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Abstract

An dternative approach is proposed for disposing of partitioning-transmutation (P-T) wastes to (1) reduce
repository costs and (2) improve repository performance. Radioactive decay heat controlsthe size and cost
of the repository. It isproposed that P-T wastes be separated into a high-heat radionuclide (HHR) fraction
and a very-low-heat-radionuclide (VLHR) fraction to bypass this repository design constraint. There are
five repository HHRs in spent nuclear fuel: cesum, strontium, plutonium, americium, and curium. P-T, by
destroying the long-lived HHRS (plutonium, americium, and curium), is an enabling technology for separate
low-cost disposa of the remaining HHRs (**’Cs and *°Sr), which have limited haf-lives (T,,, =~30 year),
small volumes, and high heat-generation rates. These characteristics allow the use of lower-cost disposal
methods for these HHR wastes. Eight HHR disposal options areidentified and described. With the removal
of the HHRS, there are lower-cost, higher performance methods for disposal of the remaining VLHRs.

Page2 of 14



Introduction

Repository design and performance are primarily controlled by radioactive decay heat. Consider the
proposed Y ucca Mountain (Y M) repository [1] in the United States. It is designed for ~70,000 t of spent
nuclear fuel (SNF) and high-level waste (HLW). If there were no radioactive decay hedt, the entire volume
could be placed in a cube, which would be ~30 m on each side. The cost of such arepository would be very
low. However, radioactive waste generates heat. To ensure repository performance, the repository
temperatures are limited. The temperature is limited by packaging the wastesin ~11,000 waste packages
(WPs) and dispersing the WPs over 100 km of tunnels. The repository program will cost severa tens of
billions of dallars.

From a distance, a schematic of the proposed YM repository (Fig. 1) appears as a large planar
structure—Ilike a horizontal underground car radiator. This typical characteristic of geological repositories
is a conseguence of the need to limit repository temperatures and dissipate decay hesat. If waste partitioning
and transmutation (P-T) isto have amgjor impact on the repository cogt, it must be by changing how decay
heat is managed in a repository.

Radioactive decay heat: sources and impacts

There are severa temperature limits[2] on the repository: (1) waste-form limit, (2) package limit, (3)
near-field rock limit, and (4) various far-field limits. Each limit isimposed to prevent damage to one or more
barriers to radionuclide migration from the waste form to the accessible environment. Almost al repository
decay heat from SNF (Fig. 2) is produced from five el ements: cesium (*37Cs), strontium (*°Sr), plutonium (Pu:
multiple isotopes), americium (Am: multiple isotopes), and curium (Cm: multiple isotopes). While there are
other heat-generating radionuclides, these decay away quickly. These high-heat radionuclides (HHRS) can
be divided into two categories. shorter-lived HHRs (**’Cs and °°Sr) and long-lived HHRs (Pu, Am, and Cm).

The temperature limits in and near the WP are controlled by decay heat from the shorter-lived
HHRs— %°Sr and *’Cs. The long-term temperature limits far from the WP are usually controlled by the
longer-lived actinides. It takes a significant amount of decay heat over along time to heat large quantities
of rock to unacceptable temperatures. The remova of either the shorter-lived or longer-lived HHRs
radionuclides from the waste provides some benefits to the repository, but the benefits are limited because
both sets of radionuclides impose temperature limits on the repository—one set in the near term and the
second set in the longer term.

If the HHRs are removed from the waste, aternative repository design options [3] exist that may
significantly reduce the size and cost of a repository. A large repository is replaced with a mini-repository,
and the size of the mini-repository is controlled by the fraction of the HHRs that are not removed. For this
to occur, aternative methods for management of the HHRs are required.

. Long-lived HHRs. This conference is examining P-T of actinides, including Pu, Am, and Cm. If

the P-T technology is successful and economically viable, this approach can be used to destroy these
troublesome HHRs.
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. Shorter-lived HHRs. The®°Sr and 1¥"Cs must be separately managed. Becausethe characteristics
of shorter-lived HHR wastes are different thanthose of HLW and SN, low-cost disposal methods
may be available. These HHRs differ from SNF and HLW in four ways (characteristics):

< Half-life. The short half-life (T,,, - 30 years) alows the use of options that are safe for
disposal of these materials but that would be difficult to demonstrate as safe over geological
timesif disposing of SNF or HLW with their large inventories of long-lived radionuclides.

< Waste volume. The quantities of HHRs (cessum and strontium) are small. One tonne of
40,000-MWd light-water reactor (LWR) SNF contains 4.1 kg of cesium and strontium.

< Heat-generation rate. High heat-generation rates create options that require decay heat
to function.
< Fissile content. Thesewastesinclude no fissile materials, and thusthere are no safeguards

or criticality concerns.

Thereis experience [4] in separating and packaging shorter-lived HHRs from HLW. Over 108 Ci
of these HHRs were separated from defense HLW at Hanford, Washington, to minimize the cost of storing
HLW intanks. Tank capacity waslimited by the decay heat, not the tank volume. The HHRs were packaged
in 6.67-cm-diam capsules.

Management of shorter-lived HHRs

There are many methods to manage *°Sr and **’Cs. The method selected by any nation will depend
upon ingtitutional factors and the geology available to each nation to manage such wastes. Near term and
more speculative options are described herein to emphasize that when the characteristics of the waste
change, the disposal options change. This is an area of waste management where very few investigations
have been conducted; thus, many of these options are not well understood. In parenthesis are the
characteristics of the short-lived HHRs that are important for the disposal option.

Long-term storage (half-life)

The HHR wastes can be placed in long-term, dry-storage facilities, which are similar to those used
for HLW and SNF. After the decay of most of the HHRs, the wastes can be disposed of in the repository.
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Extended dry repository (waste volume, heat-generation rate, half-life)

The HHR capsules could be disposed of in a separate section of a dry repository above the water
table [5]. The proposed Y M repository in the United Statesis of thistype, and thusthisis a potentia option
for the United States. Long boreholeswould be drilled into the rock from a central tunnel and then filled with
small-diameter HHR capsules. The hegt load would be controlled by placing low-volume HHR capsulesin
small-diameter horizontal boreholes (<15 cmin diameter) rather than placing large, HLW or SNFWPsin 5.5-
m-diam disposal tunnels. The holes could be drilled in a horizonta plane (Fig. 3) or in a vertical array.
Boreholes are less expensive than tunnels.

The HHR section of the repository would be designed as an “ extended-dry” repository in unsaturated
rock. By placing the boreholes closdly together to obtain higher local heat loads and higher local temperatures
(but sufficiently apart to avoid capsule damage), the local rock temperature would be above the boiling point
of water for thousands of years. If the rock temperature is above the boiling point of water, there can be no
groundwater flow near the capsules and no migration of radionuclides in groundwater. The shorter-lived
HHRs decay before the high-heat section of the repository cools below the boiling point of water. The need
for high temperatures requires closer spacing of the HHRs than is used for SNF and HLW; and thus, a
correspondingly smaller repository section for these wastes.

The YM repository project investigated SNF extended-dry repository concepts [6] because of
economic advantages. Such concepts have not been adopted for SNF or HLW because of the uncertainties
in predicting long-term, extended-dry repository behavior after the repository cools. These uncertainties do
not exist for HHRs that decay before the high-heat section of the repository cools down.

Conventional repository (half-life, waste volume)

The HHR wastes could be disposed of in a conventional repository. However, the repository size
and cost may be significantly reduced. Boreholes, not tunnels, are needed for HHR placement. Elimination
of long-term heat-decay loads and most long-term performance requirements (>1000 years) allows the use
of smpler WPs and other smplifications.

Saltdiver (heat-generation rate, half-life)

Natural salt domes contain relatively pure sat in the shape of a mushroom with diameters measured
inkilometers. Thevertica dimension may be aslarge as 10,000 m. The sdtdiver repository [3] usesthe high-
heat generation rates of HHR capsulesto alow disposa at depths up to 10,000 m underground in salt domes.
The HHRs are packaged into moderately large containers (satdivers) that are placed in a salt dome. The
high-density, high-temperature WPs sink by heating the salt under the WP until the salt becomes plastic or
melts (at 800EC).
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Rock melt (heat-generation rate, half-life)

In the melt-rock repository [7], alarge, spherical, underground cavity would be constructed severa
hundred to severa thousand meters underground. Large quantities of HHRs would be placed in the cavity.
During loading operations, active cooling systems control temperatures. After the cavity isloaded, the cavity
would be sedled, and the cooling systems would be shut off. The HHRs would melt and then melt the
surrounding rock. The radionuclides would then be incorporated into the molten rock. It is large-scae
vitrification of waste. Ultimately, as the decay-heat levels decrease, the molten rock would solidify into solid
rock.

During periods of high-temperature operations, the high temperatures cause plastic deformation of
the rock beyond the melt zone, which sealsall cracks. Several uncertainties[8] have been identified with this
disposal option. However, the identified uncertainties apply only to HLW and SNF that contain long-lived
radionuclides, not disposal of shorter-lived HHRs. Further analysis would be required to determine if there
are unidentified failure modes when disposing of HHRs.

Borehole (waste volume)

The use of deep vertical boreholes (>5 km) has been considered for the disposal of various
radioactive wastes. However, amajor drawback is that a borehole has very limited volume. Drilling deep,
wide boreholes is expensive. For short-lived HHRs, the volumes are very smal; thus, this may be a viable
low-cost option for these specific wastes.

Seabed (waste volume, half-life)

International programs [9] have investigated seabed disposal of SNF and HLW. Seabed disposal
involves placing WPs into the clay layer, which covers most of the ocean’s seabed. The clay layer has
potentialy excellent waste-isolation properties, and the ocean provides an independent backup mechanism
(ocean dilution) if there were failures. There are mgjor ingtitutional problems and some technical problems
associated with this option.

Demongtration of disposal viability of short-lived HHRs would be simpler than for other wastes
because the shorter-lived HHRs remain hazardous for amuch shorter period of time. Furthermore, there are
no fissile materials associated with HHRs. Recent analysis has rai sed questions about the viability of disposal
of wastes with fissile materials using this technology. New off-shore oil recovery technologies are making
it increasingly easier to recover objects from the ocean seabed; thus, there is a concern about the recovery
of any fissile materids by unknown parties if the disposal site is the ocean seabed.

Shallow-land disposal, half-life

The limited half-life may alow shallow-land disposa of the shorter-lived HHRs under some
circumstances [3].
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Management of low-heat, long-lived radionuclides

With most of the HHRs removed, the repository for the remaining wastes becomes a small facility
[3,5]. The required repository would contain two sections: a section for wastes with significant decay heat
and a section for the very-low-hesat radionuclides (VLHR). Existing vitrified HLW and some P-T target
wastes (deep-burn, once-through targets; certain target-processing wastes) would be disposed of in a
repository section similar to existing repository designs. Because of the small quantities of these wastes, this
repository section would be relatively small.

The wastes from processing light-water reactor SNF, after removal of the shorter-lived (*°Sr and
137Cs) and long-lived (Pu, Am, and Cm) HHRswould be a VLHR waste. These wastes may be disposed
of in a few lower-cogt, high-performance silos without exceeding temperature limits. Depending upon the
geology and efficiency of removal of HHRs, such a silo might accept the wastes from up to 10,000 tonnes
of SNF.

There is experience with waste silos [10]. Sweden (Fig. 4) and Finland have constructed and are
operating underground silos for the disposa of intermediate-activity wastes. The heat-generating
characteristics of these wastes are somewhat similar to VLHR wastes. The Swedish waste silos are about
50 m high and 25 m in diameter. The costs per unit volume are a fraction of the cost of traditiona WPs.

VLHR sloswould belocated in the middle of the repository at full repository depth to take advantage
of the waste-isolation capabilities of the repository. The repository provides a major barrier against human
intrusion, and the geology provides several barriers against radionuclide releases to the accessible
environment. Silos are an dternative WP, not a replacement for the repository.

The replacement of WPswith large silos may result in significant improvements in the performance
of the engineered barriers to radionuclide releases. The release of radionuclides from a failed WP is
proportiona to (1) the groundwater flow through the WP and the (2) solubility limits of the radionuclides in
groundwater. By concentrating the VLHR wastes from up to 10,000t of SNF in 1 sillo rather than spreading
it over ~1,000 WPs, the groundwater flow through the wastes per unit volume is reduced by afactor of 100
to 1,000. With the reduction of groundwater flow per unit quantity of waste, radionuclide releases are
proportionally reduced. The large waste silo has a smaller surface-to-volume ratio than does each WPs.

Other considerations

Scaling factors

No detailed economic analysis of these repository benefits has been conducted. However, some
comparisons [3] between conventional repositories and these alternative designs can be made. Consider the
case where (1) P-T destroysthelong-lived HHRs, (2) the shorter-lived HHRs are disposed of in an extended-
dry repository such as YM, and (3) the long-lived, low-heat wastes are disposed of in a set of silos.
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Intheconventiona Y M repository design, the SNF isdisposed of inlarge WPsin 5.5-m-diam tunnels.
For every 100 m of tunnel required for disposal of SN, about 71 m of boreholeswould be required to dispose
of the shorter-lived HHR wastes from the SNF. For every 100 SNF WPs, 71 HHR capsules of similar length
and a small fraction of a silo would be required for disposal of the HHR-VLHR wastes from that SNF. In
effect, there are three mgjor changes. (1) substitution of 5.5-m disposal tunnelswith 15-cm boreholesfor the
HHRs, (2) substitution of thousands of WPs with afew silos, and (3) reduced hesat load from destruction of
the longer-lived HHRs.

The impact of these changes would beto significantly reduce the operationa costsfor therepository.
Operational costs include the mining of disposal drifts for the WPs. It may not impact siting or licensing
costs—animportant fraction of thetotal costs. The economic incentives are strongly dependent upon thesize
of the repository. Asthe repository capacity increases and the cost per unit of waste decreases, operational
costs become alarger fraction of disposal costs. Siting and licencing costs are essentially fixed costs.

The economic cost for the repository gainsin an actinide P-T fuel cycle isthe necessity to separate
the cesium and strontium from the other waste streams. This cost is dependent upon the specific separations
processes.

Cesium-135

The short-lived HHRs contain one long-lived radionuclide, 3°Cs. It hasa half-life of 3 x 10° years.
Performance assessments of proposed repositories|11] indicate that thislong-lived radionuclideis not usualy
a significant risk to man nor a significant factor in terms of repository performance. There are severa
reasons for this:

. Geochemistry. Radionuclides, such as*?°l,23"Np, and *°Tc, which dominate the long-term risksfrom
a repository are those most easily transported by groundwater with little retention by the geology.
Thereissignificant retention of cesium in most types of rock and ion-exchange of radioactive cesum
isotopes with non-radioactive cesum in the rock.

. Biological effects. Differencesinthe accumulation rate of different radionuclidesin specific human
organs determines their relative hazards. The hazard from 3°Cs is low compared to many other
radionuclides [12] because of its low rate of bioaccumulation.

For any HHR disposal option, a performance assessment of the risks from this radionuclide will be
required. There are mgjor engineering questions about the feasibility of isotopicaly separating this isotope
from other cesium isotopes; thus, disposal with the other cesium isotopes is likely to be the most practical
route. Such an assessment would be significantly smpler to make than for HLW or SNF because there is
only asingle radionuclide.
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Conclusions

Repository designs and costs are controlled by radioactive decay heat. Any P-T option that destroys
long-lived HHRs (Pu, Am, and Cm) is an enabling technology that may alow for lower-cost, higher
performance repositories by separate management of (1) the shorter-lived HHRs and (2) the VLHR wastes.
These repository benefits may exceed the other waste management benefits of actinide P-T fuel cyclessuch
asreductionsin radiotoxicity. The cost for these benefitsisthe requirement to separate cesium and strontium
from the other P-T wastes.

An understanding of the costs and benefits of separate management of shorter-lived HHRS should
be a high priority within any investigation of actinide P-T fuel cycles. This is an appropriate area for
international cooperation. Most of theissues (selection of radionuclidesto be destroyed by P-T, transmutation
efficiencies, solidification of short-lived HHRs, repository design for low-hest, long-lived radionuclides, etc.)
are common issues for dl. It is an area of waste management where only very limited studies have been
undertaken.
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