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SUMMARY ASSESSMENT

The acceptance of commercial spent nuclear fuel (SNF) and high-level waste (HLW) are
mandated by the Nuclear Waste Policy Act (NWPA), as amended, and the "waste acceptance
criteria" for these materials are those presented in regulations (10 CFR Part 60), developed in
contracts with the utilities (10 CFR Part 961), and codified in the Office of Civilian Radioactive
Waste Management (OCRWM) technical baseline in the Waste Acceptance System
Requirements Document (WA-SRD). This WA-SRD also includes requirements levied against
the HLW. The site characterization program leading to a site viability, and ultimately a site
suitability determination, has been using the characteristics of these two wasteforms as the basis
for its technicalfeasibility analysis.

It is important to remember that under "normal" conditions an acceptance criteria would have
been imposed on the waste forms in a manner so as to ensure safe disposal in a repository which
has characteristics for long-term isolation. Therefore, the waste would have been designed to
meet the isolation characteristics of a site. However, because of statutory requirements, the
Civilian Radioactive Waste Program had to design a program for evaluating a site for permanent
disposal that will isolate the given wastes. The site suitability is being driven by existing features
and characteristics of these waste forms.

Assuming that a site can be found suitable for disposal of commercial SNF and HLW,
developing a waste acceptance criteria will only be necessary for other wastes (DOE SNF,
plutonium waste forms, etc.) that might be contemplated for geologic disposal.

The metrics against which this suitability is measured are the Environmental Protection Agency
(EPA) standards (currently in remand and being rewritten specifically for Yucca Mountain) and
the implementing regulations of the Nuclear Regulatory Agency (NRC) (10 CFR Part 60). It is
further noted that because of the long time periods defined for isolation [1 0,000 years, and
conceivably up to I million years as recommended by the National Academy of Sciences
(NAS)], the regulations require demonstrating compliance through a "reasonable assurance"
concept based on subsystem and total system objectives. Because of the long time periods
associated with this disposal concept, the standards and regulations are more prescriptive for the
pre-closure periods and, generally, rely on the reasonable assurance argument for the longer time
periods.

Because the development of the CRWMS requirements documents followed these standards and
regulations, the preclosure requirements for acceptance and disposal were specified to a greater
degree than the long-term performance requirements. The post-closure requirements were to be
met using a waste isolation strategy and a safety analysis based on a reasonable assurance
argument.

The concept of reasonable assurance was postulated because of the uncertainties associated with
the long time periods for demonstrating compliance. Both EPA and NRC recognized that ..."
Proof of the future performance of the engineered barrier systems and the geologic setting over
time periods of many hundreds or thousands of years is not to be had in the ordinary sense of the
word "(10 CFR Part 60.101(a)(2)] and .. ."Performance assessments need not provide complete
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assurance" ...... " Proof of the future performance of a disposal system is not to be had in the
ordinary sense of the word in situations that deal with much shorter time frames" 141 CFR Part
191.13(b)] It has been persuasively argued by people knowledgeable in the licensing process that
developing prescriptive criteria severely weakens the reasonable assurance argument, and they
have recommended against the development of such criteria.

Under these circumstances, when waste forms other than the commercial SNF and HLW are
considered for permanent disposal in a geologic repository, developing "acceptance" criteria for
the long-term geologic behavior becomes difficult to articulate beyond the statements in the
regulations, which in themselves are often vague, contradictory, or don't relate to public health
and safety. It is further hampered by the lack of a Waste Isolation and Licensing strategy that
would readily permit deriving some metrics that could be used for this purpose. Additionally,
since no repository has ever been licensed before, important discriminators for licensing, which
could be used as criteria, are not available. All of this, obviously, poses an additional burden on
the custodian (EM, MD) to determine what steps are necessary for treatment and handling of
their waste forms to make them compatible with acceptance and disposal in a repository.

Consequently, the concept of developing Waste Acceptance Criteria has been suggested that is
similar to one prepared for the Waste Isolation Pilot Plant (WIPP) -- a prescriptive set of criteria
that Trans-uranic (TRU) waste disposal packages can be designed to. Intriguing as this notion
appears to be, the ability to develop such a criteria for the Other Wastes is not intuitively
obvious because of the large variations in the waste form types and characteristics, including
some with high fissile loadings. Nevertheless, the benefits from the development of such criteria
could be enormous to the custodian, if such development were at all possible.

It has been determined through analyses of some selected waste forms that, in addition to the
"physical" acceptance requirements postulated in the WA-SRD, the two primary drivers for
establishing long-term performance in a repository are: the total system performance of the waste
forms in the geosphere and the biosphere, and the long-term criticality behavior of the waste
form and package in the repository environment.

Because the number and type of other DOE wastes are numerous (over 200 types) with widely
varying characteristics, and the information base for the current understanding of the criteria is
diffuse, a systematic approach has been adopted. This approach allows integration of the
current knowledge base, an analysis of what has been learned, and, finally, a determination of
what else needs to be done to develop Waste Acceptance Criteria.

A two phased approach is proposed: I) establish the parameters (or characteristics) of the fuels
that affect performance; establish/discuss synergies between these parameters; establish/discuss
the repository environment under which these forms are expected to perform; provide windows
or thresholds for acceptance based on analyses already conducted (if possible); and provide
Research and Development (R&D) needs where appropriate to facilitate the development of
Acceptance Criteria; and 2) conduct analyses, as necessary, to develop such criteria. The first
phase of the proposed approach is necessary to determine the nature and amount of analyses that
would be needed for the second phase.

3



Only the first phase of the above approach is examined in this report; a scope for phase 2 can be
developed from the findings of this analysis. For the sake of completeness both the "physical"
and the long-term performance issues have been examined for the DOE wastes.

From an examination of the available data, it can be concluded that some requirements or
acceptance criteria can be developed for the Other Wastes being considered for repository
disposal. In other instances, more analyses are necessary. These are discussed below:

1. All DOE SNF fall within the definition of spent fuel per Section 2(23) of the NWPA, as
amended, and therefore qualify for consideration for geologic disposal. Whether slugs,
targets, and blankets fall within this definition is unclear and would require DOE General
Counsel (GC) determination, or legislative clarification.

2. Immobilized plutonium waste forms do not fall within the definition of HLW defined in
Section 2(12)A of the NWPA. It will be necessary for the custodian to either obtain a DOE
GC ruling on this issue, and/or apply to NRC for rulemaking under Section 2(12)B of the
NWPA, and/or seek legislative clarification.

3. It is OCRWM policy not to accept any waste form in the first repository that is regulated as
hazardous waste under the RCRA Subtitle C.

4. Because the consolidation requirement specified by NRC is ambiguous, it is not possible to
provide a metric that a custodian can comply with. The issues are: the definition of a
particulate (what size constitutes a particulate and what is the particle size distribution
limitation), and what constitutes a matrix for consolidation (glass? ceramic? container?
other?). These issues are important to some fuel types present at SRS and INEL.

5. Imposing specific combustibility, pyrophoric, and chemical reactivity conditions on some
fuel types will be difficult. They are dependent on the fuel type, repository environmental
conditions, and interpretations of the NRC regulations as part of a safety analysis. N-Reactor
fuel (78% of all DOE SNF on an MTHM basis) and Al-clad fuels are impacted by these
requirements.

An analysis must be conducted to develop a specification for the acceptable hydrogen
concentration in canisters, which is expected from some fuel types (e.g., Al-clad SNF).

6. Although the requirement for free liquids appears to be straightforward, the issue is how dry
is dry? NRC regulations are silent on this issue. An answer is required because it impacts
the handling of TMI core debris.

7. The material compatibility requirement does not readily lend itself to a specific set of metrics
for compliance. At issue is what material compatibility means? Definition of acceptable
corrosion rates, unknown behavior of each fuel type with packaging materials, etc. preclude
a specific definition of this parameter. Each fuel type will have to evaluated independently.
Testing for materials will also be necessary.
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8. It should be possible to specify an upper bound on the heat generation rate of any fuel type
shipped to the repository. There should also be an additional requirement imposed on the
custodian to provide the actual thermal output from the fuel type, so that repository thermal
balancing analyses can be conducted.

9. Specifying dimensions and weights (especially upper bounds) for the SNF and HLW
transportation casks and waste packages should be possible. These weight and dimension
limits are imposed by the transportation system used, the handling capabilities at the
custodian and repository facilities, and the handling limitations in the subsurface facilities.
Any deviations from these conditions must be negotiated on a case-by-case basis.

10. It should be possible to specify and meet the labeling requirements for materials
accountability.

11. It should be possible to specify the upper and lower radiation bounds [Environmental Safety
and Health (ES&H) issue for pre-closure operations] for the waste forms shipped to the
repository. Any deviations to this specification will have to be negotiated on a case-by-case
basis.

12. It should be possible to specify and comply with the non-fixed surface contamination
requirements for canistered forms.

13. It should be possible to specify and meet the safeguards requirements.

14. Because both the Environmental Impact Statement (EIS) and the Safety Analysis requires
that the Total System Performance Analyses (TSPA) be conducted on a cumulative (all
waste forms emplaced in the repository) basis to determine the dose to the public at the
accessible environment, specifying limits (e.g., dose) for any individual fuel type is not very
meaningful. There is no way to allocate upper permissible dose limits to any given fuel
type. Moreover, it has been determined that some fuel types result in releases that were not
observed in other waste forms; this information can only be gleaned from analyses of
individual fuels. It should be noted that analyses on numerous fuel types has not shown any
special problems to-date.

It should also be recognized that TSPA analyses are based on computer simulations using
models and other assumptions of the repository and its environment. There are many
permutations and combinations of these parameters. The safety argument and the license
application will be seriously jeopardized if different parties were to present very different
interpretations of the total system to the NRC. Independent TSPA's by the custodians, and
direct interaction with the NRC by these same custodians, is not a prudent strategy for RW.

15. Long-term criticality analyses of waste forms is a very complex issue. The issues related to
the NRC regulations, the large number of variables that can affect the outcome of a
criticality evaluation, the lack of an (NRC) approved disposal criticality methodology
(particularly a probabilistic risk-based methodology) for criticality calculations, and very
limited analyses of degraded mode and external mode criticality, all currently preclude the
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specification of a criticality metric for the other DOE wastes. The problem is further
exacerbated by the very different waste forms in DOE's inventory (different enrichments,
claddings, fissile loading, neutron absorbers, robustness to degradation, etc.). Analysis of
evaluations conducted to-date does not permit us to develop and propose an algorithm that
encompasses the relevant variables for the different fuel types. Even though some threshold
fissile content and Dissolution Product values have been developed for commercial SNF and
plutonium immobilized wastes, the findings still need experimental verification. Further, it
is not clear that these findings can be extended to other fuel types.

As in the TSPA case, these calculations are very scenario dependent. A consistent approach
in the analysis and presentations to the NRC must be made to establish any credibility in the
safety analysis.
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CHARACTERISTICS

The characteristics (or parameters) that any waste form must exhibit for compliance, and the
source from which these requirements are developed, are presented in Table 1. In several
instances, the regulations are either vague, open to interpretation, or at such a high-level that
design conditions to meet the compliance criteria are not easily determined. These are discussed
as each parameter is examined.

Statutory/Regulatory Issues.

Statutory Consideration-.

All waste forms considered for deep geologic disposal must comply with the provisions of the
NWPA, as amended. Spent nuclear fuel, whether it be commercial or DOE SNF [which
includes some commercial mixed oxide (MOX) SNF], or MOX spent fuel from the plutonium
disposition activities, fall within the definition of "spent nuclear fuel" per Section 2(23) of the
NWPA and can, therefore, be considered for disposal in a NWPA licensed repository.

Whether or not slugs, targets, and blankets fall within this definition is a matter of debate. There
are two options available to resolve this issue: the DOE GC can make a determination as to their
applicability and issue a ruling, or legislative clarification will be required.

The definition of HLW in the NWPA is more restrictive. This definition was developed for
HLW generated at Savannah River, West Valley, Hanford, and probably INEL Immobilized
wastes (in glass or ceramic matrices) that contain fissile materials (e.g., plutonium) are not
specifically covered by this definition. Therefore, to consider plutonium immobilized wastes for
disposal in a NWPA licensed repository, it will be necessary to: (1) obtain a ruling from the DOE
GC regarding the applicability of HLW waste definition to these special waste forms, and/or (2)
get NRC to undertake a rulemaking [under Section 2(12)B] to classify this plutonium waste as
HLW. and/or (3) obtain legislative clarification.

Regulatory Considerations

RCRA

It is the current policy of DOE not to accept any waste that is regulated as hazardous under
RCRA Subtitle C for disposal in the first geologic repository. Prior to acceptancefor disposal,
waste generators/custodians must determine and document that RCRA-regulated wastes are not
present, and develop appropriate data to assure relevant state and/or EPA requirements are
satisfied.

Examples of some wastes with potential RCRA issues are: sodium-bonded SNF, TMI-2 core
debris, other disrupted SNF (SFDI-I and SFDI-4 drivers, LOFr driver), and (possibly) uranium
nitride SNF (two test fuel assemblies from FFTF) [Reference 5]. Some processing orfurther
evaluations will be requiredfor thesefuel types before they can be considered to be acceptable
in a repository.
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Table 1. Required Waste Form Parameter Values

Parameter Value Soumrce

State *Solid *WA-SRD 3.23.1.12A.1.3.233.1.A
*No particulates 'WA-SRD 32.3.1.12A 323.3.1.C

Combustibility *Noncombustible *WA-SRD 3.23..1.2A3. 32.3.3.1D

Explosive. Pyrophoric, or Chemically reactive *No amount tht could compromise the ability of the wase *WA-SRD 3.23.1.12.C. 323.1.3.7.B
package or repository to satisfy performance objectives

Free Uquids 'Cannot contain or generate free liquids *WA-SRD 32.3.1.12.B. 3.2.3.13.7.A

RCRA -No wate regulated as hazardous under the RCRA Subtide C *WA-SRD 323.1.1.14. 323.13.3

Materials (canister including waste form) *Preferred Canister Materil -stabilized or low carbon austenitic Based on Repository Advanced
stainless steel Conceptual Design
'Compatible materials to preclude internal corrosion of canister *WA-SRD 323.1.1.7,323.13.3
or waste package

hermal *s 142 kWMndividual or nultiplo-element canister and -.WA-SRD 323.13.6
*Maintain maximum temperature 1OO'C below any waste form *Based on WA-SRD requiroments imposed
trasition temperaure on boroslicate glass waste but defined here

-borosilicate glass less than 400'C for any wate form
-Zr-clad SNF less than 350'C -WA-SRD 323.1.13.6

-Based on Repository Advanced
Conceptual Design

Internal Gas *Cover gas: Inert eWA-SW 3.23.1.13B.7. 323.13.7.C
'Gas leak rate: <Ol atm-cscec (air) *WA-SRD 323.1.13.B.7. 32.3.13.7.C
Cannoc contain or generate free gases other than air, Inert cover. *WA-SRD 32.3.1.1.1 I.A. 323.1.3.7.D

and radiotenic gases.
'Gaspressure: zI5OkPaat25'C *WA-SRD323.1.1.11.A.32±3.13.7.D
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Table 1. Required Waste Form Parameter Values

Parameter Value Source

Dimensions *HLW canister (design) *WA-SRD 32.3.1.1.3.B
Height 3.000 m (based on DWPF boroilicate glas form)
Diamet.: 61 cm

*HLWcanister (at acceptance) *WA-SRD 32.3.1.120
Stand upright without support on hrizontal surface (based on DWPF borosilicate ass form)
fit in right-circular cylindrical cavity (Height 3.01 m: Diameter 64
cm)

*Maximum canister - *Based on Repository Advanced
Height: s4.9 im Concepal Design (Ard OCRWM Multi-
Diameter s 1.5 in purpose Canis)'

*Maximum commercial SNF waste package - *Based on MODS Controlled Design
Height:s5.850m Ansmptons
Diameter: 1.S50 m

*Maximum codisposal waste package - *Based on MODS Controled Design
Height s5350 m Assumptions
Diameter: s 1.970 m

OCrrent transportation casks - *Based on existing NRC certified casks
Thick Height s21 ft

Diameter: between 6 and 8 ft
Rail Height: s21 ft

Diameter: s10.5 ft

' Related requirement In WA-SRD 3.2.3.1.3.2 states that canistered DOE SNF shall be sized to maximize system
standardization.
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Table 1. Required Waste Form Parameter Values

Parameter Value Source

Weight *Waste Package *Tbere is conflict between these vaiues
SNF s 65.000 kg and the ons repoeted in the Repository
HLW s25.000 kg Advanced ConceposaJ Design and MGDS

Controlled Design Assumptions. The
design orgatizatioi Is working to resolve
the differences.

*Transporution Casks *Based on existing NRC certifd packages
Truck between 25 and 40 tons
Rail sl25 tons

Handling *Comply with applicable regulatory guides and national standards WA-SRD) 3.23.1.1.13.3Z3.13.12
(such as NUREG 0612 and ANSI N14.6)
*Ability to Lift vertically
*Ability to renotely engage and disengage
*Ability to engage or disengage while remaining wlthin perimeter
of form
*Prevem inadvertent release
*Allow confirmation of engagement prior to lifting

LAbel (Outer-most Canister) *tntlgra part of cMnser WA-SRtt 3.23.1.1.17.3.23.13.11
*Legible at least to end of retrievability period in repository.
Retriebility period duration is 100 years.
-Unique alphanumeric Identifier
*Cannot impair Integrity of canister
*Material compatible with canister and waste package
*Visible on top and side of canister
-Cannot cause dimensional limits to be exceeded

Criticality Control *Criticslity control options: -Based on Repository Advanced
*limiting amount of rissile material Conceptual Design
-reducing enrichment
.adding neutron absorber material

*Maintain kw aufficienty below 1.0 to thow a 5% tnargin after *WA-SRD 3.23..1.6.3.23.13.4
allowance for bias and uncertainty. taking into account the
conditions In IOCFR60.131(bX7)
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Table 1. Required Waste Form Parameter Values

Parameter Value Source

Radiaion Field (wlo shielding) *Upper bound -At I meter from any accessible surface without *WA-SRD 3.23.1.1.19. 32.3.1.3.5A
intervening srhiedding-
slO I0 rem/) (gmm)
sO renMhr (neuron)

.Lzwer bound -Al 3 feet (-1 neter) from any accessible surface *WA-SRD 32.3.13.5.B
without intervening shielding:
A 00 rem/hr

Non-fixed Surface Contamination *s2200 dpnml0O cmr (alpha) WA-SRD 323.1.1.12. 323.13.9
* s22.000 dpm/l00 com (beta and gammsa)

Safeguards -Comply with NRC and IAEA safeguards reglations *WA-SRD 32.3.t3.10
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Subsystem Requirements

There have been previous attempts at specifying numerical metrics to demonstrate compliance (a
subset of the Waste Acceptance Criteria for disposal). These are the subsystem requirements of
the NRC (10 CFR Part 60.113) developed in response to the requirements of the NWPA, as
amended. Examples of these subsystem requirements are the 1,000 year groundwater travel time
and the release rate of any radionuclide not to exceed I part in 100,000 per year of the inventory
of that radionuclide calculated to be present at 1,000 years following permanent closure.

In specifying such metrics for the repository, it became clear that 1) their application to protect
the health and safety of the public could not be substantiated, and 2) there were instances where
these requirements were in direct conflict with the total system requirements of 10 CFR Part
60.112. As a result of the Energy Act of 1992, the National Academy of Science investigated the
appropriate technical standards that could apply to Yucca Mountain. As part of their findings,
they addressed the issue of the subsystem requirements and their applicability. The findings as
published in the Technical Basis for Yucca Mountain Standards, National Academy Press, 1995
state:

" The concept of multiple barriers, implemented through subsystem requirements, has its
origin in the Nuclear Waste Policy Act of 1982. Recognizing this origin, we nonetheless
conclude that because it is the performance of the total system in light of the risk-based
standard that is crucial, imposing subsystem performance might result in suboptimal
repository design."

As result of this finding, NRC is now seriously considering removing these subsystem
requirements.

In a system as complicated as disposal in a repository, maximum flexibility must be maintained
to present a safety argument that protects public health and safety. The synergies between the
myriad of parameters are so many that it is difficult to capture them all adequately in simple
numerical criteria.

Waste Form Characteristics

Contents

S Physical State (solid and no particulates)

The requirement of 10 CFR Part 60.135(c)(1) for all radioactive wastes to be in a solid form
and be placed in sealed containers is unambiguous and easily complied with. 10 CFR Part
60.1 35(c)(2) specifies the consolidation requirements for those wastes that are in a particulate
form. The outstanding issue with the particulates requirement is the particle size and particle
size distribution that would require encapsulation in a matrix. Although a majority of the
waste forms are solid and non-particulate, some DOE SNF are in a form that could be
considered particulate. Examples of such fuel types are [Reference 4, 9]:.
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1) Savannah River Site (SRS)

Sterling Forest Oxide Powder (4.5 m3 in 260 canisters by 2015) from Canada. Origin is
HEU targets from Canada that were ground up, dissolved to remove desirable materials,
and left over solution turned into an oxide powder. Some of this material is already in at
the SRS, and some is still in Canada.

2) INEL Site
a) TORY-IIC (3.47 m' in 655 canisters) and TORY-1IA (0.84 m3 in 146 canisters). This
fuel was crushed and canistered to obscure the initial classified shape.
b)Used filters containing highly enriched uranium dioxide particulates from liquid
suspensions. The filters are contained in canisters.

3) INEL Site (issue of particulates unknown)
a) Miscellaneous scrap - contents labeled as scrap, but content is unknown
b) GCRE pellets - can be considered particulate depending on definition of particle size.

The particle size distribution and the matrix in which these particulates are incorporated also
becomes an important consideration because of the transportation accident conditions that
must be satisfied [10 CFR Part 71.51(a)(2)].

It should be possible after analysis of any specialfuel type to provide specifications for the
particulate condition acceptable to the repository. Because the number offuels that fall into
this category are small, the extent of evaluations is not expected to be a major effort.

* Combustibility

The combustibility requirement [10 CFR Part 60.135(c)(3)] specifies that all combustible
radioactive wastes be reduced to a noncombustible form. It, however, adds certain conditions
such as "...demonstrating that a fire ....will not compromise the integrity of other waste
packages, adversely affect any structures, systems, or components important to safety, or
compromise the ability of the underground facility to contribute to waste isolation." For most
of the DOE wastes, combustibility is not an issue. However, for the metallic fuels, such as
N-reactor fuel, this could be a major consideration. The N-reactor fuel constitutes about 78
percent of all DOE SNF (MTHM basis). Ignition testing of N-reactor fuel is underway that
will provide combustibility of metallic fuels for interim storage. Test approaches to resolve
the combustibility of this fuel under repository conditions have been proposed by EM
[Reference 2].

For this fuel type, specific designs and analyses will have to be conducted to ensure
compliance with the regulations. If a safety argument cannot be readily made, some
conditioning of this fuel will be required to meet the combustibility criteria. This could be an
expensive alternative for EM.

Since these analyses are a function of the repository environment, the subsurface layout, the
waste package designs, the potential conditions that could trigger a combustible event, etc., a
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simple prescriptive requirement is not obvious. Should other waste forms be identified that
,pose a combustibility potential, similar analyses will also have to be conducted against these
forms. The combustibility and pyrophoricity issues are inter-related.

* Explosive, Pyrophoric, & Chemically Reactive Conditions

* 10 CFR Part 60.135(b)(1) requires that the waste package not contain explosive, pyrophoric,
or chemically reactive materials in an amount that could compromise the ability of the waste
package or repository to achieve its performance objectives. This requirement does not
readily permit a simple specification for the waste form' to be developed because of the non-
prescriptive nature of the "repository performance objectives". An analysis of the specific
fuel type in the context of the repository design and repository environmental conditions will
have to be conducted before a compliance argument can be developed.

Although most waste forms do not contain explosive, pyrophoric, or chemically reactive
materials, pyrophoricity and chemical reactivity are important considerations for the metallic
fuels, such as N-reactor and Al-clad fuels. The environmental conditions of the repository
that contribute to the pyrophoric potential of the fuels are the: air flow rate, temperature,
oxygen partial pressure, humidity, etc. It is postulated by EM that only under some very
limited range of the parameters listed does a pyrophoric condition exist. Hence the need for
the specific design approach discussed above [Reference 2].

Hydrating and the effects of corrosion make the fuel more chemically reactive, and
potentially more susceptible to, at least, localized pyrophoric events. The current strategy is
to remove the fuel to dry storage, vacuum dry, and condition the fuel prior to interim storage
by heating it to reduce the residual bound water and hydrides. The reactive material will be
oxidized by introducing a controlled amount of oxygen to the fuel containers at elevated
temperatures [Reference 3]. Although such a strategy is expected to work for interim
storage, it is nor clear that afuel conditioned in this manner will meet the repository
disposal compliance requirements without some design and performance analysis to
establish safe operating conditions.

Hydrogen generation by corrosion (caused by radiolysis in some instances) must also be
considered for waste forms in which there is exposed aluminum metal, such as Al-clad SNF.
If these fuels are canistered, pressure buildup in the sealed canisters is a concern with the
potential for ignition of hydrogen in the presence of oxygen. The preclosure strategy to
address this issue is to utilize a combination of effective drying and staging, with inert gas in
well-sealed canisters to minimize gas generation. If necessary, the canisters could be vented
prior to repository disposal to ensure that pressure limits within the waste packages are not
exceeded [Reference 4]. Although such a strategy may be adequatefor the preclosure
period, it is not clear that it will be workable or acceptable as a long-term strategy. This
analysis still remains to be performed.

* Free Liquids
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10 CFR Part 60.135(b)(2) requires that radioactive materials not contribute free liquids in an
amount that could compromise the ability of the waste package or repository to achieve its
performance objectives.

This requirement can be applied to all fuel types. DOE fuels contribute nothing different to
compliance with this requirement than what is required of the commercial SNF. However,
the amount of contained water that would contribute to ..."compromising ... the performance
objectives" is undefined. In other words how dry is dry?

packaging

* Material Compatibility

The stated requirements are that the materials be compatible with the waste package such that
there is no adverse effect on normal handling, storage, emplacement, or isolation, or on
abnormal occurrences such as canister drops and premature failures. The parameters
associated with material compatibility with the waste forms are many: chemical,
electrochemical, or other reactions (such as galvanic corrosion between dissimilar materials);
and type and thickness of inner and outer barriers, type of structural support (e.g., basket)
material.

The issues in complying with these requirements are the lack of definitions (specific metrics
for measuring compliance) for: 1) compatibility, what does compatibility mean? 2) what
corrosion rates are tolerable? 3) how do the metrics between transportation, storage,
containment, and emplacement vary? and 4) what will be the maximum acceptable stress
values for the 2-meter drop test and the rock drop test?

No tests have been performed for the DOE fuels for "material compatibility". Each fuel or
fuel type must be analyzed to determine whether or not the materials of construction currently
under consideration for commercial SNF and HLW are suitable for these new fuel types
(DOE SNF), or new materials should be evaluated and proposed for these waste forms.

Although the current NRC requirements for substantially complete containment state a time
period of 300 to 1,000 years [10 CFR Part 60.113(a)(1)(A)], the waste package design
philosophy adopted by OCRWM is to design a robust package to last thousands of years
[Reference 7]. The design of the package to meet these conditions is dependent on the
characteristics of the waste form. For example, emplacement of the cesium and strontium
capsules presently stored at Hanford, could result in corrosion of the waste package (because
of the presence of chlorides) and seriously impact the package life.

Thermal Limits

The thermal considerations for the waste forms are driven primarily by the transportation
requirements of 10 CFR Part 71 and the disposal requirements of 10 CFR Part 60. The two
thermal criteria developed for the commercial SNF and HLW are: maximum centerline
temperature of 350TC for the SNF to avoid cladding creep, and a borosilicate glass
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temperature not to exceed its transition value of 4000C [Reference 1, 7]. For commercial
SNF, a waste package has been designed to ensure that this temperature limit will not be
exceeded provided that the assemblies loaded into a single package have a total heat
generation rate less than 14 KW. This can be interpreted as an acceptance criteria [Reference
6]. For the Aluminum-clad fuels, the creep temperature is expected to be less; however,
because the bum-up is very low, it is not expected that this lower cladding temperature will
be exceeded. This calculation needs to be performed to verify this conclusion.

It is not expected that any of the DOE SNFfuel types will exceed the current thermal loading
requirements of the repository. The MOX SNF has been found to have the highest thermal
load/waste package, and even this difference is within a few percentage of the Low-Enriched
Uranium (LEU) SNF.

Over and above the requirement for an upper bound on the thermal limits of the waste forms,
it is important to have the actual thermal characteristics of any waste form reported formally,
to enable OCRWM to thermally balance the repository subsurface design and achieve the
target thermal loading.

Physical Characteristics

Standardization of waste form and canister dimensions, weight, and handling equipment
minimizes the need for varied handling operations and associated equipment and facility designs,
which in turn reduces cost and human engineering error. Commercial SNF already exists in a
variety of sizes and waste type. A method to standardize the SNF is to load the different fuel
types in a more manageable number of standard size containers. Standardization of DOE SNF is
currently being investigated by a team established by EM. Although there is some flexibility in
the size and weight of the final waste package designs, they are ultimately limited by the size of
the repository drifts and available technology for handling.

0 Dimensions

The dimension limits of waste packages and canisters for the waste forms are driven by the
size of the repository underground openings; and for the transportation overpacks, by the size
and weight determined by the need to transport either by truck and/or rail.

Current underground design shows that the ramp access/service openings are 7.62 meters in
diameter, whereas the size of the emplacement drift has not been frozen (the size will be
selected in April 1997) [Reference 7].

The current design maximum dimensions for the waste package emplacing SNF are an
external diameter not to exceed 1850 mm and a length not to exceed 5850 mm [Reference 7].
The corresponding transportation package dimensions are for truck transport (dimensions
include impact limiter): diameter of between 6 and 8 feet depending on the cask type, and
length of 21 feet. The weight varies between 25 and 40 tons. The corresponding dimensions
for a rail transportation cask are: diameter of 10.5 feet and a length of 20 to 21 feet with a
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weight limit of 125 tons. [Dimensions for transportation systems correspond to existing
NRC certified packages.]

The current design maximum dimensions for the waste package co-emplacing HLW with
SNF are an external diameter of 1970 mm and a length of 5350 mm. The corresponding
transportation package dimensions are 11 feet diameter and 17 feet length (with impact
limiters) [Reference 10]. For the Hanford HLW, the length of the waste form has been
extended to 4.5 meters [Reference 8], which will require that the waste package and
transportation conceptual designs be re-evaluated. This increased length was considered the
maximum to navigate the curves and bends in the underground drifts.

e Waste Package Weight Limit

The weight limits of waste packages, disposal containers, and canisters for the waste forms
are driven by the maximum load that can be lifted by the handling equipment, and that can be
transported underground. Current state of technology dictates that the weight of the waste
package for SNF not exceed approximately 65,000 kilograms, andfor the HLWnot exceed
approximately 25,000 kilograms. [Note: there is a conflict between these values and the ones
reported in the Repository Advanced Conceptual Design and the MGDS Controlled Design
Assumptions. The design organization is working to resolve the differences).

* Handling

The issues for handling are identical to those for standardization already discussed.
Although it is possible to design for handling different types of fuels and packages, cost and
safety considerations favor standardization as a prudent measure.

* Labeling

Labeling requirements are specified to assist in maintaining accountability of the waste forms
within the CRWMS. Commercial SNF was manufactured with unique identifiers; HLW will
be poured in canisters that have unique identifiers. Although most DOE SNF has or had
identifiers, due to the current condition of the fuels, these identifiers are no longer legible.
Additionally, some DOE SNF was not provided with unique identifiers when manufactured.

Unique identifiers will be required for all DOE SNF shipped to the repository. In those
instances where existing identification is difficult or missing, a unique identification system
will have to be developed to satisfy accountability requirements of OCRWM and NRC (as
necessary).

Radiation

* Radiation Field (maximum and minimum)

The external radiation levels or dose limits associated with the handling of materials in the
CRWMS Program must be below the limits defined in 10 CFR Parts 20, 60, 71, and 72. An
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upper bound 10 R/hr of neutron and 105 R/hr of alpha and gamma radiation has been
specified in order to allow design activities to proceed. This value is based on the radiation
field of a typical 5-year old commercial SNF assembly. The radiation field from HLW is
expected to be an order of magnitude lower than commercial SNF.

The lower bound (lOOR/hr) is specified based on an allowance of an exemption from 10 CFR
Part 73.6 regarding strategic material. The lower bound ensures that the waste form is self
protecting [Reference 1]. For those instances where the waste form is not self protecting (not
fully irradiated SNF), special conditions (e.g., a lower bound) will have to be developed.

Forms that are not self protecting will need to be evaluated on a case by case basis to
determine alternate methods of compliance with this requirement.

Surface Contamination

Surface contamination limits have been imposed on HLW canisters to prevent spread of
contamination in the repository facilities. To avoid the high expense of a hot cell facility, these
canisters were to be stored in a separate facility on-site. At the time of acceptance, the non-fixed
radioactive contamination on the wiping material shall not exceed 2,200 dpmIIOO cm2 of canister
surface wiped for alpha emitting radionuclides and 22,000 dpmlcm2 of canister surface wiped for
beta and gamma radionuclides [Reference 1].

£feguards

Most of the fuels shipped to the repository will be self protecting and/or be declared CAT IV E
by DOE. The safeguards and security requirementsfor DOE SNF are not expected to be any
different than for commercial SNF and HLW.

Long-term Performance

As opposed to the "physical" requirements for waste acceptance discussed above, the long-term
performance behavior of the waste forms and the engineered barrier is the most crucial in
defining "acceptance" for disposal, and the most difficult for developing metrics that will
demonstrate compliance with the regulations. This is due to the uncertainties introduced in both
the natural and engineered systems over the long time periods (10,000 to up to 1,000,000 years)
stipulated by the standards and the regulations.

This long-term performance consists of two elements: total system performance of the waste
form and engineered barrier in the geosphere and the biosphere (i.e., dose to the public at the
accessible environment), and the long-term criticality behavior of these waste forms and
packages in the repository environment. The characteristics, issues, synergies, and findings for
each of these elements are discussed below.

Total System Performance Assessment
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The environmental standards for disposal are codified in the EPA Standard 40 CFR Part 191
(currently in remand) and grouped under four categories:

* Containment requirements that specify the need to demonstrate with "reasonable
expectations" that the cumulative. releases to the accessible environment remain within
specified limits.

* Assurance requirements that specify the need for institutional controls, a monitoring
requirement to detect "substantial and detrimental" deviations from expected
performance, the use of multiple barriers to ensure isolation, selection of a site where the
easy availability
of natural resources could result in a breach of the repository, and the design of a facility
where removal of the wastes can be accomplished within a reasonable period of time.

* Ground water protection requirements that specify that for a period of 1,000 years after
disposal, the water quality not be degraded beyond specified limits. [Note: this
requirement has been changed to 10,000 years for the WIPP project].

Based on these standards, NRC postulated Performance Objectives codified in 10 CFR Parts
60.111, .112, and .113, and required "reasonable assurance" that these objectives be met.
They recognized the long time periods (10,000 years) postulated for demonstrating
compliance, and the uncertainties associated with long-term predictions. In addition,
compliance was required for the total system composed of the engineered barrier and natural
systems (the geosphere), and the accessible environment described by the biosphere.

Clearly, the issues associated with such a system are numerous. They are associated with the
design of the engineered barrier system and its predictability for tens of thousands of years, the
geology of the site and the flow and transport of the materials within it, the mixing characteristics
in the ground water during transport to the accessible environment, and finally, the social
behavior of the population at the accessible environment that might be impacted by the
radionuclides in the water. Further, the impact of external events such as climatic changes,
volcanic activities, and earthquakes are long-term considerations of concern. The parameters
associated with these issues and the synergies among them are numerous. These are discussed
below.

With respect to the engineered barrier system, the performance is dependent on:

* Type of fuel and its radionuclide inventory
* Quantity of the waste form
* The dissolution rate of the waste form
* The solubility of the waste form radionuclide components in any water passing through

the repository/waste package
* Corrosion rates of the waste package materials
* The types of transport out of a failed waste package (i.e., diffusion or advection)
* Dependence of dissolution rates, solubility, corrosion rates, and other performane related

parameters on temperature
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The geosphere also imposes its characteristics on the performance of the total system. Some of
the parameters associated with the geosphere are:

* Flow rate of the water through the repository horizon. This is probably the most
important parameter for determining the performance. Without any reasonable water
flow, no releases are likely to occur and, therefore, no doses to the public at the accessible
environment would be present. Further, the flow rate determines the concentration of the
radionuclide species at the accessible environment because of the radionuclide solubility.
The flow rate also controls the corrosion rate of the waste packages.

* Water chemistry that contacts the waste package and the waste forms. In conjunction
with the flow rate of water, the water chemistry will determine the concentrations of the
radionuclide species in the waters.

0*. Humidity. The waste package corrosion rates are a function of the temperature and the
humidity.

* Temperature profile within the repository as a function of time. The high thermal loading
strategy essentially delays the corrosion of the waste packages and, therefore, the release
of the radionuclides.

* Presence of fast paths in the saturated and unsaturated zones. This describes the flow
path for the water, its contact time with the waste package and waste form with the
attendant time for dissolution to occur, the time for dissolved species to reach the water
table, and the rate of travel within the saturated zone to the accessible environment.

* Mineralization of the site. The type of mineralization, together with the paths that the
water flow takes, will determine the possibility for sorption of selected radionuclide
species, such as plutonium adsorption on the zeolites present in the Calico Hills.

* Fracture patterns within the geosphere which will determine the flow paths and the degree
of dispersion that could occur as the fluids migrate downwards towards the water table.
The faster the flow path, the smaller the dispersive mixing with the resultant higher
concentration at the accessible environment.

* The use of backfill in the drifts prior to closure. Backfill contributes to the mechanism of
diffusion for radionuclide transport, which is slower than advective flow. The presence
of an invert at the bottom of the waste package also behaves as a diffusion barrier.
However, it is not yet clear that backfill or invert will create a diffusive barrier in the
presence of dripping fractures.

The biosphere poses a more serious issue in analysis. It requires determining the social behavior
of individuals and communities that are likely to be affected by these releases. Since no guidance
for a biosphere model has been provided, any analysis would lead to an argument of a safety case
in court rather than demonstrating compliance in a license application. The findings of the
National Academy of Sciences do indeed provide "guidance" for such scenarios. Whether the
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EPA adopts their recommendations or not remains to be seen. In any event, the TSPA does
include a scenario
for the biosphere, and if all waste forms are compared against the same conditions, then relative
differences will remain valid. This approach has been adopted in comparing different waste
forms.
Clearly not every one of the parameters discussed above has an equal or major impact on.
performance. Over the years, many models have been developed that simulate the processes,
events, and features of the geosphere, and the understanding of the fundamental behavior of the
geosphere has continued to mature as more data are collected and analyzed. TSPA conducted at
a frequency of about one every two years have looked at the affect of the parameters discussed
above, and conducted parametric analyses to assess the sensitivity of selected parameters to
changes. These analyses have shown that the most important parameters are:

* Flow rate of water through the repository
* The types of radionuclides present in the waste form(s)
* The quantity of the radionuclide inventory
* The dissolution/alteration rates for the waste forms
* Transport properties of the site (which include dispersion, dilution, and sorption).

Flow Rate of Water

As previously stated, the flow of water through the repository horizon is the primary variable
for determining the transport of radionuclide species to the accessible environment. The
slower the flow rate, the longer the time before the public is exposed to any dose at the
accessible environment. At low flow rates, the flow in the unsaturated zone is the controlling
factor for the time it takes to reach the accessible environment. At higher flow rates, the flow
in the saturated zone can become the controlling factor. Another feature of the fast flow rate
is that the radionuclide species will reach the accessible environment sooner, and because the
dispersion within the geosphere will be less, the concentration of the radionuclides at any
given time will be higher, resulting in a greater dose to the public. For example, calculations
have shown that there is more than a six order of magnitude difference in dose when the flow
rate is 1.25 mm/year (high percolation) and 0.03 mmlyear (low percolation). At lower flow
rates the radionuclide concentrations are limited by solubility in the volume of water
contacting the waste and there is a greater dispersion of the radionuclides in the geosphere.
This is strictly a feature of the site and not the emplaced waste form. Therefore, when
com.~ariu the behavior of one wasteform to another, theflow rate is not likely to be a
discriminating factor.

Type and Quantity of Radionuclides

Analyses of a variety of fuel types have shown that the radionuclides that contribute to dose
are: C-14, CI-36, Tc-99, 1-129, Pb-210, Ra-236, Ac 227, Th-229, Pa-231, U-233, and Np-
237. Results also show that Tc-99, 1-129, and Np-237 contribute the largest peak dose at the
accessible environment. These radionuclides have been seen as the principal contributors
from commercial SNF, HLW, plutonium waste forms, and a series of DOE SNF fuels at
ONEL Thus, the primary radionuclides for consideration in the development of a waste
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acceptance criteria are Tc-99, 1-129, Np-237, and the parents of Np-237 (e.g., Cm -245, Pu-
241, Am-241).

In general, the peak concentration of the radionuclides Tc-99, and 1-129 reach the accessible
environment between 10,000 and 50,000 years, and the peak concentrations of the actinides
(Np-237, Th-229, and U-233) reach the accessible environment after 200,000 years. The
timing of the arrival of the peak dose for a given radionuclide is controlled by the failure time
of the waste package, the mechanisms of release from the engineered barrier system, ground
water flow in both the unsaturated and saturated zones, and retardation along the transport
pathway. Analyses of the Thorium based spent fuels from INEL indicate that Th-229 is
responsible for the peak dose and that U-234 becomes an important dose producing
radionuclide, which is not the case from commercial spent fuel, HLW, or plutonium waste
forms. The radionuclides Ac-227 and Pa-231 were found to be the most important dose
producing radionuclides from the Fermi spent fuel after 800,000 years. However, because of
the small quantities of these fuels in relationship to the 63,000 MTU of commercial spent
fuel in the repository, U-234 does not appear to be an important dose producing radionuclide
from the entire repository.

Two important lessons can be derived from these analyses:first, that the repository must be
evaluated based on the cumulative effects of the entire wasteform inventory (even though the
quantities of the DOEfuels are small) to ensure compliance with the established standards;
and secondly, thefindings regarding the radionuclides that contribute to the peak doses
could not have been 1zd2rio determinedfor the different types offuels. An analyiis was
necessara before an! conclusions could be drawn.

Dissolution/Alteration ates

The waste form alteration/dissolution process begins when the waste package has been
breached by water. Experiments and analyses have shown that dissolution/alteration rates for
expected waste forms can vary by as much as five orders of magnitude, depending on the
precise chemical composition of the waste form and on the chemical composition of the
water infiltrating into the breached waste package. This parameter is afunction of the
properties of the waste form, the waste packaje environment (temperature, pH, etc), and
time. It is an important determinant of the source term for the computation of doses.
Furthermore, the dose contributions due to this parameter are also afunction of the quantity
of the waste form, its radionuclide inventory, and the transport properties of the site.

An example of the different dissolution rates for various waste forms is shown in Figure 1.
The time dependence is based on the extrapolation of semi-empirical relations developed
from laboratory and theoretical investigations. It can be seen that the change in rates varies
by as much as eight orders of magnitude in the beginning, reducing to approximately five
orders of magnitude by 100,000 years.

Transport Properties of the Site

22



The three primary properties of the site that influence the dose at the accessible environment
are: diffusion, dispersion, and sorption. In the absence of dripping fractures and in the
presence of backfill, both the backfill and the invert below the waste package contribute to
diffusive rather than advective flow, thereby slowing the transport and providing time for
radioactive decay. For low percolation rates, fracture flow is not present and matrix flow
contributes to significant dispersion of the fluids in the lateral and longitudinal direction as it
migrates downwards towards the water table. This reduces the concentration of the
radionuclides that mix with the ground water of the saturated zone at any given time. The
larger the percolation rate, more of the flow

23



Figure I Range of dissolution rats models
100000

0

0 10000 2000 2000 40000 07000 Io 10

Thw A)

I -SFDime.LModalTSPA-1tgS) -W3-01WDI=A Mdel(rSPA-19g5) 6 tWwn4kiwd Ol
-Uannh.WI O -Syc hRte - A Di l

24



occurs in the fractures with a concomitant decrease in dispersion. Many of the radionuclides
have a propensity to sorb on the minerals present in the host rock of the site. For those
radionuclides with a short half-life, there is enough time provided by the sorption/desorption
processes so that the radionuclides decay to. insignificant levels before reaching the accessible
environment. For long half life radionuclides, sorption does not provide sufficient time for decay
(i.e., several half lives of decay
are necessary to provide significant dose reduction). Hence the predominance of the isotopes of

Tc, I, and Np at the accessible environment. Exceptfor the sorptive capabilities (which are
different for different radionuclides), all the other transport properties are common to any waste
form.

Long-Term Criticality

Regulatory Drivers

The acceptance criteria pertaining to long-term criticality of the waste forms are specified in the
current NRC regulations presented in the June 24, 1996 rulemaking (SECY-96-136), which has
slightly revised and relabeled the applicable regulation, now 10 CFR Part 60.131(h) , to state:

"All systems for processing, transporting, handling, storage, retrieval, emplacement, and
isolation (emphasis added) of radioactive waste shall be designed to ensure that a nuclear
criticality is not possible unless at least two unlikely, independent, and concurrent or
sequential changes have occurred in the conditions essential to nuclear criticality safety.
Each system must be designed for criticality safety assuming occurrence of design basis
events. The calculated effective multiplication factor (keff) must be sufficiently below unity
to show at least a 5% margin, after allowance for the bias in the method of calculation and the
uncertainty in the experiments used to validate the method of calculation."

This regulation raises two major uncertainties:

* Is criticality permitted for any situations (even those of very low probability)? The phrase
from the 10 CFR Part 60 excerpt quoted above, "unless at least two unlikely,
independent, and concurrent or sequential changes have occurred," does not provide
much guidance for long-term criticality because concurrent or sequential changes likely to
lead to criticality in the post-closure repository environment will seldom be independent.

* Does the reference design basis events imply that the regulation is intended for pre-
closure only (since the design basis events do not apply to long-term processes)?

In responding to a DOE request for clarification, submitted as part of the rulemaking process, the
NRC provided the following clarification of the second of the uncertainties:

'Thus, while the applicability of the criticality control requirement proposed in 10 CFR Part
60.131 (h) is clear with respect to preclosure considerations, uncertainty remains with respect
to the applicability of these requirements to postclosure considerations. However, NRC
proposes to address this remaining uncertainty in a future rulemaking to conform to Part 60
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with the revised EPA standards that are currently under development, as mandated by the
Energy Policy Act of 1992."

With respect to the first uncertainty (deterministic regulation), the performance assessment
regulations [10 CFR Part 60.101 (a)(2) and 40 CFR Part 191.13(b)] appear to leave the door open
to satisfy the regulations on a probabilistic, rather than a deterministic, basis. This uncertainty
may be clarified by the promised future rulemaking. However, the reference to the EPA
standards implies that there may be need to extend the criticality control requirement beyond the
10,000 year waste isolation period implied by 10 CFR Part 60.131.

It would appear that the intent of the criticality regulations cited above could be met if acceptance
criteria for long-term disposal are determined with respect to the following objectives:

* Minimize the criticality risk (measured by the product of the probability of a criticality
occurrence multiplied by the consequences).

* Minimize the probability of criticality occurrence. This is the logical extension of the
deterministic regulation to the long time periods where unlikely events or processes may
eventually occur.

* Delay the earliest possible onset of criticality. Criticality is almost impossible during the
waste isolation period (first 10,000 years following emplacement), and prevention of
occurrence before 100,000 years greatly reduces the significance of a criticality (although
the consequences and risks must still be determined).

The regulatory picture is further complicated by the recently raised possibility of autocatalytic
criticality behavior (positive feedback, in which the initial material movement following onset of
criticality leads to a higher kf,). The probability of such an occurrence is incredibly small for
commercial SNF, but could be a concern (although still quite small) for highly enriched SNF or
immobilized plutonium waste forms. In commenting on this possibility, the NRC has stated that,
"...DOE, as the future applicant, has the burden to demonstrate that what they propose is safe and
meets NRC requirements. DOE must provide, in its license application, rigorous, site-specific
technical analyses of repository criticality safety," (letter to Lake Barrett, Deputy Director,
OCRWM, from Carl J. Paperiello, Director Office of Nuclear Material Safety and Safeguards,
NRC, dated August 7, 1995). This NRC statement implies a requirement to demonstrate the
minimal risk associated with an autocatalytic criticality.

Conditions for Criticality and Methods of Analysis

The following conditions are necessary for the occurrence of criticality. The sufficiency of any
of these conditions will depend on the extent of any or all of these conditions. The specific
extent of this dependence will vary with the waste form, and will generally require some unique
analysis for each type of the waste form.

* Critical mass of fissile material, which is a function of the type of fissile material (U or
Pu), its enrichment, geometry, and the amount of neutron absorber(s) present.
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* Moderator, of which the most efficient (on a per unit volume basis) is water, but other
elements which may be found in the waste package or the repository environment, can
also play a role (e.g., silica or carbon).

* Separation of fissile species from neutron absorlier(s). For internal criticality, the
separation generally involves the removal of most of the neutron absorber(s) and
degradation of the internal package configuration with a change in geometry, leaving a
critical mass of the fissile species.

The principal performance parameter for measuring criticality is the effective neutron
multiplication factor kff. The remainder of this section provides a description of the
methodology which has been developed to predict the k,, of possible configurations which can
result from degradation of waste forms. With this methodology, requirements specified in terms
of criticality performance parameters can be mapped back into acceptance criteria in terms of
waste form characteristics. A more detailed description of this methodology is given in "The
M&O Waste Package Criticality Technical Report", August 1996, which is presently being
informally reviewed by the NRC. A comprehensive description, with extensive examples, for
NRC formal review and approval will be given in "the M&O Waste Package Criticality Topical
Report", September 1998.

The features, events, and processes (FEP's) which can involve the post-closure waste package,
can be linked together into scenarios which can, in turn, be traced through a sequence of
configurations. The scenarios are grouped into between 10 and 30 categories, which are
representative of the thousands of possible combinations of the FEP's. Within each category the
continuum values for the most significant species (those which are neutronically active, and
those which influence the solubility of those that are neutronically active), are traced by computer
programs of time-dcpendent first order differential equations. These programs evaluate the
criticality of the configurations using linear regressions for kff as a function of the concentration
of the neutronically active species.

Developing a simple metric for compliance with the long term criticality requirements is
obviously fraught with problems. It is difficult not only because of the issues discussed above,
but also because of the large number of waste types with their own particular characteristics, the
(repository) environmental conditions that lead to degradation and (perhaps) reconstitution of the
fissile material, and the numerous synergies between the parameters that affect criticality. These
are discussed in greater detail below. It should be noted that efforts related to long-term
criticality evaluations are a relatively recent undertaking within RW. Consequently, the
understanding and data development is quite limited. Extending the current (but limited)
findings from commercial SNF to other wastes has been difficult. Even though new analyses
just completed (degraded mode criticality analyses for immobilized plutonium waste forms)
provide a basis for fissile content threshold values in a waste package, extension of these findings
to other waste forms are not obvious. Further, even these findings require some type of
confirmation (experimental data, natural analogs, etc.)

Characteristics and Parameters
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The primary parameters (or characteristics) that most strongly affect the scenarios that lead to
long term criticality, can be grouped into three categories:

* Waste form characteristics
* Waste package/engineered barrier characteristics
* Environmental parameters.

Waste Form Characteristics

The characteristics of a waste form that contribute to criticality considerations are:

* Fissile content of the waste (specifically the fissile isotopes of U and Pu). This is the
single most important parameter for highly enriched uranium fuel, and in
consideration of the possibility of an autocatalytic event. If this amount of fissile
material is small enough, it will be impossible to form a critical mass. Conversely, if
this quantity is large, there could be a significant number of scenarios which would
have a critical mass remaining in the waste package after most of the neutron absorber
has been removed.

* Waste form components which may effect the solubility of U, Pu, and neutron
absorbers. When released from the degrading waste form, the following types of
components can influence the solution parameters and the associated solubilities:
- Ionic species which can form solids (precipitates) with the indicated neutronically

active species (e.g., fluoride, phosphate, carbonate)
- Ionic species which will dissolve and effect the pH (e.g., Na, K which increase the

pH or sulfates or chlorides which decrease the pH). It should be noted that a high
pH generally increases the solubilities of U and Pu, thereby decreasing the internal
criticality potential, but possibly increasing the external potential.

- species that can enhance colloid formation (e.g., silicates).

* Absorbers in the fuel matrix which can be demonstrated to be less soluble than the
fissile material over the entire range of solution parameters (e.g., hafnium). Although
burnup credit will take advantage of the neutron absorbers (mostly fission products)
in the commercial SNF, it is not expected that the other fuels will have sufficient bum
history documentation and verification for NRC approval.

* Dissolution rate of the waste form (as a function of temperature, pH, and ionic content
of the solution). If the neutron absorber in the fuel matrix is significantly more
soluble than the fissile species, a higher dissolution rate will generally be associated
with a greater internal criticality potential.

* The metals most responsible for the corrosion resistant properties of stainless steel
(Cr or Mo) may also lead to acidification of the waste package solution, as they
readily oxidize to pH reducing species. Therefore, neutron absorbers which are
highly soluble at low pH (e.g., Gd) should not be used in conjunction with a container
internal material that contains significant amounts of Cr or Mo.
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Waste Package Characterstics

The characteristics of the waste package are affected by both the characteristics of the waste
form and the repository environment in which it is emplaced.

* Capacity in terms of the number of waste form units. Specification of the amount of
fissile content in a waste form will determine the total quantity per waste package,
which, in turn, will define the fissile material available for a critical mass.

* Lifetime of waste package barriers (against corrosion by the infiltrating water over a
range of water compositions). This parameter is important in determining the time for
the earliest possible onset of a criticality event.

* Criticality control technology incorporated into the design of a waste package.
- Neutron absorber: (1) in the basket supporting fuel assemblies, (2) fresh control

rods locked in place in the assembly, (3) in filler material between waste forms
(e.g., depleted uranium, which is a rather weak neutron absorber but has the
advantage of
chemical properties identical with the U-235, so that it can never become
separated from this species).

- Water displacement/exclusion. This function can be provided by the expansion of
iron into ferrous hydroxide which occurs with the corrosion of the steel in the
basket or by corrosion of iron shot placed inside the waste package specifically for
this purpose.

* Acidification of infiltrating water by corroding metal. This function will be provided
primarily by the steel in the basket or the waste form container. This exhibits the
same behavior as the stainless steel components of the waste form, discussed above.

* Ability to retain water in the waste package by having no holes in the bottom of the
waste package, although holes at the top of the waste package already exist.

* Modifications to the materials of construction to accommodate unique water
chemistry.

Environmental Parameters

Environmental parameters that impact criticality considerations are an interactive set of
conditions that play an indirect role in criticality calculations.

* Infiltration rate. A high infiltration rate can enhance the chance of criticality by
increasing the rate at which the neutron absorber is removed from the waste package
(e.g, boron from DWPF glass). Conversely, a high infiltration rate also inhibits the
buildup (high concentration) of species (Cr or Mo) which can lower the pH of the
solution, resulting in a more neutral solution. Under these neutral pH conditions, the
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fissile materials and neutron absorbers can precipitate simultaneously, thereby
reducing the possibility of a criticality event. The effect of infiltration should be
evaluated for each waste form to determine what changes in waste form formulation
might be desirable for long term performance.

* Temperature (as a function of time). The temperature in the immediate waste
package environment is determined primarily by the thermal loading strategy. The
high thermal loads will lead to several thousand years of the waste package surface
over the boiling point of water. Thus, an early temperature can influence the earliest
time for the onset of the waste package degradation processes and the rate of
degradation of the waste package barriers. Temperature also affects the dissolution
rates and the solubilities of the species (fissile materials, and neutron absorbers) in the
solution.

* Humidity. The behavior and influence of this parameter is closely related to the
temperature considerations discussed above.

* Alkalinity of the incoming waters. This parameter strongly effects the pH of the
solution resulting from the interaction between the water and the waste form. This
solution pH will determine the solubility of the fissile material and neutron absorbers
and hence the potential for their separation.

Near-Field Environment Parameters

These reflect the repository environmental factors that could contribute to re-concentration of
the fissile material(s) once they leave the waste package. The near-field is scoped at an area
in the immediate vicinity of the waste package.

* Natural zeolite in Tuff. This material can enhance the re-concentration of fissile
species being carried out of the waste package. If a sufficient quantity can be
accumulated in a favorable geometry, a criticality event is potentially possible.

* Zeolite formation from cement (if used as an invert material). This material will
behave similar to the natural zeolites, except there is the potential for a much larger
volume of this material present for contact. The use of cement is, therefore, being
carefully studied as part of the repository design effort.

* Narrow aperture fractures. Formation of colloids or clayey materials containing
plutonium have been observed in leaching experiments conducted with glass. These
colloids would tend to filter out and accumulate in the small fractures and fissure of
the host rock.

Far-Field Environment Parameters

Fissile material mobilized from the waste package, and not precipitated in the near-field,
provides the basis for far-field criticality considerations. The environmental parameters that
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could affect the reconstitution of the fissile materials are approximately the same as those
mentioned for the near-field environment. Very little work or analysis in this regime has
been conducted to-date.

"Basis" for an Acceptance Criteria

Given the complexity of the situation, the development of a simple metric for acceptance
criteria is not straightforward. Most of the understanding to-date is based on evaluations of
limited numbers and types of waste forms. A pattern for specifying numerical values has not
yet emerged, but some ideas are evolving which point to the kind of criteria that might be
possible. All these ideas need to be tested and verified for other types of fuels. Intact form
criticality is the easiest to accommodate through design. Degraded mode criticality begins to
define the range of issues and problems that might impact initial waste form conditioning.
External mode criticality considerations, where probabilistic risk approaches are used to
demonstrate consequences, are of the greatest value, but, unfortunately, the least well studied
and understood. Some examples from degraded mode criticality analyses of immobilized
plutonium waste forms, and one from commercial SNF, are discussed below.

* Upper Limit on Waste Form Dissolution Rate. This parameter is the product of the
intrinsic waste form material dissolution rate and the waste form surface area (which
may include extensive internal fracturing.) The performance assessment analysis,
considering the various possible degradation scenarios, will determine whether a
given waste form dissolution rate can lead to a criticality. This approach has been
applied to the long-term criticality analysis of plutonium immobilized in glass or
ceramic waste forms, with the results illustrated in Figure 2. These curves show the
threshold waste form dissolution rate below which criticality would not be possible,
under the assumption of the nominal degradation scenario, as a function of the waste
form plutonium loading. This threshold dissolution rate is not yet an acceptance
criterion, but it could serve as the basis for establishing an acceptance criterion, after
consideration of other possible scenarios and accounting for the uncertainty in the
parameters involved. It should be noted that any thresholds or acceptance criteria
established for one waste form will not necessarily be applicable to other waste forms.
However, it is expected that the methodology for establishing these thresholds, or
acceptance criteria, would have broader applicability

* Upper Limit on Fissile Loading of the Waste Package. Loading below this limit will
prelude criticality for the scenario(s) considered. The determination of this limit for
the immobilized plutonium in glass or ceramic waste form is illustrated in Figure 2.
With decreasing Pu fraction, the threshold dissolution rate increases; there can be no
criticality at all if the Pu fraction is lower than the left hand limit of the curve
appropriate to the scenario being considered. As with the previous item, these results
are for illustration only; any actual acceptance criteria will need to be developed
representing all possible scenarios and for each waste .form.

* Lower Limit on Neutron Absorber Loading (immobilized waste forms). This
parameter is highly dependent on the dissolution rates and degradation mechanisms.
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Since these data are not well understood or readily available, defining lower bounds
that could avoid
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Figure 2 - Waste Form Dissolution Rate Threshold
as a Function of Pu Loading Fraction

(Below this threshold there will be no criticality from the nominal dog. scenario)
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criticality conditions is not yet possible. However, it has been shown that even a
small amount of neutron absorber (10% of the initial 1:1 molar ratio of absorber to
fissile material) in a degradation scenario can avoid criticality. What is not as well
understood is what the initial concentration of the neutron absorber needs to be such
that the final (in a degraded mode) concentration will be adequate.

• Limits on Materials that can Effect Solubility of the major neutronically active
species. As mentioned in the discussion of waste form characteristics above, certain
waste form materials are likely to increase the pH of the solutions in contact with the
waste form, while other materials will decrease the pH. For the immobilized waste
forms studied to-date, it has been found that the criticality conditions are likely to
occur under the latter conditions (i.e., low pH regime) where the neutron absorber can
be removed before the fissile material is removed. Given this, it may be advisable to
set limits on the amount of pH reducing materials that can be incorporated in the
waste form or package. Clearly, these analyses have to be conducted against
cost/benefit analyses for cost of waste
packages, conditioning/treatment of waste forms, and establishing alternate limits on
fissile and neutron absorber loadings.

* Limits on Materials which are themselves hygroscopic. or can degrade into forms
with hygroscopic properties. An example of this phenomenon is the silica
(principally filler glass) In the immobilized Pu waste forms that can reform, after
initial glass dissolution, into clayey materials which retain water. This water in the
clay can provide sufficient moderation for criticality. Without the water retained in
the clay, the likelihood of criticality is greatly reduced. This is because criticality
could not occur without standing water in the waste package, and by the time of
significant degradation of the waste form, there is very little likelihood that the waste
package barriers will be sufficiently intact to retain an appreciable amount of standing
water.

* Upper Limit on Fissile Loading for Commercial SNF. The waste package design is
driven by the need to satisfy criticality regulations for features and characteristics of
existing (or projected) commercial SNF. Furthermore, there are two characteristics of
commercial SNF which make it much less of a criticality problem than several other
waste forms being considered for emplacement: (l) commercial SNF has one of the
lowest enrichments of the waste forms being evaluated, and (2) commercial SNF
generally has the highest burnups, and sufficient documentation of that bumup to
provide a reasonable expectation that the NRC will allow burnup credit for criticality
control. Nevertheless, it is useful to summarize the criticality control strategy for
commercial SNF in a manner which is analogous to acceptance criteria.

The criticality of individual commercial SNF assemblies can be characterized by the
neutron multiplication factor for an infinite medium of the same composition, k.,
which can be computed as a function of burnup and initial enrichment. A design
basis fuel is established to be more stressing with respect to criticality than all but the
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worst 2 percent of the commercial SNF. The waste package is designed to
accommodate between 8 and 9 metric tons of waste form; the primary criticality
control neutron absorber is borated stainless steel (of which the boron may be slightly
soluble), with iron (in steel) being the secondary criticality control material, both as a
neutron absorber and as a partial moderator excluder when it corrodes to iron oxide
(with the iron being almost completely insoluble). This combination of primary and
secondary criticality control material will ensure a vcry low probability of criticality
(and not expected to occur at all for at least 80,000 years), even if most of the boron Is
removed from the waste package because of its slight solubility, since most of the
secondary material will be retained because of its nearly complete insolubility. The 8
to 9 metric tons of waste fomn contains, typically. 160 kg of fissile material (U-235
and Pu-239), depending on bumup and initial enrichment. The worst 2 percent (with
respect to criticality) of this waste form will require a smaller loading in the waste
package. Therefore, the 160 kg can be considered the maximum fissile loading, but
the worst 2 percent of the commercial SNF will require a smaller maximum fissile
loading.
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RECOMMENDATIONS FOR ACTIONS, CLARIFICATION, AND R&D

Statutory Criteria

* Initiate actions to include Immobilized plutonium wastes as HL'W through NRC
rulemaking or obtain legislative clarification.

* Initiate actions to determine whether or not slugs, targets, and blankets fall within the
definition of SNF.

"Physical" Criteria

* Obtain NRC clarification on minimum particle size and particle size distribution.
Measure particle sizes and distributions for those waste forms that require compliance
with this requirement. For those materials that cannot comply with this criterion, follow
the consolidation requirement below.

* Obtain clarification on matrices for consolidation from NRC. Prepare waste forms that
fall under this requirement in the manner recommended by NRC. Alternatively, choose a
consolidation matrix and develop a safety analysis for presentation to the NRC as part of
the License Application. The latter approach is risky and should be resorted to only if and
when all discussions with NRC yield no additional information or guidance.

* Determine and develop appropriate ignition testing procedures for N-Reactor fuel under
repository conditions/environments. Conduct tests and develop a safety analysis.

* Obtain NRC clarification of free liquid acceptable in each waste package, and/or conduct
design analysis to demonstrate that safety conditions are not violated with the "bound
water' from any of the DOE SNF fuel. Early discussions and evaluations are encouraged
to establish fuel disposal priorities.

* Conduct safety analyses to evaluate whether or not hydrogen generation from Al-clad
fuels could compromise waste package and repository performance. The analyses should
consider whether or not venting of hydrogen prior to emplacement will be adequate.

* Determine if current strategy for drying fuel is adequate to remove hydriding and
corrosion effects.

Long-Term Performance

* Alteration/dissolution rates for waste forms and container materials
- glass and ceramic matrices
- metallic fuels
- other DOE fuels (e.g., carbide, ceramic)
- container materials (stainless steel).
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* Verification of abstraction of alteration/dissolution models (especially the carbide and
ceramic fuels)

* TSPA analysis of DOE fuels different from those analyzed to-date. Conduct analyses to
comply with the Yucca Mountain Viability Assessment. Includes development of new
flow and transport model abstractions, and alteration/dissolution abstractions from SNL
work.

* Integration of RW and SNL efforts on DOE SNF for TSPA and long-term criticality.
[Note these are separately funded activities].

* Solubility data for neutronically active species in the repository environment.

* Development of thermodynamic and thermochernical data for specific neutron absorber
and fissile materials and their chemical compounds formed in a repository environment.
This includes formation and stability of reaction products including Pu colloids.

* Experiments for dissolutiontprecipitation in an oxidizing environment that simulates long
term leaching.
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