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ABSTRACT Nevada, is the only site currently being considered and
will be the host site if ongoing suitability studies are

Estimates of the materials potentially destined for successful. A statutory limit of 70,000 metric tons initial
emplacement in Yucca Mountain exceed the statutory heavy metal (MTIHM) has been placed on this first
repository capacity limit of 70,000 metric tons initial repository. Emplacement of additional material will be
heavy metal. Removal and subsequent burning of the allowed only after opening of the second repository.
actinides in these materials can dramatically increase the OCRWM currently plans to emplace about 63,000
repository, capacity, postponing or perhaps eliminating MTIHM of commercial spent fuel and about 7,000
the need for a second repository. MTIHM-equivalent defense HLW in Yucca Mountain. z

I. INTRODUCTION In addition to the statutory limit, the proposed Yucca
Mountain repository is subj_t to certain physical

Siting a geologic repository in the United States is capacity limits. One of the most important of these is
proving to be an arduous and protracted exercise, thermal. The thermal limits are often quantified in
Avoidance or deferral of a second repository is therefore terms of maximum temperatures at various distances
believed to be desirable from a policy and public from the waste. The two limits addressed in this study
acceptance standpoint. The Office of Civilian are the near-field (T_x < 200 *C 1 m from package)
Radioactive Waste Management (OCRWM), the lead and far-field (T_ _ 115 *C at interface between Calico
organization for repository development, is only Hills and Topopah Spring strata, 45 - 60 m below the
considering commercial spent fuel (Sir) and Department repository). _ These temperature limits are imposed in
of Energy (DOE) vitrified high level wastes (HLW) for an attempt to prevent undesirable changes in the host
emplacement in the first repository. However, other rock. The far-field temperature limit is often converted
entities possessing radioactive wastes unsuitable for into a limit on areal loading, which is based on footprint
shallow land burial have identified the repository as the required per package and is often reported in units of
destination for these wastes which include: DOE spent kW/acre. This limit is conservatively set in the Yucca
nuclear fuels, excess weapons Pu, Greater-Than-Class-C Mountain Site Characterization Plan - Conceptual
(GTCC) low level decommissioning wastes, and Design Report (SCP-CDR) at 57 kW/acre for 30,000
enrichment tails. MW-day/MTIHM, ten-year-cooled PWR spent fuel)

Previous heat transfer calculations indicate that the far-

II. REPOSITORY CAPACITY LIMITS field temperature limits will limit the quantity of long-
lived isotopes, primarily the actinides, that can be

The Nuclear Waste Policy Act of 1982 (NWPA), as emplaced, whereas the near-field temperature limits will
amended, directs the DOE to develop geologic be driven by theshorter-lived fission products. 4
repository capacity suitable for disposal of spent fue,l
and high level radioactive wastes. _ Yucca Mountain, This may be understood through examination of the

" This work was performed at the Oak Ridge National Laboratory, which is managed by Martin Marietta Energy
Systems Inc., under contract DE-AC05-84OR21400 with the U.S. Department of Energy.
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power versus time plot for spent fuel (including the CDR at about 5.6 million m'. The total required area
actinides) and high level wastes (with the actinides has been estimated at 9,3 to 11.7 million mz. The
removed) shown in Figure 1 for a unit mass of initial estimated requirements for the individual waste streams
heavy metal. Near-field temperature changes occur on are listed in Table 1. As expected, the commercial spent
a time-scale that is comparable to that of the fission fuel requires the largest emplacement area. The most
product decay. By the time heat from the packages striking of the remaining waste streams is the highly
reaches the far-field region, the fission products have enriched DOE spent fuel, which may require one-fourth
already decayed significantly. The total heat produced of the total emplacement area. This is due to the small
per MTIHM in SF is much larger than that produced in loading and large spacing required to prevent criticality.
HLW, and the difference becomes more pronounced at
greater times. After 500 years, the total heat is nearly IV. METHODS OF INCREASING CAPACITY
100 kW-years for SF and only 30 kW-years for HLW.

There are thus incentives for studying options to
A second physical limit on waste capacity arises because increase the capacity of Yucca Mountain. One of the
of the need to prevent criticality in the waste packages, proposed methods is to use drift emplacement rather
Criticality is mainly of concern only for waste forms with than borehole emplacement. The required area
a large f'Lssilecontent such as highly enriched uranium estimates given in this report are based on the SCP-
(HEU) fuels and forms containing excess weapons CDR reference vertical borehole emplacement.
plutonium. Preliminary, conservative calculations in the Borehole emplacement refers to the drilling of vertical
literature have reported an estimated limit of 350 to 700 holes in the floor of each emplacement drift. Wastes
grams of fissile material per canister, s It is also would be placed in these boreholes, which would then
necessary to limit the interaction between adjacent be capped with shield plugs to limit personnel exposure.
canisters. This interaction may be limited to one An alternative is drift emplacement in which large
percent or less by spacing the canisters a minimum of packages of waste are placed horizontally directly on the
two meters apart. 5 The combination of these two limits drift floor. Due to the larger surface area of exposed
may be used to estimate area requirements for high- rock and natural circulation within the drift, higher mass
fissile waste forms. As an example, emplacement of one loadings are possible with drift emplacement. Work by
metric ton of excess Pu or HEU fuel might require Ruffner, Johnson, et al indicates that a combination of
more than 2,800 waste canisters and an emplacement drift emplacement and pre-emplacement aging can
area greater than 11,000 mz, exclusive of the area increase the maximum loading by up to 300% over the
required for ramps, access tunnels, and other unusable reference borehole emplacement scenario, primarily
space, because of substantial radioactive decay during pre-

emplacement aging.6 However, these results are based
III. IDENTIFIED REPOSITORY WASTES only on near-field temperature limits and do not include

the far-field temperature effects that actually limit the
Current repository assessments typically deal only with emplacement of SF. Far-field studies discussed later in
two of the waste streams: commercial spent fuel and this paper indicate that such an increase is possible only
defense high level wastes. Numerous other materials for HLW.
potentially reporting to the repository have been
identified. These include DOE spent nuclear fuels, Even larger gains have been claimed through the use of
excess weapons plutonium, GTCC decommissioning the High Efficiency Waste Emplacement Concept
wastes, and depleted uranium tails. Quantities for ,hese (HEWEC). 4 This concept consists of two primary parts:
waste streams have been estimated. They are given in actinide removal and phased emplacement of the
Table 1. The total quantity of this waste exceeds the resulting high level wastes in Yucca Mountain. The
70,000 MTIHM statutory limit imposed on the actinides are to be removed, primarily because of their
repository, dominance in the far-field temperature calculations.

The separated actinides will be burned in either a liquid
Using the estimated masses of those wastes identified metal reactor or an accelerator-driven subcritical
for emplacement in Yucca Mountain and using various assembly. The fission products resulting from
assumptions about area requirements, the total area reprocessing of the original light water reactor fuel as
requirement for those materials can be estimated. The well as the subsequent processing of the actinide fuel
total area available for emplacement in Yucca will be sent to Yucca Mountain for disposal.
Mountain, not including some adjacent as yet
uncharacterized area, has been estimated in the SCP- The second part of the HEWEC is phased emplacement



of the high level wastes resulting from actinide in the future.
partitioning and burning. Emplacement within a given
panel will not occur at one time, but rather in four The results, shown in Figure 2, show the drastic
sequential campaigns. Details of this fairly complex differences in temperature between the SF and HLW
emplacement scheme are given in Reference 4, and only cases at extended times. All calculations were
the essential elements will be discussed here. Within a performed assuming ten-year-old spent PWR fuel with
panel, the individual drifts are numbered. During the burnup of 30,000 MW-day/MTIHM. The SF case is for
first of four emplacement campaigns, the odd numbered a mass loading that results in an areal power density of
boreholes in the odd numbered drifts are filled. In the 57 kW/acre at emplacement. The HLW case is for the
second campaign, the even numbered boreholes are same quantity of material, with the actinides removed.
filled in the even numbered drifts. The even numbered The HLW power density at emplacement is thus
boreholes in the odd numbered drifts are filled during reduced by nearly 18% simply through removal of the
the third campaign, and the remaining boreholes are actinides. The difference between the SF and HLW
filled during the fourth and final campaign. Each power densities continues to increase as the fission
campaign is projected to consume thirty years, products decay. Ten years after emplacement, the HLW

power density is nearly 25% less; after 100 years, it is
There are two keys to the HEWF.C's ability to increase 67% less. This explains why the near- and far-field peak
repository capacity: removal of the actinides and long- temperatures are less and why the curves fall off more
term ventilation throughout the extended operating life rapidly after peaking. The near-field calculations are
of the repository. Removing the actinides retluces the run for less than 100 years (time since removed from
long.term heat generation problem. Ventilating the reactor, with emplacement at 10 years) because the
drifts for an extended period removes almost all the near-field temperatures peak within a few decades after
decay heat from the fission products, drastically reducing emplacement. The far-field calculations were carried
the short-term heat generation problem, out to nearly 700 years to cover the SF case in which

the maximum temperature is not reached for nearly 600
This particular work has focused only on the first of years.
these factors, i.e., removal of the actinides. It will

presently be shown that substantial gains in capacity are As one can see from Figure 2, the peak temperatures
possible through simply removing the actinides, calculated are less than the allowable temperature limits

(200 *C for near-field and 115 *C for far-field). The
V. HEAT TRANSFER CALCULATIONS loadings were thus increased until one of the limits,

either near- or far-field, was reached. For the SCP-

One weakness in the development of the HEWEC is the CDR spacing, the near-field temperature limits the
reliance upon extrapolatiop.s from previous heat transfer quantity of either SF or HLW that can be emplaced.
studies. It was decided that original calculations would
be required to verify claims m_de in favor of actinide In addition to the SCP-CDR geometry, two alternate
burning. A model of Yucca Mountain was developed geometries were analyzed. Both assume an additional
for HEATING7.2b, a conduction heat transfer code drift is placed between existing drifts. The drift center-
developed at ORNL. The standard package and drift to-center separation is thus decreased from 45.8 m to
spacings given in the SCP-CDR (4.0 and 45.8 m 22.9 m. One of the alternate geometries used a larger
respectively) were used. Calculations were performed borehole spacing (8 m versus the SCP-CDR 4 m
for a one-dimensional far-field model and for a three- spacing), while the other used the minimum spacing of
dimensional near-field model. The mountain was 2.6 m package center-to-center.
modeled as uniform Topopah Spring tuff with material
property data taken from the SCP-CDR. A conduction The near-field temperature profiles are shown in Figure
model alone is justified for three reasons: 1) 3 and the far-field temperature profiles are shown in
tractability; 2) there is no consensus on acceptable Figure 4. It should be noted that a unit cell was defined
modeling techniques for convection and mass transport for the heat transfer calculations. This unit cell is based
of water/vapor within the rock; and 3) it has been on lines of symmetry and consists of one quarter of the
assumed that competing effects (higher heat flux due to package with its associated area. The SCP-CDR
heat pipe effects versus lower thermal conductivity in geometry is thus referred to as a 2.0 x 22.9 m unit cell
the dry tuff) will limit the magnitude of the effects of whereas the actual spacing is 4.0 m package-to-package
convection/mass transport for the relative results and 45.8 m drift-to-drift. It should be noted that for all
reported. This assumption will be tested parametrically these cases, the loadings have been maximized such that



either the near-field temperature reaches 200* C or the area (based on present configurations without actinide
far-field reached 115" C, whichever occurs first. The removal). Earlier reports have indicated the potential
temperature profiles are of interest to show how much benefits of actinide burning with respect to increasing
more rapidly the HLW temperatures decrease. This the repository capacity. The detailed calculations
suggests that if some method of heat removal (such as described herein verify portions of a promising actinide
drift cooling) can be implemented, the maximum HLW removal and waste emplacement concept, HEWEC.
loading may be increased even further.

Results from heat transfer calculations indicate that

The maximum loading was found using the minimum more than 2.5 times the material (measured in MTIHM)
spacing in both dimensions (2.6 m and 22.9 m). This may be emplaced using a combination of optimum
should not be surprising as one would theoretically like geometry and actinide recycle. This optimum geometry
to approach a uniform plane source to maximize the includes additional drifts and closer borehole spacing
loading. The maximum Ioadings for the six within the drifts. Future work will quantify the
combinations tested (three geometries x SF or HLW) additional benefits that may be derived from drift
are given in Table 2. The largest increase in repository ventilation and staggered emplacement strategies as
capacity due to actinide partitioning alone is for the described by Croft.4
minimum spacing and is equal to 1.69. This is the ratio
of the quantity of HLW (MTIHM/acre) to SF that can REFERENCES
be emplaced without exceeding the temperature limits.
If one compares the optimum geometry emplacement of 1. NWPA, Nuclear Waste Policy. Act of 1982,
HLW with the SCP-CDR emplacement of SF, the ratio Public Law 97-425, 42 USC 10101-10226, 1983, as
increases to 2.57. This should be compared to the amended by Title V of Public Law 100-203, 1987,
HEWEC's claimed increase of a factor of four over the Washington, D.C.
SCP-CDR loading. Two keys elements of the HEWEC
have yet to be included: staggered emplacement 2. U. S. Department of Energy, Site
patterns and drift ventilation throughout an extended Characterization Plan, Yucca Mountain Site, Nevada
repository operational period. Additional work is being Research and Development Area, Nevada, DOE/RW-
conducted to quantify the additional benefits that such 0160, 1988.
activities might yield. The factor of four increase
claimed in Reference 4 seems quite reasonable 3. H.R. MacDougall, L. W. Scully, and J. R.
considering the increase already achieved through Tillerson (comps.), Nevada Nuclear Waste Storage
geometry changes and actinide removal. Investigations Project Site Characterization Plan

Conceptual Design Report, SAND84-2641, Sandia
Two weaknesses with the current modeling effort are National Laboratories, 1987.
acknowledged. First, convection and mass transport of
water/steam within fractures and pore spaces of the rock 4. A.G. Croft, "A Concept for Increasing the
are not modeled. Competing factors (heat pipe effects Effective Capacity of a Unit Area of a Geologic
versus lower thermal conductivity) should limit the Repository," Radioactive Waste Management and the
magnitude of the effects of convection and mass Nuclear Fuel Cycle,June, 1994.
transport on the comparative results reported.
Attempts at bounding the effects are currently 5. Findings of a Waste Analysis Subcommittee on
underway. Another weakness of this model is its failure Criticality Safety, October 14-15, 1993, (unpublished).
to include the emplacement drift, which is modeled as
uniform tuff along with the rest of the mountain. 6. D.J. Ruftner, G. L. Johnson, et al., "Drift
Future work will address the effects of the drift Emplaced Waste Package Thermal Response,"
including drift ventilation for an extended period post- Proceedings of the Fourth Annual International
emplacement. Conference on High Level Radioactive Waste

Management, 1993.
VI. CONCLUSIONS

The materials that have been identified as potential
candidates for emplacement in Yucca Mountain exceed
two capacity limits: 1) the statutory limit of 70,000
MTIHM; and 2) the physically available emplacement
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Figure 3: Near-Field (1 m from package) Temperature Profiles for Maximum Loadings
(Labels refer to unit cell dimensions where unit cell dimensions are 1/2 package x 1/2 drift spacings)
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Figure 4: Far-Field (45 m below packages) Temperature Profiles for Maximum Loadings
(Labels refer to unit cell dimensions where unit ceil dimensions are 1/2 package x 1/2 drift spacings)






