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Fuel cycles have not historically been integrated with
repository design. Four alternative combinations of fuel
cycles and repository systems are assessed in the present
work: (a) traditional repositories, (b) repositories with
spent nuclear fuel retrievability for recycle or as insur-
ance against unforeseen repository failure, (c) coloca-
tion and integration of reprocessing and repositories,
and (d) colocated specialized disposal facilities such as
boreholes for different wastes. System design choices have
major impacts on fuel cycle economics, accident risk,
repository performance, nonproliferation, and reposi-
tory siting. Consequently, there are large incentives to
understand the different ways to couple fuel cycles and
repositories.

The evidence suggests that a repository as only a
disposal site (the current system) is the least desirable
option given current requirements for the United States.
There are large incentives to develop repository sites that
colocate and integrate all back-end fuel cycle facilities

I. INTRODUCTION

Relative to other energy sources such as coal and
natural gas, the introduction of nuclear energy was un-
usual. Much of the technology was developed rapidly by
military programs in World War II and the Cold War. This
included development and large-scale deployment of en-
richment and reprocessing technologies before waste man-
agement challenges were addressed. This history led to
the traditional fuel cycles where various facilities gener-
ate wastes that are then to be shipped to disposal facili-
ties. While recent studies'> examine alternative fuel
cycles, alternative system architectures that couple fuel
cycles and waste management together in different ways
have not generally been considered.
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with the repository—independent of the fuel cycles that
are ultimately chosen or how these fuel cycles evolve
over time. Colocation and integration change the inter-
face requirements between facilities by eliminating many
storage and transport requirements such as the need for
waste forms with high waste loadings. That, in turn, can
result in reductions in cost, reductions in risk, and im-
proved repository performance. For closed fuel cycles,
colocation and integration may eliminate repository safe-
guards. This also suggests a repository business model
similar to that of many airport authorities. Airport au-
thorities manage the runways with colocated public and
private airline terminals, aircraft maintenance bases, and
related operations—all enabled and benefiting from the
high-value runway asset. The common high-value back-
end fuel cycle asset is the repository. For the local com-
munity and state government, such a strategy couples
back-end fuel cycle benefits (high-technology jobs, tax
revenue, etc.) with the repository site.

In the United States we have not yet sited a geolog-
ical repository. There is the proposed Yucca Mountain
repository (YMR) site, but it is surrounded with politi-
cal controversies and its future is unknown. Similarly,
we do not know what fuel cycles we will choose for the
future. Given these realities, it is appropriate to ask
how we should fit together a system that integrates the
fuel cycle with waste management. Is the concept of
separate fuel cycle and waste management facilities ap-
propriate? Are there better options? Four possible sys-
tems to couple fuel cycles and waste management have
been identified. Only one of these options has been
examined in any depth—the repository as a stand-alone
disposal facility. The other options have not been seri-
ously investigated. The analysis herein describes the
technical and economic considerations associated with
the four options, proposes an alternative structure for
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the back end of the fuel cycle (integrated site), and
assesses the institutional issues.

1. TRADITIONAL REPOSITORY

The functional requirement is safe disposal of radio-
active wastes shipped from reactors and fuel cycle facil-
ities. The primary wastes are spent nuclear fuel (SNF),
high-level waste (HLW) from closed fuel cycles, or some
combination. This is the traditional fuel cycle system
design because fuel cycles were developed and deployed
before waste management systems were developed and
deployed. The proposed YMR (Ref. 3) in the United
States is a classical example of such a repository. Rela-
tive to other options for coupling fuel cycles with repos-
itories, this option minimizes the benefits to the local
community and state that are hosting the repository.

11l. REPOSITORY WITH SNF RETRIEVABILITY

We do not know today if light water reactor (LWR)
SNF is a valuable resource or a waste. Given this uncer-
tainty, one option is to dispose of SNF in a repository but
design the repository to allow future SNF recovery if it is
needed. The repository becomes a fuel vault and a dis-
posal facility—a different way to couple fuel cycles with
the repository. There are three questions to address:

1. Why is there uncertainty about the future dispo-
sition of SNF?

2. Why store SNF in a repository rather than surface
storage if its final disposition is unknown?

3. What are the repository storage options?

IILA. Is LWR SNF a Waste or a Resource?

The Massachusetts Institute of Technology study The
Future of the Nuclear Fuel Cycle' examines alternative
nuclear futures in the context of a greatly expanded use
of nuclear energy. A key conclusion is that we do not
know today if LWR SNF is a waste or a resource for
technical, economic, and policy reasons. From a com-
mercial perspective, a reactor owner wants the lowest-
cost fuel. Today that is the once-through fuel cycle using
uranium fuel. Uranium prices would have to rise by a
factor of 4 or 5 for the economics to begin to change.

From the perspective of the nation-state, there are
other considerations such as assured access to nuclear
fuel. The added cost of a closed fuel cycle is small rela-
tive to the total cost of electricity; thus, national security
considerations may dictate other fuel cycle choices that
are more expensive but that do not greatly impact the cost
of electricity. Several countries recycle LWR SNF back
into LWRs—an option that can lower natural uranium
consumption by up to 25% if both plutonium and ura-
nium are recycled from LWR SNF (Ref. 1). This is a
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modest savings given that uranium costs are typically 2%
to 5% of the total cost of nuclear electricity (but with
significant price volatility). SNF recycle reduces the en-
vironmental impacts of uranium mining and milling.

The traditional vision of nuclear futures assumed
plutonium would be recovered from LWR SNF, the plu-
tonium would be used to start commercial fast reactors
(FRs), and fissile materials in FR SNF would be recycled
to FRs. Unlike LWRs, FRs with conversion ratios (CRs)
equal to or greater than 1 produce fissile fuel as fast as or
faster than it is consumed. A CR of 1 implies that one FR
SNF assembly has sufficient fissile material to produce
one new FR fuel assembly. In a classical FR this is done
by conversion of 233U to 23°Pu faster than the plutonium
is burned. It implies that all the uranium can be burned,
not just fissile 2>3U. Recent research!* suggests a better
FR startup strategy is to use low-enriched uranium.

Fast reactor design. Advances in FR design* indi-
cate that FRs can be started on low-enriched (<20%
235U) uranium if the CR is near 1, the neutron-absorbing
fertile blanket is eliminated, and MgO is used as an ef-
ficient neutron reflector. The use of low-enriched ura-
nium avoids the political controversies and added security
associated with high-enriched (>20% 23°U) uranium
fuels. These advances have lowered the required FR ura-
nium enrichment levels for startup cores and made such
fuel much less expensive than fuel made from LWR SNF
plutonium. The newest designs> suggest a once-through
FR fuel cycle may have the same cost per kilowatt-
electric as existing once-through LWR fuel cycles.

Uranium consumption. For scenarios with signifi-
cant growth in nuclear electricity production, the startup
of FRs on low-enriched uranium reduces the total ura-
nium consumption by removing plutonium availability
constraints when FRs are started up on LWR plutonium.
This allows earlier adoption of FRs that substitute for
future LWRs. That, in turn, reduces long-term uranium
consumption versus traditional fuel cycles where LWR
plutonium starts up FRs.

With this alternative startup strategy for FRs, FR
SNF would be recycled in a sustainable fuel cycle fully
utilizing the energy available in natural uranium and
depleted uranium (DU). The LWR and FR fuel cycles
would be fully decoupled. The concentration of fissile
fuel in FR SNF is an order of magnitude higher than the
fissile content (<2%) in LWR SNF; thus, FR SNF as a
higher-assay source of fissile material may be eco-
nomic to recycle while LWR SNF is uneconomic to
recycle. Approximately eight LWR fuel assemblies must
be reprocessed and the plutonium recovered to produce
one new LWR fuel assembly—more are required to pro-
duce one FR assembly. In contrast, one FR fuel assem-
bly must be reprocessed to produce one new FR fuel
assembly.

Fast reactors imply converting fertile 238U into fis-
sile 2%Pu or converting fertile 2>Th into fissile 23*U. A
decision to maintain future FR options logically requires
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that DU from uranium enrichment operations be stored
for future use. The worldwide inventory of DU exceeds
1.5 million tonnes. For technical and policy reasons,®
there are incentives to store the DU in a repository with
the SNF—an option that allows recovery with the SNF if
required or left as a waste if not needed.

1. Safe disposal. The requirements for disposal of
large quantities of DU in the United States are unclear;
however, geological disposal is required in many Euro-
pean countries. A repository meets the requirements for
DU disposal.

2. Repository performance. Depleted UO, has been
proposed as a component of the waste package (WP) and
as a fill material to slow the degradation of LWR SNF.
Depleted UO, is the only material that has exactly the
same chemistry as SNF UQO,. If the SNF is embedded in
depleted UO,, whatever may chemically attack the SNF
will first reach and attack the depleted UO, and thus
delay the degradation of the SNF and allow more time for
radioactive decay.

3. Repository criticality control. SNF contains fis-
sile materials (plutonium, neptunium, etc.) that over time
decay to 233U or 233U. If DU is incorporated into the WP,
the DU will mix with any enriched uranium as the SNF
and WP degrade and lower the fissile enrichment level to
below that where nuclear criticality can occur.

Natural uranium is today the low-cost source of fis-
sile fuel. Recent studies !’ indicate that low-cost uranium
resources are greater than originally believed with suffi-
cient uranium for much of this century assuming robust
growth in the use of nuclear power. There are longer-
term unconventional sources of uranium, from coextrac-
tion of uranium and rare earths from phosphate ores to
seawater uranium. The ocean contains ~4 billion tonnes
of uranium—sufficient uranium for a global nuclear en-
terprise for millennia. Various studies % indicate poten-
tial long-term recovery costs of several hundred dollars
per pound of uranium—with large uncertainties in such
cost estimates. At these prices it is not competitive with
mined uranium today but is similar to current estimated
costs of FRs with startup on plutonium from LWR SNF.
Such uncertainties also make it unclear whether LWR
SNF is a waste or resource.

111.B. Repository with Recoverable SNF

Given the uncertainties in the value of LWR SNF,
there are policy incentives to store LWR SNF for up to a
century. The cost is small and the upside benefits in main-
taining energy options are large. While SNF can be safely
stored at the reactor, at a centralized facility, or in a
repository, there are incentives to design a repository
with two goals: (a) prompt and safe disposal of waste
including SNF and (b) an economic capability to recover
the SNF if it becomes a valuable resource.

NUCLEAR TECHNOLOGY
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1. Greater public acceptance of the nuclear enter-
prise. Because of United States waste management fail-
ures, a policy of SNF surface storage appears to the public
as kicking the can down the road and not addressing
waste management challenges. Because of that public
perception, storage of SNF in a repository is attractive
relative to surface storage.

2. Intergenerational equity. A reversible repository
while maintaining options for future generations mini-
mizes costs to future generations if SNF is a waste.!%!!

3. Security. Repositories are the ultimate in safe stor-
age because they are far underground where even cata-
strophic events such as nuclear war!? have little impact.
Repositories provide superior physical security against
theft or diversion because of their limited access. A major
barrier against SNF theft is the high radiation level as-
sociated with SNF that necessitates heavy shielding. How-
ever, the intense gamma radiation field decreases within
a century and that, in turn, may imply more expensive
SNF security requirements with time'? for other storage
systems.

4. Aids repository acceptance. France'*!> has in-
cluded waste retrievability in their repository design based
on French social and cultural studies that such repository
characteristics provide a higher level of public confi-
dence and thus public acceptance of the waste manage-
ment enterprise. If mistakes occur, they can be rectified.
Finland'® requires retrievability of SNF from their planned
repository for similar reasons.

5. Aids repository siting. A policy to design a repos-
itory for long-term recovery of SNF is a statement that
any future closed-fuel-cycle facilities will likely be built
at the repository site. The condition of retrieved SNF
may or may not allow easy transport off-site creating
large incentives to colocate and integrate any future re-
processing facilities at the repository site. Reprocessing
plants have much larger staffs than repositories and thus
would be a major economic incentive to the community
and state to accept a repository.

There are downsides. Repositories are designed for
waste isolation. A legitimate concern is that the dual mis-
sion could impact long-term repository performance.
There will be some additional costs to maintain such
options. Recent Organisation for Economic Co-operation
and Development studies!' examine many of the policy
and technical issues associated with reversibility and
retrievability.

There are different definitions of SNF retrieval. At
one extreme is retrieval if there are major site difficulties
where economics is not a driver. At the other extreme is
a repository designed for retrieval of specific SNF WPs
for reprocessing based on customer needs where econom-
ics is a major consideration. For the analysis herein, we
define the following requirements.
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1. The repository must meet safe disposal require-
ments. For public credibility, the design should allow
disposal of the fuel and repository closure with relatively
little effort.

2. The retrieval process must not compromise the
larger repository site for the disposal of HLW and other
radioactive wastes. It would be acceptable for sections of
the repository to become unusable for waste disposal.

3. Recovery of SNF must not require extraordinary
engineering, have high costs, or create high worker risks.

I1l.C. Retrievable Repository Options

Engineering studies indicate repository SNF re-
trieval is a practical option in multiple geologies.

1I1.C.1. Repositories with SNF Retrievability

Spent nuclear fuel can be recovered from hard-rock
repositories as are being developed in Finland ¢ and Swe-
den'” and as are proposed for Canada. Retrievability is a
legal requirement for the hard-rock repository in Finland.

Spent nuclear fuel can be recovered from salt repos-
itories. Salt is plastic and thus disposal drifts will close
around WPs over time. However, salt is inexpensive and
easy to mine with the lowest estimated repository costs.'®
As a consequence, remining drifts to recover WPs is
potentially attractive. This option was examined in the
early U.S. salt repository program and found to be viable.
The final salt repository design before cancellation of the
program included SNF WPs designed for retrieveability
made of ASTM 216 low-carbon cast steel with a design
lifetime of 1000 years."”

Spent nuclear fuel can be recovered from reposito-
ries in clay and a wide variety of shales. One option is
drilling large horizontal boreholes between two disposal
drifts, lining the boreholes, and placing the WPs in those
long horizontal boreholes. The space between the bore-
hole walls and the WPs allows limited ventilation. This is
the proposed French repository design'#!> in clay that is
designed to enable waste recovery for extended periods
of time.

Last, SNF can be recovered in a wide variety of
geologies using lined tunnels designed to maintain tun-
nel access for long periods of time. In some geologies,
the disposal drifts may not remain open for long periods
of time. Premature closure can be avoided by lining the
disposal drifts to maintain easy retrievability. Lining also
reduces air pressure drops for ventilation systems and
can prevent water entry into the repository. When it is
decided to close the repository, the disposal drifts can be
backfilled. There are many options.

At one extreme of such designs is the proposed YMR
(Ref. 3). This design uses steel braces, rock bolts, and
other structures to prevent drift collapse. Bare WPs fill
the center of the tunnel. Remotely operated equipment is
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used to place WPs. The proposed plan was to fill the
repository over 30 years and then use active ventilation
for 50 years to reduce the WP decay heat to acceptable
levels before repository closure. The facility was de-
signed to allow retrieveability if site or design problems
were identified after waste emplacement operations were
initiated (a U.S. regulatory requirement?) but not de-
signed for SNF recovery for reprocessing.

At the other extreme are designs that allow full ac-
cess to any WP in a highly engineered underground struc-
ture. An example of such a design®®?! is the use of
concrete-lined disposal drifts with WPs in concrete shields
allowing contact operations and quick SNF retrieval. The
shielded WPs allow removal of any specific WP from the
repository by (a) moving packages with a heavy-lift fork-
lift truck or (b) use of rail-mounted cranes going into a
drift, lifting the desired WP, and moving it out of the drift
over the other WPs.

III.C.2. Decay Heat

The primary long-term complication associated with
SNF recovery is that decay heat raises the temperature of
the rock. This can be addressed two ways.

1. Hot rock mining. The SNF can be emplaced in
long-lived WPs and the repository backfilled with con-
sideration of what is required for retrieval—most impor-
tantly, precision descriptions of the as-built repository.
Modern mining techniques using various cooling sys-
tems allow removal of backfill and recovery of WPs at
high temperatures. This technology was originally devel-
oped in South Africa for mines as deep as 3900 m with
temperatures as high as 60°C.

2. Actively cooled repository to limit temperature
rise. Repositories such as the proposed YMR are de-
signed to allow long-term cooling. This reduces the long-
term cumulative decay heat and allows higher waste
loadings per meter of disposal tunnel. Because of the
potential cost benefit, there have been many studies in
different geologies on how to accomplish this.

l11.D. Changing Perspectives on SNF Retrievability

Spent nuclear fuel retrievability has historically been
a consideration in repository design as (a) a form of safety
in the event unexpected repository failure modes are
identified after start of repository operations and (b) a
method to improve public acceptance. Many repository
designs have been developed to enable SNF retrievabil-
ity. Today there are additional incentives to enable SNF

2Code of Federal Regulations, Title 10, “Energy,” Part 60,
“Disposal of High-Level Radioactive Wastes in Geologic Re-
positories,” Sec. 60.111, “Performance of the Geologic Re-
pository Operations Area Through Permanent Closure,”
Subsec. b, “Retrievability of Waste,” U.S. Nuclear Regula-
tory Commission (1996).
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retrievability because we do not know if SNF is a waste
or a resource. Many of the existing designs can meet this
added requirement with only small changes. New tech-
nologies, particularly new cements designed to improve
repository performance, have created new classes of re-
pository design options that may enable SNF recovery at
relatively low cost.

IV. CLOSED FUEL CYCLE WITH COLOCATED INTEGRATED
BACK-END FACILITY

If one sites a repository before choosing to deploy a
closed fuel cycle, the option exists to colocate and inte-
grate reprocessing, fabrication, and waste disposal into a
single back-end fuel cycle facility.>?> The functional re-
quirements are to (a) produce fuel elements for reactors
using fissile and fertile materials recovered from SNF
and (b) safely dispose of all wastes.

This option has received almost no attention. De-
fense fuel cycle facilities and the early commercial fuel
cycle facilities were sited before the development of meth-
ods to dispose of long-lived waste; thus, waste manage-
ment was not considered in the siting of these facilities.
The single exception was in Germany,”® where in the
1970s it was proposed to colocate reprocessing and dis-
posal facilities at Gorleben. Those assessments indicated
major economic and social benefits by colocation and
integration of facilities.

Colocation may ease the siting of geological repos-
itories. The proposed YMR would have employed ~2000
people—most at the site. If all back-end facilities are
colocated, the community and state accepting a reposi-
tory would receive thousands of added jobs associated
with reprocessing and fuel fabrication. In this context,
there are large incentives to determine the magnitude of
the cost savings and risk-reduction benefits by coloca-
tion and integration of back-end facilities. If the eco-
nomic case is overwhelming, it would provide assurance
that if a community and state accept a repository, they
would be the beneficiaries of any decision to later adopt
a closed fuel cycle.

If facilities are colocated and integrated together, it
avoids the shipment of wastes from reprocessing plants
to repositories on public roads. This single change has
favorable impacts on economics, repository perfor-
mance, security and safeguards, and public acceptance.
Today the selection of reprocessing technologies, waste
treatment processes, and waste forms is driven by two
goals: (a) creating a stable waste form for safe storage,
transport, and disposal and (b) minimizing waste quan-
tities. Large waste volumes are expensive to store and
have high transport costs because shielding requirements
imply small waste quantities per transport package. How-
ever, if there is on-site disposal of wastes, the constraints
on waste volumes are relaxed, with major implications as
discussed below.
NUCLEAR TECHNOLOGY
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There are several lines of evidence to support this
hypothesis. In the Cold War, the PUREX reprocessing
plant at the Hanford site in the United States processed
7000 tonnes of SNF per year.* In comparison the com-
mercial French La Hague reprocessing plant (a much
larger facility and the largest commercial reprocessing
plant in the world) has a capacity of 1700 tonnes per year.
While the Hanford SNF had low burnup, the SNF was
typically processed in 180 days—implying levels of ra-
dioactivity similar to high-burnup, longer-cooled com-
mercial SNF at La Hague. The biggest difference is that
the Hanford defense complex used on-site disposal that
simplified and reduced the cost of reprocessing and waste
management operations. Because of decisions to mini-
mize short-term waste management costs, a massive
cleanup effort is underway at the Hanford site. However,
the question is: What would be the economics of such a
facility if it were colocated with a repository meeting
today’s waste management standards?

In this context, there is a need to define “large quan-
tities of wastes.” A reprocessing plant processing ~5
tonnes of SNF per day supports ~50 LWRs; thus, the
nuclear reprocessing definition of “large quantities of
waste” is small (tonnes or tens of tonnes per day) com-
pared to the chemical plant definitions of waste volumes.
As discussed later, repositories can be designed for large
waste volumes at low costs.

There is a second line of evidence to support colo-
cation of reprocessing and repository facilities to reduce
SNF recycling costs. Table I shows the cost breakdown
for a commercial PUREX reprocessing plant.?>2% Some
functions such as receiving are required by reprocessing
facilities and repositories; thus, colocation can avoid fa-
cility duplication.

Equally important, <7% of the cost of a reprocess-
ing facility is associated with separation of fissile and
fertile material from the SNF—the purpose of the repro-
cessing plant. About half of the cost of reprocessing is
associated with waste management—either processing
wastes or storing wastes. Major improvements in repro-
cessing economics are only possible with major changes
in waste management because that is where most of the
costs are. Many of the design choices have been driven
by the need to minimize waste volumes. There are alter-
native processes?>’3? and the potential for more eco-
nomic systems if the design constraints, particularly with
waste management, are changed.

IV.A. Process Implications of Reduced Waste
Volume Constraints

Reducing waste volume constraints with on-site waste
disposal can reduce the cost of reprocessing facilities.
Several examples can clarify this.

1. Chemical decladding of LWR SNF. SNF cladding
is typically one-third of the mass of a SNF assembly;
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TABLE 1
Cost Breakdown of Reprocessing LWR SNF
Cost Cost
Area (%) Subarea (%)
Receiving 7.8
Front end 25.5 | Mechanical feed preparation | 13.00
Tritium confinement 3.65
Dissolution 8.16
Feed preparation 0.69
Off-gas 5.74 | Dissolver off-gas 4.17
Vessel off-gas 1.22
Head-end off-gas 0.35
Separations 6.59 | Solvent extraction uranium 1.39
Solvent extraction plutonium | 1.56
Solvent treatment 1.04
Acid and waste recovery 1.91
Low-enrichment uranium 0.69
purification
HLW 10.42 | HLW concentration 1.04
Intermediate-level waste 1.39
concentration
HLW solution storage 3.13
HLW solidification 4.86
Product conversion | 6.6 | Low-enriched uranium 3.99
conversion
Plutonium conversion 2.26
Plutonium storage 0.35
SNF/HLW storage | 26.9
Cladding storage 10.4

thus, removal of the cladding (part of mechanical feed
preparation) and storage of the cladding are major cost
components of reprocessing plants. Cladding can be sep-
arated from fuel materials by mechanical or chemical
methods. Chemical decladding of Zircaloy-clad SNF has
been done on an industrial scale for defense SNF at the
Hanford site using the Zirflex process.*® However, the
higher waste volumes have made chemical decladding
nonviable for commercial facilities that ship wastes off-
site to repositories. If waste volumes are not a constraint,
chemical decladding of some fuels becomes a viable op-
tion with reductions in reprocessing plant capital costs
and simpler operations. Immediate on-site disposal would
eliminate most or all cladding storage costs independent
of the choice of process or choice of cladding material.

2. Processing of high-temperature reactor fuel. Re-
processing coated-particle graphite-matrix fuel is expen-
sive because of the need to separate the bulk graphite
from the fissile fuel. One option developed in the 1970s
was to burn off the bulk graphite—an efficient way to
remove >90% of the mass of this SNF. However, the
resultant carbon dioxide contains radioactive '“C. Exper-
iments3! demonstrated low-cost removal of the carbon
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dioxide from the off-gas by scrubbing with calcium hy-
droxide, but this creates a high-volume waste stream.
That waste stream can be easily solidified in cement and
disposed of in an on-site repository. However, the vol-
umes are sufficiently large that this is not a practical
option if wastes must be shipped to a repository.

3. Operational and decommissioning wastes. The
high-volume wastes are from operations (failed equip-
ment, maintenance, etc.) and decommissioning where
much of the cost is in size reduction and packaging for
transport. On-site disposal drastically reduces both cost
and radiation exposure to the staff.

Relaxing waste volume constraints can have major
impacts on the size and complexity of waste treatment
operations. Several examples can illuminate this point.

1. Volatile fission products. Volatile fission prod-
ucts are released during reprocessing of SNF. Many
processes have been tested for removal and immobili-
zation of krypton, iodine, 14C, and tritium, but most
waste forms were rejected because of their low waste
loadings—the specific fission products only fitted into
a few locations in the molecular structure of the waste
forms. Relaxing volume restrictions would increase
waste-form options and enable the use of many previ-
ously identified lower-cost, low-waste-loading waste
forms—some with better performance.

An example is krypton containing 8°Kr. This gas
with a 10-year half-life can be stored in pressurized
cylinders; however, there are significant safety advan-
tages to storing krypton on a solid3?33 because it avoids
the possibility of rapid release if there is a leak in a gas
cylinder. The solid absorber options with high waste
loadings are expensive. If higher waste volumes are
acceptable, there are low-cost absorbents with low waste
loadings and potentially better performance.

2. Tritium control. Tritium control is a challenge in
aqueous reprocessing plants. Much of the tritium can be
removed as water in front-end processes. However, some
tritium enters the dissolver and the rest of the plant. Water
is recycled within the plant, but recycling increases the
concentrations of tritium in recycle streams and thus cre-
ates the potential for higher radiation doses to the work-
force and greater releases to the environment. With relaxed
waste volume constraints, more tritiated water can be
sent to waste and solidified in cement. This reduces the
equipment required for recycle, the buildup of tritium
and other impurities in recycle streams, and plant tritium
inventories at the cost of larger waste volumes.

IV.B. Waste-Form Performance and Processing

Repository performance is determined by the waste
form, WP, engineered barriers, and the geology. By def-
inition, colocation and integration of reprocessing and
the repository implies that the disposal geology is well
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understood. The waste-form chemistry and packaging
can be customized to improve waste-form performance
while lowering costs because the waste form is designed
for a specific site and a specific geology. A recent U.S.
National Academy of Sciences study3* emphasizes the
strong dependence of waste-form performance on the
near-field geochemistry and the potentially large gains in
repository performance by matching waste form to the
repository.

The maximum allowable waste loading for a specific
waste form depends upon its chemical structure. A re-
quirement for very high waste loadings implies limited
waste-form choices and the need to carefully control the
composition of the initial waste. If volume constraints
are reduced, there is a wider set of waste forms to choose
from. Many of these waste forms have potentially better
performance and lower costs. Lower waste loadings also
open up two other strategies to improve repository
performance.

1. Solubility-limited waste forms. The release rates
of many radionuclides from a repository are limited by
the solubility of the specific radionuclide in ground-
water. If the specific radionuclide is diluted by a factor of
1000 with the nonradioactive isotopes of that element, its
concentration in groundwater is reduced by a factor of
1000, which should lead to a commensurate reduction in
radionuclide releases to the environment. Isotopic dilu-
tion is the most direct way to improve repository perfor-
mance for solubility-limited radionuclides.

For example, radioactive 14C can be removed from
reprocessing off-gas streams by scrubbing with calcium
hydroxide to create calcium carbonate.?! The calcium
carbonate can be incorporated into cement with nonradio-
active calcium carbonate. Because the actual mass of
most radioactive isotopes in SNF is small, high isotopic
dilution factors are possible (>10%). The same can be
done for other isotopes such as those of iodine by isoto-
pic dilution with nonradioactive iodine and conversion
into a barium iodate®’ in a cement matrix or other forms
with low groundwater solubility.

2. Limiting radiation damage. Waste forms with high
concentrations of radionuclides are degraded by (a) long-
term radiation damage to the waste form and (b) change
in the chemical composition of the wastes caused by the
decay of radionuclides into different elements. Both ef-
fects are reduced by using waste forms with low waste
loadings. Increasing volumes by a factor of 10 reduces
the cumulative radiation dose to the waste form per unit
volume by a factor of 10. Low waste loadings can reduce
or eliminate concerns about waste-form radiation dam-
age over time.

If waste volume constraints are relaxed by integrat-
ing the reprocessing, fuel fabrication, and repository sys-
tem, the most likely change would be an increased use of
lower-cost, high-performance, low-waste-loading ce-
NUCLEAR TECHNOLOGY
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ment waste forms. The last decade has seen the develop-
ment of high-performance cements where inorganic
additives control the internal bulk pH, control the redox
potential, and absorb specific radionuclides.??3%-3% The
control of cement chemistry enables its wide use as (a) a
waste form for many different types of waste and (b) the
matrix material to create the appropriate geochemical
environment to minimize the release of radionuclides
from embedded waste forms. Some examples can clarify
this.

1. Groutin place.In the 1960s and 1970s Oak Ridge
National Laboratory disposed of its liquid radioactive
wastes (2.5-10'6 Bq) by cement hydrofracture.3®3° Spe-
cially formulated cements were mixed with liquid waste
and slurries. The mixture was pumped underground into
a shale formation and solidified in place. The process
was remarkably cheap—a few dollars per gallon of waste.
The technology worked but there were operational fail-
ures. The technology would be simplified and most draw-
backs eliminated by pumping the grout from reprocessing
facilities into engineered silos within the repository.

2. High-performance waste forms. Cement forma-
tions have been developed to solidify transuranic waste
and HLW by use of special formulations and steam cur-
ing of the cement.*>#! Such low-cost waste forms have
not been considered for higher-activity waste streams
because of transport volume constraints—constraints that
disappear with colocation.

Integrating reprocessing and repositories implies a
reversal of the 40-year strategy for development of waste
forms based on waste-form requirements of (a) good per-
formance and (b) high waste loadings to minimize waste
storage and transport costs. For colocated integrated fa-
cilities the requirements become (a) high waste perfor-
mance and (b) minimization of back-end fuel cycle costs.
Changing requirements for waste loadings opens up new
but only partly explored alternative options.

IV.C. Operational Safety

Colocation and facility integration has safety ben-
efits. Since the Bhopal chemical accident in India, there
has been a revolution in chemical plant safety philoso-
phy.*?> The emphasis is on (a) minimizing in-process
inventories of hazardous materials and (b) rapid conver-
sion of hazardous materials to chemically stable (non-
combustible), nondispersible, insoluble forms. Potential
accident consequences depend upon the inventory of
potentially mobile radioactive materials. Colocation and
facility integration enable implementation of this chem-
ical engineering safety strategy to reduce risks and oc-
cupational radiation exposures.

For example, lower-activity dispersible liquid wastes
could be mixed with special cement grouts and pumped
underground into large lined silos as generated with
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minimum interim storage, handling, and processing. This
type of processing reduces costs while reducing inven-
tories of mobile radionuclides—the accident source term.

IV.D. Safeguards and Nonproliferation

If wastes contain significant quantities of plutonium
and other fissile materials, there is a requirement for
multigenerational long-term repository safeguards. How-
ever, dilution of such wastes can make the fissile mate-
rials “not practically recoverable,”*3>** and safeguards
can be terminated before disposal. Required levels of
dilution in various waste matrixes have been defined*>-46
by the International Atomic Energy Agency for safe-
guards termination. The economic requirement is cosit-
ing facilities so one can afford waste forms with lower
waste loadings.

Many studies' support nuclear fuel leasing where
fuel cycle companies manufacture fuel, lease that fuel to
power companies, and then manage the back end of the
fuel cycle. This would (a) ease the use of nuclear power
by smaller countries with only a few reactors by avoiding
the need to create their own SNF waste management
system and (b) strengthen the nonproliferation regime by
limiting fuel cycle facilities to countries with large nu-
clear power programs. Colocation and facility integra-
tion can support fuel leasing.

1. Economics. Large integrated colocated facilities
have potentially better economics favoring a limited num-
ber of large fuel cycle companies.

2. Coupled waste-fuel cycle. Integration of repro-
cessing with the repository makes waste disposal an in-
tegral, nonseparable component of the reprocessing plant.
The option of shipping many wastes back to the country
of origin is not a technical option.

3. Public acceptance. The historical challenge to
fuel leasing is the unwillingness of host countries to
accept wastes. Integration and colocation implies that
the community accepting the wastes gains the maxi-
mum benefits—from tax revenue to jobs.

IV.E. Repository Design

Repositories dispose of two waste classes*’: high-
decay-heat wastes and low-decay-heat wastes. High-
decay-heat wastes include SNF and HLW. To avoid
excessive repository temperatures that can degrade the
waste form, package, and geology, these wastes are spread
over parallel tunnels to enable decay heat to be con-
ducted from the waste form through the WP and through
the repository environment to the earth’s surface. Inte-
grating reprocessing and repositories may not change the
treatment or disposal of HLW but does change the treat-
ment and disposal strategy for all other back-end radio-
active wastes—the low-heat wastes.
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Low-decay-heat wastes can be disposed of in large
engineered caverns that have low costs*’ as has been
demonstrated in several operational facilities. The low
disposal costs for low-heat wastes are a major factor in
the economics of colocation and integration of reprocess-
ing and the repository. While there is no operating geo-
logical repository for SNF or HLW, there are operating
geological repositories for the disposal of low-heat trans-
uranic and chemical wastes (Table II).

The first operating geological repository in the world
was the Herfa-Neurode repository for chemical wastes in
Germany.*® Many of the chemical wastes are heavy met-
als that remain toxic forever. Since the opening of Herfa-
Neurode, additional geological repositories have opened
elsewhere in Europe for chemical wastes. The first re-
pository for long-lived radioactive wastes was the Waste
Isolation Pilot Plant (WIPP) in New Mexico.*® WIPP is
designed for low-heat transuranic wastes—primarily
plutonium-contaminated wastes. The designs of WIPP
and Herfa-Neurode are similar. Both are located in salt.
The WIPP facility is relatively small reflecting the small
quantities of wastes to be disposed of.

There are other types of operational high-volume
underground facilities for the disposal of radioactive
wastes. In 1988 Sweden opened the Final Repository for
Short-Lived Radioactive Wastes>® (SFR) for low- and
intermediate-level radioactive wastes. It is located under
the Baltic seabed in granite ~1 km off the Forsmark
Nuclear Power Plant site with access by tunnel. Low-
activity wastes are disposed of in large mined caverns
while higher-activity wastes are disposed of in concrete
silos with bentonite clay barriers between the silos and
rock (Fig. 1). Silo diameters are ~26 m with heights of
~50 m. Waste packages up to 100 tonnes in weight are
placed in silos. A cement grout is used to create mono-
lithic structures with low water permeability. The low
surface-to-volume ratio minimizes the groundwater that
can contact the silo and the wastes in the silo. The silos
are high-performance packages for disposal of high-
volume, low-heat wastes.

In such facilities, the local geochemistry is con-
trolled to minimize radionuclide release rates. The
composition of the cement and aggregate can be chosen
to minimize radionuclide releases?%-3¢-37 by control of
internal bulk pH, controlling the redox potential, and the

TABLE II

Operational Geological Repositories

Repository type | Chemical Radioactive

Facility Herfa-Neurode WIPP (United States)
(Germany)

Operational 1975 1999

Capacity 200000 tonnes/year | 175570 m? (lifetime)

(~350000 tonnes)

Hazard lifetime | Forever >10000 years
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Fig. 1. Swedish SFR silo facility for intermediate-activity
wastes.

absorption of specific radionuclides. Alternatively, spe-
cial reagents can be mixed with wastes to assure perfor-
mance. For example, WIPP, a repository primarily for
plutonium wastes, places magnesium oxide around the
WPs to reduce the solubility of plutonium and thus re-
duce the potential for release of plutonium from the re-
pository.’! The choice of additives depends upon the
wastes, the local geology, and the geochemistry.

There is the option to provide active cooling of large
underground waste monoliths.>> The curing of cement
generates heat that in large concrete pours raises temper-
atures and can degrade the cement. Since the construc-
tion of the Hoover Dam in the 1930s, many mass pours of
concrete have included cooling coils with flowing water
to control cement temperatures during the curing pro-
cess. This technology enables selection of cement com-
positions to maximize radionuclide containment without
concern about the heat generation and excessive temper-
atures when the cement cures. It also enables the cooling
of low-heat wastes for several decades if there is heat
generation from short-lived radionuclides (tritium, kryp-
ton, etc.). The capability to cool such monoliths avoids
the need to store such wastes before disposal—with po-
tential cost and safety advantages. Dilute wastes imply
low heat generation rates per unit volume that, in turn,
imply that any cooling system can have a failure and it
will be weeks to months before there is a significant
increase in local temperatures—sufficient time for main-
tenance operations.
NUCLEAR TECHNOLOGY
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V. COLOCATED SPECIALIZED DISPOSAL FACILITIES

The fourth option is a repository system consisting
of at least two disposal facilities such as a conventional
repository for high-volume wastes and a colocated
borehole>3~% or equivalent disposal facility*” for en-
hanced isolation capabilities. A borehole is a drilled well
where the waste would be typically buried 4 to 5 km
underground. The practical diameter of drilled wells lim-
its the waste volumes that can be disposed of. It would be
suitable for SNF, HLW, and other selected wastes such as
minor actinides but not the higher-volume wastes (with
much less radioactivity) requiring geological disposal.
There are several incentives for such a technology.

1. Nonproliferation. Deeper disposal makes it more
difficult to recover plutonium or other weapons-usable
materials in wastes.

2. Disposal of high-heat wastes. Radioactive decay
generates heat that raises repository temperatures. Re-
pository designers limit temperatures to (a) avoid degra-
dation of waste forms, WPs, and geology and (b) minimize
uncertainties in predicting future performance. Temper-
atures are limited by the underground spacing between
WPs; thus, more decay heat implies more space between
WPs, which implies larger repositories that have higher
costs. There is an economic incentive to reduce decay
heat in a repository. High-heat radionuclides include se-
lected actinides (>*'Am) and fission productions (°°Sr/
137Cs). There have been proposals to separate these
isotopes from other wastes and separately dispose of them.
Because boreholes are narrow in diameter with long
lengths, they have the ideal geometry to efficiently dis-
sipate heat from high-heat waste forms. Boreholes have
potentially lower disposal costs for these wastes than
conventional repositories.

3. Disposal of high-hazard radionuclides. There have
been many proposals to use reactors to destroy selected
long-lived radionuclides,'’ but using reactors for waste
transmutation is an expensive, lengthy, and complex strat-
egy. The geological alternative to partitioning and trans-
mutation is partitioning and special isolation with borehole
technology—an option with potentially lower costs and
risks.

4. Disposal of mixed-oxide SNF. Mixed-oxide SNF
contains higher concentrations of plutonium and gener-
ates considerably more long-term decay heat than LWR
SNF because of the presence of 2*¥Pu and >*'Pu (and its
decay product *'Am). The higher long-term decay heat
makes it more expensive to dispose of in a typical geo-
logical repository where heat load significantly impacts
disposal costs. As a consequence, this may be a waste
form where economics favor borehole disposal.

While borehole disposal has been considered for de-
cades, advances in drilling technologies have begun to
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convert it into a real option. It is not currently a demon-
strated technology. The scientific basis for superior iso-
lation relative to a conventional repository is based on
two considerations.

1. Depth. Deeper disposal implies a longer travel
length for radionuclides from the repository to the envi-
ronment. Moreover, deeper granitic bedrock provides a
chemically reducing environment with a range of pH
values that minimizes the solubility of many long-lived
radionuclides.

2. Groundwater salt gradient. In most of the world
the salt concentration in groundwater increases with
depth.>* Salt water has a higher density than freshwater;
thus, the salt water does not mix with freshwater. Any
radionuclides that escape a WP and are dissolved in the
deep higher-density salt water have no mechanism to mix
with the lower-density freshwater and escape to the en-
vironment. Deep salt water is unlikely to be pumped to
the surface because it cannot be used for irrigation and its
recovery is expensive.

There are large incentives for colocation of a bore-
hole facility with a conventional repository. Most of the
candidate wastes are by-products of reprocessing. The
characteristics that make them candidates for borehole
disposal (high decay heat, high radiation levels, etc.)
imply difficulties in transport. Furthermore, the likely
borehole WP is 40 or 80 ft long with a diameter slightly
less than a borehole. While field assembly is possible,
such operations are much simpler at an integrated site.

The expectation would be that any site suitable for a
low-heat geological repository is likely to be suitable for
borehole disposal at greater depths because the upper
geology has the capability to isolate radionuclides by
itself. Borehole disposal would reduce the footprint of
the conventional repository because that footprint is de-
termined primarily by heat-generating wastes. Coloca-
tion would reinforce the concept of a back-end nuclear
fuel cycle facility.

VI. REDESIGNING THE BACK END OF THE FUEL CYCLE

It is not known what fuel cycle or fuel cycles the
United States will adopt in the future. The fuel cycle will
evolve over time, but the need for a repository will re-
main a constant, for there will always be some wastes
requiring disposal.! These considerations plus the ben-
efits of colocation lead to the conclusion that we should
site integrated back-end facilities with the future capa-
bility to serve all four functions described above: (a)
repository waste disposal, (b) underground SNF storage/
disposal, (c) integrated SNF reprocessing-repository pro-
duction facilities to produce fuel assemblies and dispose
of wastes on-site, and (d) implementation of advanced
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disposal systems such as borehole disposal of selected
wastes.

If arepository accepts SNF and is designed to enable
later recovery of that SNF, the best location for any fu-
ture reprocessing plant will be at the repository site. After
decades or a century of disposal, it is unlikely that any
recovered SNF would be shipped off-site without inspec-
tion. The costs of qualifying SNF for shipment create
economic incentives to avoid those costs by locating the
reprocessing plant on the repository site.

For large countries such as the United States, there
would be an incentive for regional facilities with such
combined capabilities. Such facilities are large, long-
term investments measured in many tens of billions of
dollars. A single reprocessing plant to process half the
SNF that is currently produced each year would require
an investment of approximately $20 billion (Ref. 1). The
potential scale of operations and the advantages of re-
dundancy suggest development of multiple sites.

Colocation and integration of back-end facilities im-
plies a different business model. One model for such a
complex are airport authorities with publicly and pri-
vately colocated airline terminals, aircraft maintenance
bases, and related operations—all enabled and benefit-
ing from the high-value, government-owned runway asset.
Many airports (Albuquerque, New Mexico; Knoxville,
Tennessee; etc.) include both civilian and defense/
government facilities—typically with the commercial op-
erations on one side of the airport and the air force bases
on the other side with shared runways.

A local repository authority>®° would be similar
with the repository SNF receiving, waste packaging, and
underground disposal facilities being the runway equiv-
alent of the airport. If a closed fuel cycle were adopted,
the largest tenant would be the reprocessing facility, which
in the United States would most likely be privately owned.
However, there are a large number of other organizations
with economic incentives to colocate and integrate their
operations with the repository complex. For example, the
United States has a large safeguards program that in-
volves working with the International Atomic Energy
Agency. Itinvolves training of inspectors and developing
new safeguards technologies. The SNF receiving facility
of a repository will have the largest quantity and largest
selection of SNF in the United States. Because of that,
the best location for a safeguards training facility is right
next to the repository SNF receiving facility with access
to that SNF. Similarly, there are many other activities
where there are large technical and economic incentives
to colocate with the repository. A partial list of other such
facilities to couple to the repository includes:

1. government and private SNF inspection facilities
to determine performance of SNF

2. government pilot reprocessing plant to (a) pro-
cess troublesome materials such as high-enriched
research reactor SNF and the Three Mile Island
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core debris and (b) test new technologies—such
as those required to build an integrated-colocated
commercial reprocessing-repository facility

3. government research facilities on repository
behavior

4. private waste treatment facilities for commercial
wastes

5. private radioisotope production.

The local economic impacts of these other activities
can be large. It is estimated that the single-purpose YMR
would have employed ~2000 people to dispose of SNF
from a once-through fuel cycle. Recent estimates® indi-
cate that the addition of other activities associated with
either an open or a closed fuel cycle would add 2000 to
4000 workers to the site. The biggest savings for most
users would be sharing a common SNF receiving facility.
Common use of expensive facilities can result in large
savings to the nation, but it requires a repository author-
ity that sees its mission as supporting local business by
(a) supporting public and private enterprises using repos-
itory facilities for many missions and (b) operating a
repository. A multipurpose back-end facility will not work
if the repository authority sees the facility as primarily a
disposal site and other operations only to be tolerated as
necessary. The secret of the airport authority success is
the broad view of its mission—not just launching air-
planes. The same broad view is required of a repository
authority.

Airport authorities are creations of state govern-
ments run by boards of directors. Typically, the governor
appoints some members of the board with other members
appointed by local city and county governments. Be-
cause the boards represent both state and local interests,
they can bridge the divide between state and local inter-
ests. There is a strong emphasis on maximizing jobs and
taxes for the state and local governments while address-
ing local concerns. A repository authority would be sim-
ilar. It would be the local partner with any federal waste
management authority. Each repository would have its
own repository authority reflecting local institutions.

VII. INSTITUTIONAL ASSESSMENTS

The four options herein have different technical and
thus different institutional characteristics that can have
major impacts on the ease or difficulty of siting a geo-
logical repository. Facility colocation implies larger in-
vestments and more jobs associated with the repository.
It enables all radioactive wastes to be placed in the re-
pository (including all low-level waste®!) if desired and
a higher assurance of prompt and complete decommis-
sioning of obsolete facilities because of the availability
of local disposal facilities and substantially lower costs
for disposal of such wastes.
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Recent studies®? on siting repositories emphasize the
importance of the process to site facilities and “added
value” as part of the siting process. Added-value policies
include mitigation, compensation, and incentives. Miti-
gation policies include local decision-making power, part-
nerships with the nuclear industry, and stakeholder
development. Compensation is for damages that may be
done. Incentives include funding instruments (funds), pub-
lic monetary instruments (tax revenues), employment,
and development projects.

A repository with the capability to retrieve SNF is a
technical mitigation policy to assure performance. Colo-
cating facilities is an incentive policy. As an incentive
policy it has major advantages relative to funding instru-
ments. Funds and grants can be interpreted as bribes for
accepting dangerous facilities and thus backfire by rais-
ing questions about safety. In contrast jobs and tax rev-
enues are consistent with the benefits of other industrial
facilities. It is similar to airports with runways, coal plants
with ash piles, and chemical plants with evacuation plans
in the event of accidents.

In the context of repositories with the option of re-
trievability of SNF and potential future closed fuel cycles
with reprocessing, there is one unique incentive policy.
Future recycle of SNF from a repository would most
likely imply the SNF has acquired significant value, thus,
the question of who has title (ownership) of SNF in the
repository. In the United States with a federal system,
there is the option to provide the state government first
right to take title of SNF in the repository anytime in the
future. It would be a mechanism to guarantee that if a
state government agreed to the construction of a reposi-
tory within its boundaries, any future reprocessing plant
using that SNF would be built in that state.

Public opinion polls by Jenkins-Smith et al.®® indi-
cate greater acceptance of a repository if (a) the reposi-
tory is designed for SNF retrievability and (b) other fuel
cycle facilities are colocated with the repository. By a 2
to 1 margin, the U.S. public prefers repositories designed
to allow SNF retrieval to maintain future options (recycle
or future waste management systems). This conclusion
has been reinforced by other U.S. (Ref. 64), Finnish,'6
and French studies. There is also increased support for a
repository if it is colocated with other facilities such as
waste management research facilities and reprocessing
plants. As shown in Table III, there is a large increase in
support for a repository if a reprocessing plant is colo-
cated with the repository—particularly by those initially
neutral to or opposed to geological repositories. Several
recent reports and books provide case studies that sup-
port this perspective.%3:0

VIIl. CONCLUSIONS

For historical reasons, fuel cycle and waste manage-
ment facilities in the United States have been envisioned

201



Forsberg

TABLE III

Change in Support for Base Repository Designs
with Reprocessing Facilities*

Support Neutral Opposed
Initial Preference (58%) (26%) (16%)
Support increased 66% 47% 48%
Support unchanged 21% 43% 16%
Support decreased 13% 10% 36%

*Base case assumes two national facilities.%3

as separate facilities at dispersed sites. There are, how-
ever, other ways to organize fuel cycle and waste man-
agement facilities. Because the United States has yet to
site a repository and has not made long-term decisions on
what fuel cycles to adopt, it has choices on how integrate
fuel cycles and waste management.

Four ways to couple the back end of the fuel cycle
with the repository were examined. Given today’s re-
quirements, there are large incentives to colocate and
integrate all back-end facilities to improve economics,
improve public acceptance, lower risks, and support non-
proliferation objectives. Such a facility can evolve with
time as fuel cycles change. Such options have not been
previously examined (except for a limited effort in Ger-
many in the late 1960s). The options imply large techni-
cal and institutional changes—thus the need for analysis,
research, and development to understand the options and
identify the best paths forward.
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