uncertainty analysis are kd

and infiltration rate.

1. The rate infiltration is constant, 2mm / year, with different values for capacity of retaining of

concrete;

0 The parameters adequately for afferent region an intact concrete;

0 The parameters adequately for afferent region by degradation concrete;

2. The rate infiltration is variable: for period of 100 year it is considered that is not contact
between infiltration water and waste, after 100 year the rate infiltration is 2mm / year and after

300 years, the rate infiltration is 4mm / year;

0 The parameters adequately for afferent region a intact concrete;

0 The parameters adequately for afferent region by degradation concrete.

The values for these parameters are illustrated into Table 1.

Table 1: The values for kd and diffusion parameters

Material kd [ml/g] Diffusion [cm2/sec]
. . 1-Top and 2 — Near field
Radionuclide radier zones cell 1 2
C-14 2000 2000 1.00E-07 1.00E-06"
H-3 0 0 1.00E-07 1.00E-06
Intact concrete Cs-137 2 2 1.00E-07 1.00E-06
Co-60 100 100 1.00E-07 1.00E-06
Sr-90 1 1 1.00E-07 1.00E-06
C-14 500 500 1.00E-07 1.00E-06
b dati H-3 0 0 1.00E-07 1.00E-06
egradation - - -
concrete Cs-137 0.2 0.2 1.00E-07 1.00E-06
Co-60 10 10 1.00E-07 1.00E-06
Sr-90 1 1 1.00E-07 1.00E-06
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3 Conclusions

For C-14 radionuclide, it can observed that by raise of infiltration rate, come into a degradation of
waste, a containers and engineering barriers who will give a rises about contact between radioactive
waste and water infiltration, implicated an more radioactive discharge. The worst cases analysis it was
when the rate infiltration is 4mm / year and the distribution coefficient it is for degradation concrete.
In this case is obtained a flux by 4.59 x 10°Bg/sec (Figure 2: Calculated flow of C-14 radionuclide
into top and radier zones).

For tritium, because it retain is practically zero in geological and in concrete medium, it moves with
water infiltration in near field. In this manner, the rate of H-3 is the rate water to the near field. From
representative parameters, because H-3 is not retained on the engineering barriers, can be observed a
rapid release, the factors who delay the migration are a small permeability of concrete and a small rate
of infiltration (Figure 3: Calculated flow of H-3 radionuclide into top and radier zones).

For Cs-137, it can observed that the worst case analysis is when the rate of infiltration corresponding
to 4mm/y, is obtained a flux by 1.44 x 10”Bq/sec (Figure 4: Calculated flow of Cs-137 radionuclide
into top and radier zones.
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Figure 2: Calculated flow of C-14 radionuclide into top and radier zones
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Figure 3: Calculated flow of H-3 radionuclide into top and radier zones
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Figure 4: Calculated flow of Cs-137 radionuclide into top and radier zones
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Abstract

After the final shutdown of Ignalina NPP total amount of SNF will be about 22 thousands of fuel
assemblies. It is planned that these assemblies will be stored about 50 years and after that disposed of
in geological repositories. For crystalline rock in Lithuania the KBS-3 concept developed by SKB is
adopted. In this paper the estimations of the criticality and dose rates for the disposal copper canister
with RBMK-1500 SNF using SCALE computer codes system are presented. The results of criticality
variation with water density and results of dose rate on the surface and at different distance from the
canister were evaluated.

1 Introduction

Presently there is only one nuclear power plant in Lithuania — Ignalina NPP (INPP). After final
shutdown of INPP Unit 1 in 2004 and Unit 2 in 2009 total amount of spent nuclear fuel (SNF) will be
approximately 22 thousands of fuel assemblies. All these assemblies should be stored about 50 years
and after that disposed of. Extended studies on selecting of suitable geological formation had led to the
conclusion that crystalline rock and argillaceous rocks are the primary candidates for disposal of SNF
in Lithuania. For crystalline rock in Lithuania the KBS-3 concept developed by SKB is adopted
(Poskas, Brazauskaite, et al., 2006). Modelling results on criticality and dose rate for RBMK-1500
SNF fuel emplaced in copper canisters performed using SCALE computer codes system are presented
in this paper.

Criticality safety analysis for a repository differs from conventional analysis of criticality. For
conventional criticality safety analysis the events are primarily attributed to short-term equipment
failure or accidents and human errors. The events in the repository that may lead to a criticality are
related to long-term processes that take place over hundreds and thousands of years. Dry waste forms
are transferred into its disposal container and then into the repository as a waste package. However,
moderator may be introduced into the system under abnormal situations, such as flooding or the
introduction of foam or water mist (e.g., result of fire fighting operations) which can affect the neutron
moderation in the array and can result in a peak in reactivity at low moderator density. There are also
additional considerations, for example, misloading of waste must be considered if burnup credit is
used. Normally, a misloading error involving only a single unit need not be considered unless there are
circumstances that make multi-loading errors credible. The analysis must also consider the effect on
criticality of natural events (e.g., earthquakes) that may deform or change the relative position of the
disposal container or waste package (DOE, 2002).

Limiting the potential for criticality during postclosure period of the repository relies on multiple
natural and engineered barriers. The natural barrier system includes the geologic, mechanical,
chemical and hydrological properties of the site. Engineered barrier system comprises the waste
packages and the underground facility in which they are emplaced. A waste package is the generic
term for describing the waste form and any containers, shielding, packing, and other absorbent
materials immediately surrounding an individual package. Various processes (e.g., corrosion,
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groundwater flow) could affect these engineered barriers. For criticality to occur waste package must
fail, the materials inside the package must degrade, the absorber material must either be lost or become
ineffective, and for thermal systems, moderator material must accumulate within the waste package.
These long-term processes and events have deterministic and probabilistic nature, so criticality safety
analysis involves deterministic and probabilistic analyses.

Dose rate values will be important when spent nuclear fuel after interim dry storage will be emplaced
in canisters and transferred to the repository. Calculated dose rate level indicates what measures
should be introduced (for example, remote handling, additional shielding) to meet radiation safety
requirements. The y dose rate outside the canister is of importance for radiolytic disintegration of
water also. The canister design criteria require that the y dose rate not exceed 1 Gy/h (1 Sv/h if only j3,
y radiation) in order to minimize the importance of the process (SKB, 1999).

2 Criticality Analysis

Results of the criticality analysis for copper canister loaded with (2.8% *°U enrichment) fresh 32
RBMK-1500 fuel half-assemblies are presented in this paper. Effects on criticality of the corrosion of
the fuel rods cladding and insert or canister body, dissolution and redeposition of fissile material
outside the failed canister and other events at this stage have not been evaluated.

2.1 Calculation Method and Assumptions

Sequence CSAS25 from SCALES computer codes system was used for criticality analysis of the
disposal canister. This sequence calculates the effective neutron multiplication factor kg for 3-D
problems and sequentially activates the BONAMI (Greene, 2004), NITAWL-II (Greene et al., 2004)
and KENO V.a. (Petrie, et al., 2004) codes.

The following conditions and assumptions were accepted for the criticality calculations:

e maximum loading of the canister, i.e. insert of the canister contains 32 cylindrical holes each
with fuel half-assembly inside;

e discrete representation of the fuel rods is used in the geometry description. This means that
each half-assembly consists of 18 fuel rods;

e insert holes and inner region between insert and canister body are homogeneously filled with
water. A water density varies from 0.1 g/cm’ to 1.0 g/cm’. Variation of water density allows to
model the most reactive state of the fuel-insert-canister body system;

e the fuel half-assemblies contain only fresh, undepleted fuel (no credit for burnup) with 2.8%
23U enrichment;

e there are not structural damages in fuel rods, half-assemblies, insert and canister body;

e there is not neutron leakage from the system. Neutron reflection condition is accepted for
outside surface of the canister;

e fuel rods consist of cylindrical pallets of UO, and cladding tubes (Zr+1%wt Nb). The canister
insert consist of carbon steel and canister body is made from copper;

e the insert holes are positioned in a square pitch. Nominal center-to-center distance of the insert

holes is 140 mm.

Radial cross-section of the calculation geometry of the disposal canister is presented in Figure 1.
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Figure 1: Radial cross-section of the copper disposal canister (plotted with KENO-V.a)

2.2 Results

The variation of effective neutron multiplication factor kg (including 3 standard deviations) with
water density for disposal canister is presented in Figure 2. As can be seen, kg values continuously
increasing when water density is increasing and maximal k. value of approximately 0.60 is reached
when water density is 1.0 g/cm’. The main requirement of the criticality safety is that effective neutron
multiplication of the system containing fissile material must be less than 0.95. For disposal canister
when long-term processes (corrosion, degradation, etc.) are not taken into account, kg values are less
than allowable value of 0.95.
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Figure 2. Variation of ks with the water density
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3 Dose Rate Evaluation

3.1 Calculation Method and Assumptions

Calculation of dose rate values deals with two problems. Firstly, the characteristics (concentrations of
fission products, actinides, neutron and gamma source emissions, etc.) of irradiated fuel assembly
must be calculated. Secondly, when properties of SNF are obtained, dose rate calculations on the
surface and at some distance from the canister must be done. Sequences SAS2 (Gauld, 2004) and
SAS4 (Tang, 2004) from SCALES computer code were used for solution of these problems.

Sequence SAS2 computes neutron and gamma source spectrum and evaluates dose rates from SNF
disposal canister using a 1-D transport shielding analysis. SAS2 executes codes BONAMI, NITAWL-
II, XSDRNPM, COUPLE and ORIGEN-S for cross-section processing and fuel burn-up, radiation
source calculations, the radial shielding analysis applying the calculated SNF composition of nuclides
and sources, determination of dose rates by XSDOSE.

SAS4 calculates radiation doses exterior to the canister using a three-dimensional Monte Carlo
method. The sequence executes BONAMI, NITAWL-II, XSDRNPM and MORSE-SGC for cross-
section processing; for the radiation transport and radiation dose calculation.

The main input data for SAS2 are material composition and geometrical parameters of fuel assembly,
fuel channel in the reactor, disposal canister; material concentrations and temperatures; reactor power;
irradiation and cooling periods of fuel assembly. SAS4 input data are nuclide composition of
irradiated and cooled fuel assembly; material composition and geometry of disposal canister;
temperatures; radiation source characteristics; locations of radiation dose detectors.

The main assumptions for the modelling of fuel assembly irradiation were following:

e RBMK-1500 fuel assembly that consists of 18 fuel rods was homogenized and in the reactor’s
fuel channel was described as an element of 5 concentric cylinders (Figure 1);

o fuel enrichment 2.8% **°U, burn-up 30 MWd/kgU, irradiation time 3 years, cooling time 50
years;

e for dose rate calculations axial burn-up distribution of fuel assembly was not taken into
account.

a H» ON =

Figure 1: Homogenized fuel assembly inside the reactor’s channel (1-carrier rod, 2-coolant, 3-
homogeneous mixture of UO, and H,O, 4-fuel channel tube, 5-moderator)

Assumptions for equivalent dose rate calculations were as follows:

e 3-D description of canister geometry in SAS4 and 1-D description in SAS2;
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e radiation source was modeled as homogenous cylindrical body which contains 32 spent
nuclear fuel half-assemblies and insert of the canister;

e locations of point detectors were at a middle of sidelong surface, at a center of the top and the
bottom of canister. Location distances — 0, 1 and 2 meters;

e it was assumed that cooling (storage) time of SNF is 50 years.

Using the indicated SCALES sequences and assumptions mentioned above, nuclide composition,
concentrations, activities, neutron and gamma sources of irradiated nuclear fuel assembly and dose
rate values on the surface and at some distance of the canister were calculated.

3.2 Results

Results of fuel assembly irradiation modelling were obtained when axial burn-up distribution of fuel
assembly was not taken into account. There are a lot of fission products in SNF. Usually the nuclides,
such as °Sr, Y, "*'Cs, etc., which have more than 1% of total activity of fission products after 50
years cooling time are taken into account.

Equivalent dose rate calculation results are presented in Figure 2 and Figure 3. Figure 2 shows total
equivalent dose rate values in various directions and distances of the canister. Dose rate at the surface
of the canister varies from 5 mSv/h (at side wall) to 6.5 mSv/h (at top). Comparison of dose rate
values calculated with different sequences on the sidewall of the canister is presented in Figure 3.
According to Swedish KBS-3 concept, maximum allowable dose rate on the surface of the copper
disposal canister is 1 Sv/h. For comparison, the dose rate value on the surface of the Swiss steel
disposal canister is about 35 mSv/h (Nagra, Technical Report, 2002), whereas design criteria for the
RBMK-1500 SNF storage cask states that dose rate values on the surface of the cask must be less 1
mSv/h (Poskas P., Smaizys A., Simonis V., 2006).
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Figure 2. Total equivalent dose rate values on the canister surface and at some distance.

The results of dose rate calculations show that total equivalent dose rate is formed mainly by the y
radiation (more than 99.9%); neutrons forms only insignificant part of total dose rate. Dose rate
calculations have shown that dose rate values on the surface of the copper disposal canister with
RBMK-1500 SNF are rather high in comparison to SNF storage casks, but do not exceed the limit of 1
Sv/h which is maximum allowable dose rate value according to Swedish KBS-3 concept.

Neutron and gamma radiation forms the total equivalent dose rate. Percentage of each component is
presented in Table 1. Gamma radiation is dominating in all directions.
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Figure 3. Comparison of the equivalent dose rate values on the
canister sidewall calculated with different codes

Table 1: Percentage of gamma and neutron radiation

Bottom Side wall Top
Gamma Neutrons Gamma Neutrons Gamma Neutrons
0m 96.4 3.6 96.2 3.8 96.9 3.1
1m 98.5 1.5 96.6 34 98.6 1.4
2 m 98.7 1.3 97.0 3.0 98.7 1.3

4 Conclusions

Criticality analysis of the disposal canister has demonstrated the influence of the moderator (water) on
the value of effective neutron multiplication factor, but k. is less than allowable value 0.95. Further
studies should be performed for evaluation of the long-term processes such as corrosion, degradation
and their effects on criticality. Dose rate calculations have shown that dose rate values on the surface
of the disposal canister are rather high in comparison to storage casks. Additional measures such as

remote handling, additional shielding, etc. could be necessary to reduce exposure on operating
personnel.
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Abstract

When modelling the flow and contaminant transport in the surroundings of underground nuclear
storage facilities, we are in most cases dealing with a fractured rock environment.

The mainstream approach used in groundwater in a fractured rock environment is based on so-called
equivalent porous media. The whole complex of fractures together with the matrix permeability is
substituted by a porous medium with the equivalent Darcy's K value.

A research based on evaluating dual permeability properties was conducted in order to specify more
accurate results for further evaluation of flow and contaminant transport at Richard repository,
Litométice, Czech Republic. A fracture flow was modelled in order to obtain a data for optimization
procedure to calibrate dual permeability parameters.

1 Introduction

Richard repository is one of the largest repositories of RAWRA association. It's located close to a city
of Litomerice in Czech Republic. A radioactive waste containing various radionuclides of institutional
origin (industry, research, medicine, education, agriculture) is placed at this facility. It belongs to a
type of a subsurface repository (see Figure 1) thus only intermediate level waste can be placed in
there. The facility is not considered and designed to store a waste from nuclear power plants.

The facility is placed in premises of old lime stone mines, during WWII used as a German armory.
The service of the facility for recent purposes began in 1962. (Baloun, et. al., 2002)

Recently a various security analysis has been conducted, the contaminant transport has been modelled
with a scope to a various scenarios. The model approach used in all of those studies was based on a so-
called equivalent porous media. The whole complex of tectonic fractures together with the matrix
permeability is substituted by a porous medium with the equivalent Darcy's K value. The variability of
the velocity field due to flow through a system of fractures is neglected. However, the calculation of
the 3D finite element is fast and stable.

An approach generally referred to as dual permeability can give more accurate results. According to
this model, the water flow with contaminant transport is considered to flow partly through the rock
matrix with its known K values and partly through a so-called fast domain with K values related to
some fast media, e.g. sand. The main problem is to make a correct estimation of the coefficients of the
dual media. The K values reflect the rate of the fast and slow media and other coefficients describing
the transit between the fast and slow domain. To evaluate these characteristics, a model fracture
network on a sample (5x5m) was determined with exact geometrical properties, see (Vrbata, Cinka,
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2005). The flow behaviour is therefore easily analyzable when using the computer codes dealing with
a geometrically described fracture network. When inverse modelling methods are used, dual
permeability parameter estimation can be easily done. The final output of this study provides a first
step toward a more detailed analysis of the Richard Nuclear Storage Facility.

PRECIPITATION

A SCHEME OF THE REPOSITORY |

UNSATURATED/FRACTURE FLOW
SYSTEM Tam

GROUND WATER TABLE

Figure 1: The scheme flow system of the Richard Repository

2 The Goal of the Research

This paper describes recently obtained results of mathematical modelling of preferential flow at rock
environment of Richard repository. As mentioned above all previous studies used a so called
equivalent porous media approach. The porous media properties were obtained on samples in a
laboratory. Only the latest study of Aquatest company used some rough estimation of dual
permeability parameters (see (Baloun, et.al., 2002)). Laboratory evaluation of hydraulic parameters of
both matrix and preferential network is impossible due to a huge size of representative elementary
volume. Recently a detail study of tectonic fracture network has been conducted by Geotip group, the
company contracted for a long-time monitoring. Specifically it was the report (Vrbata , Cinka, 2005).

Using a full description of a complicated fracture system over a whole domain when performing a
simulation over large areas, e.g. a contaminant transport in Richard repository, would lead to a
complicated mesh system, with a huge amount of elements, finalizing into a large sparse systems of
linear equations to solve. An analogical model to fracture flow has been studied, a dual permeability
approach, as a way to generalize the complicated nature system.

An unsaturated/saturated flow in fracture media has been simulated in order to obtain a data to
calibrate a dual permeability model.

3 Environmental properties

3.1 Geotechnical properties

The Geotip group conducted a research for evaluating a system of tectonic fractures. An in situ
measurement established three main fracture systems, one horizontal and two vertical, see Figure 2.
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Figure 2. The fracture analysis. Left: Diagram of fracture occurrence density which was used for
evaluating the generalize system of fractures.
Right: The generalized evaluated system of fractures (Vrbata, Cinka, 2005)

Based on this model horizontal fractures occurs each 0.2m and form an angle of 5 degrees with
horizontal plane, the both vertical systems occurs each 0.5m and form an angles of 87 and 70 degrees
with horizontal plane (Vrbata, Cinka, 2005).

3.2 Hydraulic properties
The hydraulic properties of matrix are described in Table 1, obtained from RAWRA (Radioactive
Waste Repository Authority) technical documentation.

Table 1: Hydraulic properties of matrix (Benes, 1997)
Or Os o/cm’/ n K /cm.d/

0.064 0.14 0.01 2.5 0.864

4 Methodology

4.1 Fracture and matrix flow model

This model is based on application of Richard’s and Hagen-Poisseulle law. The simulation was
conducted on a commercial software code WASY Feflow version 5.2, produced by DHI group.

Matrix flow is simulated using the Richards equation in 2D

00 0 ohl o oh
at_aX{K(e)aX}ay{K(e)ay}S (D
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where 0 — water content (-), K(0) unsaturated hydraulic conductivity (L.T™), h — pressure head (L), S —
sink/source term (T™)

The fracture is simulated using Hagen-Pouisell law.

b 2
u= 1 Iu.dy = —b{dp—pgx} , respective
b7

124 dx
b’ [dp
=u*b=———| " - 2
Q S @

where u - average velocity (L.T"), Q — discharge (L*.T™), b — aperture of fracture(L), p — fluid
pressure, (M.L'.T?) | p- fluid density (M.L®), p - dynamic viskozity (M.L'.T", g — gravity
acceleration (L.T™). /Diersch, 2005/.

4.2 Dual permeability model

The dual permeability approach is based on assumption that Darcy-type water flow is considered both
for the fracture and matrix pore system, while the transfer of water and solutes between the two pore
system is described macroscopically using a first order coupling term. One dimensional water flow in
fracture and matrix pore system of dual porosity medium is described by following equations:

ow el 9 oh;
at :& Wf K(H)f E+1 —Wf.Sf —WfFWf (3)
Wi :E w, K(0),, on, +1|-w,.S,, +w,[,, 4)
ot OX 0z
where
Wfrwf = _erwm = 1—‘w = aw(hf - hm) (5)

were o, - first order transfer term between domains, f - index for fast domain, fractures, m - index for
matrix, he, - pressure head of fractures/matrix [L], S¢nm - sink/source term of fractures/matrix [T'],
K(®©)¢m - unsaturated hydraulic conductivity of fractures/matrix, 0;, — water content of
fractures/matrix [-], wg, — volumetric fraction of fractures/matrix (van Genuchten, Gerke, 1993).

The dual permeability model was simulated on S2D code with compliance of its author prof. T. Vogel,
CTU Prague. The code was compiled using open source Fortran compiler G95 v 0.91 and GCC
version 4.0.3.

Finite element mesh was created using Menhardt algorithm with compliance of its author prof. ass. J.
Mls, Charles University, Prague. The code was compiled using open source G++ GCC version 4.0.3
compiler .

4.3 Optimization algorithm

A Levenberg-Marquardt algorithm was used for optimization procedure. It is an iterative gradient
algorithm. A certain function is iteratively optimized in directions of global minimums of parabolic
functions constructed as a Taylor series (T(x)) of second degree - a so called Marquardt lambda.
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f(@ f(a)"

T(x)= f(a)+ I (x—a)JrT(x—a)2 (6)
where f is a function to optimize. A function to optimize is usually an error function constructed on
using least square method, a (a = (a;, ay, ....... , a,), where n is number parameters to optimize) is a

certain set of optimizing parameters at a certain iteration.

The values of derivate of an error function are obtained numerically. This method is successful and
fast for problems without local extremes and convex behaviour. This method is applied in PEST code.
The code was compiled using open source Fortran compiler G95 v 0.91 and GCC version 4.0.3.

5 Description of numerical models

5.1 Fracture and matrix flow model

5.1.1 Preferential path model

A system of fractures was constructed according to the geostatistical model described in Section 3.1,
and Figure 3.

As long as the system is constructed the permeability of fractures would be a subject of discussion. In
certain cases the fractures could be clog by e.g. clay, thus non-permeable, in other case could be
empty. On using a so called super conservative approach — using the most inconvenient case from a
security point of view, the horizontal fractures were considered as an impermeable, the permeable
horizontal fracture would act as an seepage face at the flow simulation, and the vertical ones were
considered as a full permeable system, thus a preferential path. The next problem would be to evaluate
a proper fracture width. A rough estimate was used — 0.1 mm

Figure 3: The system of fractures used for fracture and matrix flow modelling

5.1.2 Domain description

The environment is quasi-homogeneous and quasi-isotropic. The size of domain was established to be
at least higher then representative elementary volume of the fracture system, thus the size of domain
was considered to be 5x5 m, based on our assumption, far beyond the REV size.

Only the continuous fractures over the domain were considered, it means only the fractures
continuously going from the top to the bottom of our domain. Fractures going through an impermeable
(vertical) border were excluded, because no flow is taking place in there in fracture flow simulation,
and their effect would be similar to horizontal fractures.

The system was modelled in 2 dimensions. 2D system was considered as a sufficient description for
our purposes.
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5.1.3 Mesh description

The domain mesh consists of 13,595 elements and 6,963 nodes with increased density in fracture
surroundings.

5.1.4 Initial and boundary conditions

The initial condition is unsaturated environment, matrix water content 6 = 0.084 (60% 0s), fracture
water content 60%.

The flow domain is bounded by four borders, the vertical ones are considered to be non-permeable. A
Dirichlet boundary condition was considered for the top boundary — a standard pressure head of 1 cm.
The bottom boundary condition is different for fracture system and matrix. A constant pressure head is
considered in fractures, the water flow is based on a gradient of geodetic head, pressure head is zero.
A seepage face boundary condition was selected for the matrix, the outflow velocity is related to the
saturation and maximal velocity is equal to saturated hydraulic conductivity.

The selection of the boundary conditions was based on a requirement of ability of making an analogue
model in S2D code (a code for dual permeability flow modelling). Impermeability of vertical borders
was considered due to symmetry and quasi-isotropy of the system.

5.1.5 Results of fracture flow simulation

A time dependency of outflow from the bottom boundary was evaluated. Saturation of bottom occurs
in approx. 0.23 days, related to the bottom boundary condition — seepage face, at this moment occurs
both the outflow from fractures and matrix due to a pressure equilibrium between fractures and matrix.
When modelling the flow without any consideration of fracture system, the saturation of matrix at the
bottom occurs in approx. 24 days. Thus a strong communication between the fractures and matrix is
taking place.

The fractures act as an imaginary source of water inside of a matrix, therefore the saturation process
takes much shorter compared to a non-fractured system. A behaviour of hydraulic head is visible on
Figure 4.

5.2 Dual permeability flow model
5.2.1 Preferential path model

Preferential paths are described in this approach as a porous continual medium over the whole domain
of certain hydraulic properties which makes the media more conductive compared to the matrix.
Parameters of that domain are going to be optimized in this research.

5.2.2 Domain description

The environment is homogeneous and quasi-isotropic. The size of the domain is the same as the
domain size of previous approach.

5.2.3 Mesh description

The domain mesh consists of 1,486 elements and 844 nodes with increased density around domain
borders. Compared to a fracture model, which mesh consists of 13,595 elements and 6,963 nodes, this
approach lead to approximately ten times smaller systems of sparse linear equations. The elapsed CPU
time wasn’t that shorter compared to the simulation in Feflow code most likely due to an increased
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amount of iterations due to lower stability of dual permeability approach. Also different solvers of
linear equations are used in both codes.
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Figure 4: Hydraulic heads — A t =0, B t = 3.107day ( preferential paths are visible),
Ct=2.10" day, D after full saturation
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Figure 5: Left: A domain mesh used for fracture/matrix flow simulation,
Right: A domain mesh used for dual permeability flow simulation.
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5.2.4 Initial and boundary conditions

Initial and boundary conditions are related to previous approach and assumed to be the same for both
fast and slow domain. Top boundary condition is Dirichlet type — standard pressure head of lcm.
Bottom boundary condition is seepage face. Vertical borders are supposed to be non-permeable. Initial
conditions are obviously the same compared to previous approach, thus 60% saturation of both fast
and slow domain.

6 Results and conclusions

6.1 Problem definition of inverse modelling

The goal of our research stands in a parameter identification of dual permeability approach in order to
fit the data modelled on fractured element, thus a grey model calibration. Parameters to identify are Ky
— the hydraulic conductivity of fast domain, van Genuchten parameters of fast domain (o, n) (the
substitution of m coefficient m = 1-1/n was used). a.,, — the transfer term.

In total there is six parameters to identify. In order to simplify the fitting procedure the van Genuchten
coefficients of fast domain were assumed to be equal to the matrix ones. However this assumption
would be a subject of discussion, it strongly improved a numerical stability of the solution.

The aim was to fit a moment when outflow from bottom boundary occurs, related to a bottom
boundary condition, this is a moment of saturation of surrounded matrix. As mentioned above, the
fracture network acts as an imaginary source of water inside of a matrix. Fitting that moment was
based on a proper selection of alpha coefficient — a coefficient describing communication between
domains. The problem is, that with increasing value of that coefficient the finite element system
applied in S 2D code is loosing its stability. The numerical instability of system could be visible on
Figure 6 with results.

o — — 3 20 - dual approach
FEFLOW - fracture approach

velocity miday)

Timel(days)

Figure 6: Results of fracture and dual permeability flow simulation
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6.2 Results of optimisation procedure

Evaluated coefficients are displayed in the Table 2. The condition of constraint was to obtain average
pore velocities in fast domain close to the velocities obtained in fractures. The coefficients of fast
domain are close to coefficients of matrix expect the permeability. As mentioned above this
assumption improved numerical stability of solution, but practically it requires some further studies.

Table 2: Fitted coefficients of fast domain

Or Os a/cm’/ n K /em.d™/ oy Wi

0.0 0.101 0.01 2.5 4800.0 0.00041 0.008

7 Conclusions

The parameter identification process is due to lower system stability a sort of a difficult task for any
optimisation procedure. The solution could be expressed as an optimising a function with many local
extremes. A Levenberg-Marquardt algorithm, PEST code, has been used. As mentioned in the chapter
methodology, this algorithm is suitable for problems without local extremes and with convex
behaviour. This problem seems to lead to a local extremes problem and the convex behaviour is
unsure. Some further investigation using genetic algorithm will be evaluated.

Anyway fitted coefficients are displayed in the previous paragraph. Their reliability could be
expressed as just a rough estimation, rough description of behaviour of the fracture network, but
enough to offer an informative character about a difficult nature system of preferential network path in
a certain rock matrix.

References:

Baloun, S., Cernik,. M., Slovak., J., 2002. Safety Analysis of Radioactive Waste Storage Facility
Richard .Aquatest technical report.

Benes., V., 1997. A Maintenance Safety Study of Radioactive Storage Facility — a Nuclear Facility
Richard. Aquatest technical report.

Diersch H.-J.G. ,2005, White Papers Volume 1., WASY Software FEFLOW 5.2, Berlin.

Vrbata, L., Cinka, J., 2005. A Hydrogeological and Geotechnical Monitoring of Storage Facility
Richard and Bratrtsvi in 2005, Geotip technical report.

Vrbata, L., Cinka, J., 2005. Storage Facility Richard — Non-homogenity, Geotip technical report.

Gerke, H.H., van Genuchten, M.T.. 1993, A Dual Porosity Model For Simulating the Preferential
Movement in Solutes and Structured Media, Water Resources Research, vol. 29, no. 2

Poster 13 -9






