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Preface

The production of nuclear materials for the national defense, begin-
ning in the 1940s and continuing until the end of the Cold War, led to
the accumulation of large quantities of radioactive wastes at sites
throughout the country. Site cleanup is now a major, long-term task for
the Department of Energy (DOE). Transuranic waste and mixed low-
level waste are contaminated with relatively low amounts of actinide
isotopes or fission products, respectively, and with hazardous chemicals.
These wastes include such diverse materials as process residues, con-
struction debris, equipment, and trash. Early on these wastes were
buried in trenches and landfills or managed by the use of seepage and
evaporation ponds. These practices were recognized as inadequate,
and since 1970 these wastes have been stored for retrieval, mostly in
55-gallon drums (see cover photo).

The stored inventory totals about 155,000 cubic meters, the equiva-
lent of about three-quarters of a million drums. At least some of the
approximately 500,000 cubic meters of buried waste will be retrieved.
Ongoing DOE site cleanup efforts, such as stabilizing highly radioactive
tank wastes and decommissioning production facilities, will result in
further accumulation of transuranic and mixed wastes. Transuranic
waste, which makes up more than two-thirds of the stored inventory
and nearly a third of the buried inventory, is destined for permanent
disposal in the Waste Isolation Pilot Plant, in a deep-underground salt
formation in New Mexico. Mixed low-level waste will be disposed in
licensed near-surface facilities operated by private contractors, although
some will be disposed at DOE sites.

To help reduce costs and accelerate the schedule of its overall site
cleanup program, DOE is making a concerted effort to retrieve and dis-
pose of transuranic and mixed wastes as rapidly as possible. However,
work with these wastes is only beginning, and it will continue for at
least 20 years. Many current procedures are cumbersome and expensive.
For example, each 55-gallon drum, or other container, must be handled
individually several times to determine its contents and prepare it for
shipment and disposal. Any efficiencies or added effectiveness that can
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be gained in these procedures will reduce labor and potential risks to
workers, lower costs, and accelerate the schedule. To enable such
endeavors, basic research is considered a vital tool.

The Congress recognized the essentiality of research and in 1995
chartered the Environmental Management Science Program (EMSP) to
bring the nation’s scientific capability to bear on the difficult, long-term
cleanup challenges facing DOE. To assist in this effort, the National
Academies have been requested on several occasions to provide advice
in developing a research agenda for the EMSP. To that end, this report is
the result of a study by the National Research Council Committee on
Long-Term Research Needs for Managing Transuranic and Mixed Wastes
at Department of Energy Sites.

To launch the study, the committee heard presentations from head-
quarters personnel on the policy and programmatic aspects of the
Environmental Management Science Program. During the course of its
study, the committee visited five sites to witness ongoing work on char-
acterization, treatment, shipping preparation, and disposition and held
meetings to receive presentations from site DOE and contractor person-
nel, as well as stakeholders with an interest in DOE cleanup activities.

On behalf of the committee, | would like to thank DOE headquarters,
field offices, sites, and laboratory staffs, as well as the contractors and
many other individuals who provided information to be used in this
study for their time, patience, and openness in sharing their views on
research needs. The committee found many knowledgeable, informed,
and concerned people in DOE and among the contractors; many of
their ideas are reflected in the consensus recommendations of the com-
mittee. Information provided by members of the DOE Office of Science
and Technology’s Transuranic and Mixed Waste Focus Area was espe-
cially useful.

I also wish to thank and recognize the staff of the National Academies
Board on Radioactive Waste Management for their willing, efficient,
and most capable assistance during the study in guiding the committee
through the fact-finding, report-writing, and review phases, as well as in
handling the myriad of logistic details for the committee members.

Lastly, | want to deeply thank the members of the committee for
their dedication and diligence. Although of diverse background, they
respected the overall goal of the study and report, and each made sig-
nificant contributions. It was a pleasure working with the committee
members and the staff of the Board on Radioactive Waste Management.

Lloyd A. Duscha
Chair
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Executive Summary

The National Academies’ National Research Council (NRC) under-
took this study to provide advice to the Department of Energy’s (DOE’s)
Environmental Management Science Program on a long-term research
agenda for managing and disposing of transuranic and mixed wastes.
DOE’s inventory of transuranic and mixed wastes (TM wastes) includes
about 155,000 cubic meters of waste stored on some 30 DOE sites and
another 450,000 cubic meters of buried waste—at least some of which
is likely to require retrieval in the course of DOE'’s site cleanup program.
Most of the stored inventory is in 55-gallon drums or other containers.!
Although some of the buried waste is similarly packaged, knowledge of
the condition of the containers and their contents is limited.

While DOE is making a concerted effort to accelerate the removal
of TM wastes from its sites, the size of the inventory translates to a multi-
decade effort that will require handling, characterizing, shipping, and
disposing of hundreds of thousands of waste drums and other containers
at a total cost of billions of dollars. Thus, there are sufficient time and
strong incentives—safety, cost, and efficiency—for research toward
developing new technologies for managing DOE’s TM wastes and
improving the scientific basis for public and regulatory decision making.

Transuranic (TRU) wastes comprise a variety of waste materials (e.g.,
trash, equipment, soil, sludge) that are contaminated with plutonium or
other transuranic isotopes. Mixed low-level waste (MLLW) is similar to
TRU waste except it contains small amounts of radioactive fission prod-
ucts as well as substances designated as hazardous by the Environmental
Protection Agency (EPA). TRU wastes are intended for disposal at the
Waste Isolation Pilot Plant (WIPP), which is in a deep salt formation in

'One cubic meter is equivalent in volume to five 55-gallon (200-liter) drums,
so the stored inventory amounts to about three-quarters of a million drums.
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southeastern New Mexico. MLLW can be disposed in facilities at or near
the earth’s surface that are constructed in compliance with EPA and
other applicable regulations.

In 1995, Congress chartered the Environmental Management
Science Program (EMSP) to bring the nation’s scientific capability to
bear on the difficult, long-term cleanup challenges facing DOE. To ful-
fill its charter, the EMSP solicits proposals and selectively funds research
on problems relevant to the needs of DOE’s Office of Environmental
Management (EM). The objective of this study is to provide recommen-
dations to the EMSP for the development of a research agenda to
address challenges in managing TM wastes that are currently stored at
DOE sites or will be produced as part of DOE's site cleanup program.

When this study was in its closing phases, DOE'’s Office of
Environmental Management completed a “top-to-bottom” review,
which will result in significant changes within EM and its Office of
Science and Technology (OST), the sponsor of this study, to be effective
at the beginning of fiscal year 2003. The five OST focus areas—includ-
ing the Transuranic and Mixed Waste Focus Area (TMFA)—around
which OST had previously organized its research and development
activities will be abolished and replaced by two science and technolo-
gy “thrusts.” The EMSP will be removed entirely from EM and placed in
the Office of Biological and Environmental Research within DOE’s
Office of Science.

The committee? did not attempt to assess the effects that this reorga-
nization will have on the EMSP. However, the committee did note that
the TMFA provided much of the technology needs and development
information used in preparing this report. Without the focus area struc-
ture it may be more difficult for the EMSP to identify site technology
needs and, especially, to keep a perspective on long-term needs that
can be addressed through scientific research. Maintaining the rele-
vance of its funded research to site cleanup needs will be important for
the EMSP after the reorganization is completed in fiscal year 2003—for
example, by continuing the joint review of research proposals by both
OST for relevance to EM’s needs and the Office of Science for scientific
merit (see Appendix A).

2The Committee on Long-Term Research Needs for Managing Transuranic and
Mixed Wastes at Department of Energy Sites, which developed this report, is
referred to as “the committee” throughout. The committee completed its work in
May 2002, about five months before the reorganization was to be finalized.
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Challenges

Radioactive waste materials began accumulating in the 1940s with
the development of the atomic bomb and continued through the Cold
War. Although DOE has halted its production activities, TM wastes con-
tinue to accumulate, albeit at a slower rate, mainly from site cleanup
and deactivation and decommissioning activities.

The challenges in managing and disposing TM wastes are largely
attributable to the following:

e a large and highly diverse waste inventory, which is incompletely
characterized;

e complex and evolving regulatory constraints from various agen-
cies; and

e public concern and often opposition to technologies that are
unfamiliar or that might change agreed-upon cleanup plans.

These challenges will affect the priorities of any research agenda devel-
oped by the EMSP.

DOE’s greatest technical challenges for managing and disposing of
its TM wastes arise from the sheer size of the inventory—characterizing
the contents of hundreds of thousands of waste containers, retrieving at
least a portion of buried wastes, providing treatments as necessary, and
shipping the wastes to designated disposal facilities. The number of reg-
ulatory agencies and myriad applicable rules can produce conflicting
or excessive requirements that lead to delays and increase costs. DOE
has begun seeking regulatory changes in several specific instances (see
Chapter 2). Public opposition to incineration, the technology DOE
intended to use to treat a large portion of its TM wastes, has forced
DOE to seek alternatives.

From these challenges, two clear roles for EMSP research arise:

1. To provide the scientific basis for new technologies that will be
necessary for improving management and disposal of TM wastes
during the next 20 years, especially if regulatory changes that
DOE expects to simplify dealing with problematic wastes are not
forthcoming.

2. To enhance the scientific information available for regulatory
decision making and public involvement, including evidence
that disposal systems are operating as intended.
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Findings and Research Recommendations

After visiting DOE sites, considering the views expressed by a wide
range of participants, and conducting internal deliberations, the com-
mittee concluded that the most significant research needs and opportu-
nities lie in

e waste characterization and how the waste characteristics may
change with time,

e |ocation and retrieval of buried wastes,

e waste treatment, and

e |ong-term monitoring.

The committee has been selective in its recommendations to
encourage concentration of limited funding to a few specific areas
believed to make the most significant contributions to meeting future
waste challenges. The recommendations were developed from presenta-
tions to the committee, site needs, apparent knowledge gaps, the poten-
tial for future cost and schedule savings, and the possibility of achieving
technological breakthroughs. These recommendations deliberately were
cast to reflect the goals of the research rather than what research is to
be done. The latter is better left to the ingenuity of the scientists who
will submit EMSP proposals.

Characterization

The EMSP should support research to improve the efficiency of char-
acterizing DOE’s TRU and mixed waste inventory. This should include
research toward developing faster and more sensitive characterization
and analysis tools to reduce costs and accelerate throughput. It should
also include research to develop a fuller understanding of how waste
characteristics may change with time (chemical, biological, radiologi-
cal, and physical processes) to aid in decision making about disposition
paths and to simplify the demonstration of regulatory compliance.

Determining the physical, chemical, and radiological properties of
TM wastes pertinent to handling, processing, transportation, and storage
is costly and time-consuming. The problem is amplified by the wide
variety of the wastes and their heterogeneity. Improving and simplifying
waste characterization can reduce costs and increase the rate of ship-
ping wastes to disposal facilities.

The committee found needs for faster and more sensitive characteri-
zation technologies, for making automated sampling more reliable, and
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for improving statistical sampling methods. There is a lack in basic
knowledge of how waste characteristics may change with time, including
both short-term changes that affect storage and shipment and long-term
changes that may occur in a disposal facility. This lack of knowledge
drives conservatism in characterization, transportation, and disposal
requirements. Possible microbial effects in waste have generally been
ignored.

The committee believes that the greatest challenges for the next gen-
eration of characterization technologies will be to provide the following:

e more rapid, automated nondestructive assay and evaluation
methods;

* more sensitive nondestructive assay and evaluation technologies
for larger containers and hard-to-detect contaminants; and

e improved methods, based on fundamental modeling, to derive
present and future waste characteristics from a limited number of
sampling parameters.

Research toward new, noninvasive, remote imaging and image
recognition methods and in-drum sensors to provide faster and more
sensitive technologies for characterization could lead to significant
savings in time, cost, and risk of worker exposure. While noninvasive
diagnostics are ideal, the use of minimally invasive sensors also has
promise. Research on microbial activity in TM waste may lead to new
ways to control long-term changes in waste stability or toxicity. One of
the most beneficial cost-saving tools would be the formulation of more
reliable predictive models, validated by experimental data, of how
waste characteristics may change with time. This would be most useful
in predicting deleterious processes that might occur in the waste, such
as gas generation or matrix degradation.

Retrieval of Buried Waste

The EMSP should support research that will facilitate management
of buried TRU and mixed waste in anticipation that retrieval of some
waste will become necessary. This research should emphasize remote
imaging and sensing technologies to locate and identify buried waste
and retrieval methods that enhance worker safety.

Given the complex and changing nature of regulatory requirements
and public perception, the committee believes that some buried wastes
are likely to be retrieved in the future. Burial was largely in near-surface
excavations—some wastes in containers and some in bulk.
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The committee believes that the greatest challenges for the next gen-
eration of retrieval technologies will be to provide

e improved, noninvasive means to locate and identify buried waste
whether or not it is containerized;

* remote, noninvasive assessment of the condition of waste con-
tainers and of potential leakage from the containers; and

e remote intelligent machines (robots) for waste retrieval and
repackaging or treatment as necessary.

Before buried waste can be retrieved, it must be located and its con-
dition determined. Determining the integrity of a waste container prior
to retrieval extends the challenges of imaging science to objects below
ground. In addition to improving image resolution, research is needed
to improve identification of the object, the surrounding contamination,
and the stability of the contaminants.

Intact drums could be retrieved and characterized using the processes
developed for stored waste; however, it would be preferable to perform
characterization at the burial site as each drum is retrieved to minimize
handling and ensure worker safety. Robotic devices would help protect
workers by handling containers that emit radiation or have been
breached and have radioactive contamination on their surface or in the
surrounding soil.

Microorganisms can have a profound impact on the chemistry and
fate of buried waste. Although many biological studies have focused on
a better understanding of the environmental fate of radioactive and
toxic metals, few studies have investigated the complex relationships
among microbes and the organic and inorganic constituents of TM
waste. Understanding these relationships could lead to improved pre-
dictability of the long-term fate and risk of the waste materials.

Treatment

The EMSP should support research for treating TRU and mixed
waste to facilitate disposal. This research should include processes to
simplify or stabilize waste, with emphasis on improving metal separa-
tions, eliminating incinerator emissions, and enabling alternative
organic destruction methods.

Treatment includes operations intended to improve the safety and/or
economy of managing waste by changing the characteristics of the
waste—volume reduction, removal of radionuclides or other contami-
nants, and altering the waste composition. Treatment is necessary if
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waste does not meet shipping requirements or acceptance criteria at the
intended disposal site.

In the absence of effective treatment technologies, waste is simply
repackaged to avoid the problem. Repackaging waste in order to meet
shipping requirements is extremely inefficient, may increase volume
manyfold, and presents hazards to workers. Phasing out incineration for
the destruction of organic constituents requires the development of
alternative technologies. Wastes classed as unique or problematic—
including reactive materials, gas cylinders, and tritium-contaminated
materials—comprise only about 10 percent of the inventory. They are
often overlooked in site cleanup contracts, but they deserve special
attention for research because some will be difficult to treat and may
eventually become roadblocks to site closure. Application of biotech-
nologies for treating wastes has been largely overlooked.

The committee believes that the greatest challenges for the next gen-
eration of treatment technologies lie in developing

* emission-free treatment processes,
e treatments for problematic or unique wastes, and
e methods to ensure the long-term durability of stabilized waste.

Opportunities for basic research lie in chemical treatment, biologi-
cal treatment, and waste stabilization. For chemical treatment, under-
standing the speciation of inorganic constituents, oxide-substrate inter-
actions, and mechanisms of gas production and adsorption (especially
hydrogen) is fundamental. In the biological area, research should
include enzymatic or whole-cell approaches that target specific or
broad categories of contaminants, biotransformations for removing
mercury and heavy metals, bioaugmentation or biostimulation to reme-
diate actinide-impacted soils, and development of hydrogen and
methane scavengers. In the stabilization area, research should address
new approaches to stabilizing buried waste prior to or in the early
stages of excavation, smart materials that react with waste constituents,
and very long term barriers against contaminant migration and methods
to prove their longevity.

Public concern about air emissions from incineration has created
incentives for applied research toward large-volume, robust alternatives
that are emission free, as well as to smaller-scale, portable devices that
may have specialized applications. There are also opportunities to
develop more efficient processes that yield smaller or easier-to-manage
waste streams from DOE'’s ongoing activities (e.g., isotope production,
generation of secondary wastes from high-level waste processing, facility
deactivation and decontamination).
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Long-Term Monitoring

The EMSP should support research to improve long-term monitoring
of stored and disposed TRU and mixed wastes. Research should empha-
size remote methods that will help verify that the storage or disposal
facility works as intended over the long term, provide data for improved
waste isolation systems, and inform stewardship decisions.

To ensure safety, wastes and the facilities that house them have to be
monitored. This includes monitoring during storage, which could con-
tinue for decades for some wastes, and during the operating life of the
disposal facility. For example, substantial deformation of the salt will
occur during the operational phase of WIPP, and monitoring can help
DOE understand and verify how lithostatic forces will seal the disposal
rooms. Very long term monitoring will continue after the disposal facility
is closed.

DOE appears to have no firm plans for long-term monitoring of
stored or disposed wastes. Research begun now can lead to reliable,
cost-effective monitoring devices and methods. Data from monitoring
can help ensure safety, reassure concerned citizens, and assist in the
development of new disposal facilities.

The committee believes that the greatest challenges for the next gen-
eration of monitoring technologies lie in providing

e long-lived, reliable sensors (and power supplies) that can be
remotely interrogated, and
e airborne or satellite imaging.

Research opportunities exist, for example, in developing smart sen-
sors that self-analyze and report drum location and contents, and smart
filters that monitor the type and amount of gas produced in a drum. In
addition to being a repository, WIPP can be an important laboratory for
repository science and sensor technology. Research should focus on
potential biodegradation of the various organic components, reactions
altering the geochemistry of the inorganic compounds, biogeochemical
factors that affect leaching or migration of toxic and radioactive materials,
and the effect of physical conditions and chemical composition on the
biogeochemical processes occurring in the waste.

Concluding Comments

Accelerating site closure, a key feature of EM’s planning since the
1990s, has been emphasized by EM’s top-to-bottom review. DOE is
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presently making a concerted effort to remove TM wastes from its sites
as rapidly as possible. Among the areas for EMSP research recom-
mended by the committee, research in characterization that would
expedite shipping wastes for off-site disposal is most likely to provide
immediate payoffs. Research toward methods for treating wastes that do
not meet shipping or disposal criteria might provide similar near-term
payoffs.

Nevertheless, closing the larger DOE sites will require decades.
Problems that are not foreseen or appreciated today are likely to be
encountered in buried waste retrievals. Monitoring WIPP during its
operational period is a unique scientific opportunity. Demonstrating
that WIPP behaves as expected could be invaluable as DOE seeks to
open other geological waste repositories. Buried waste retrieval and
monitoring of disposal facilities provide opportunities for the long-term,
breakthrough research envisioned by Congress, and these opportunities
should not be overlooked in DOE’s rush to meet short-term needs.
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1

Introduction, Background, and Task

The Department of Energy’s (DOE’s) Environmental Management
Science Program (EMSP) was established by the 104th Congress' to
bring the nation’s basic science infrastructure to bear on the massive
environmental cleanup effort under way in the DOE complex. The
objective of the EMSP is to develop and fund a targeted, long-term
research program that will result in transformational or breakthrough
approaches for solving the department’s environmental problems. The
goal (DOE, 2000a, pp. 1-2) is to support research that will

e Lead to significantly lower cleanup costs and reduced risks to
workers, the public, and the environment over the long term.

* Bridge the gap between broad fundamental research that has wide-
ranging applicability . . . and needs-driven applied technology.

e Serve as a stimulus for focusing the nation’s science infrastructure
on critical national environmental management problems.

To help meet these goals, the EMSP provides three-year competitive
awards to investigators in industry, national laboratories, and universi-
ties to undertake research on problems relevant to DOE cleanup efforts.
From its inception in 1996 through fiscal year 2001, the EMSP has
provided $294 million in funding for 361 research projects.

This study, addressing transuranic and mixed wastes, is the fourth
study undertaken by the National Research Council (NRC) to assist
DOE in developing a research agenda for the EMSP.2 The previous three
reports gave advice for research in subsurface contamination, high-level
waste, and facility deactivation and decontamination (NRC, 2000a,

"Public Law 104-46, 1995.
2An initial study advised DOE on establishing the EMSP (NRC, 1997a).
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2001a, 2001b). DOE has used these studies in developing calls for
research proposals and for evaluating submitted proposals. A fifth study,
addressing excess nuclear materials and spent DOE nuclear fuel, is in
progress (NRC, 2002a).

After its establishment by Congress and through most of the course
of this study, the EMSP was managed through a partnership between the
DOE Office of Environmental Management (EM), which has primary
responsibility for the cleanup mission, and the DOE Office of Science,
which manages basic research programs. The advice provided by the
NRC studies, as well as the EMSP’s calls for proposals, reflected EM’s
organization of its science and technology development activities into
five “focus areas,” which are the topical areas of the NRC studies men-
tioned above—subsurface contamination, high-level waste, facility
deactivation and decommissioning, transuranic and mixed wastes, and
nuclear materials (see also Appendix A).

As this report was being finalized, EM completed a top-to-bottom
review of its organization, which was directed by the Secretary of
Energy (DOE, 2002). As a result of the review, the Office of Biological
and Environmental Research within the Office of Science will become
solely responsible for administering the EMSP. The focus area structure
under EM will be discontinued. Subject to approval by Congress, these
changes will become final at the start of fiscal year 2003. As it finishes
its work on this report, the committee? understands that the EMSP’s pre-
vious approaches to issuing calls for research proposals, evaluating sub-
mitted proposals for both scientific merit and relevance to EM’s needs,
and funding the proposals will remain largely unchanged. Readers of
this report who may intend to submit proposals to the EMSP should
seek updated information from the DOE Office of Science.*

Statement of Task

The statement of task for this study charged the committee to pro-
vide recommendations for a science research program for managing
mixed and transuranic wastes that are currently stored at DOE sites or
will be produced as part of DOE's site cleanup program (see Sidebar 1.1).

To address the statement of task, the committee has made recom-
mendations in four categories in which it believes that EMSP-funded

3The Committee on Long-Term Research Needs for Managing Transuranic and
Mixed Wastes at Department of Energy Sites, which developed this report, is
referred to as “the committee” throughout.

4See http://www.sc.doe.gov/production/ober/ober_top.html.

Chapter 1




SIDEBAR 1.1 STATEMENT OF TASK

The objective of this study is to provide recommendations to the Department of Energy’s Environmental
Management Science Program for the development of a research agenda to address challenges in man-
aging mixed and transuranic (TRU) wastes that are currently stored at DOE sites or will be produced as
part of DOE’s site cleanup program. The study will accomplish the following:

1. Evaluate the next generation of treatment technologies and cleanup approaches for the specific
categories of DOE TRU and mixed waste for which current treatment technologies are not ade-
quate, in particular due to new or tightened regulatory requirements or other nontechnical
considerations such as nascent public opposition to incineration.

2. Identify gaps in the scientific basis for selecting or implementing new treatment technologies.

3. Identify areas of research where EMSP can make significant contributions to solving DOE’s
mixed waste problems and add to scientific knowledge generally, taking into account research
funded by other programs besides the EMSP.

research is most likely to lead to significant new or breakthrough tech-
nologies: waste characterization, retrieval of buried wastes, waste treat-
ment, and long-term monitoring. Characterizing wastes and treating
them (as necessary) for shipment to disposal facilities are subjects of
intense current efforts at DOE sites. However, the inventory of transuranic
and mixed wastes is extensive, and work to dispose of this inventory
will continue for 20 years or more, which provide time and incentive
for significant research and technology development. Buried waste
retrieval and long-term monitoring of waste disposal have received little
attention within DOE, but they are likely to present significant obstacles
for completing site cleanup.

Chapter 2 of this report frames DOE'’s broad challenges in managing
and disposing of its transuranic and mixed wastes—the large and
diverse inventory, multiple and changing regulations, and public con-
cerns. Chapter 3 sets out the committee’s research recommendations in
each of the four categories described above.

The first subtask asks for an evaluation of next-generation treatment
technologies in instances where current technologies may become
inadequate for nontechnical reasons—an example being incineration,
which was under review by a special DOE panel at the time this com-
mittee was chartered. The committee did not attempt to evaluate next-
generation treatment technologies per se, but rather identified challenges
(technical and nontechnical) likely to confront these next-generation
technologies (see Chapter 3). The committee felt that this approach was
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more fruitful for providing guidance for an EMSP research agenda.
Further, the committee concluded that any new technologies or
changes to agreed-upon cleanup plans are likely to encounter public
opposition unless the public is involved in the selection process (see
Chapter 2).

In presenting its recommendations, the committee gives a brief dis-
cussion of current baseline technologies,> challenges for next-generation
technologies (as discussed above), and research opportunities. Although
the discussions were influenced to some degree by the backgrounds
and expertise of committee members, the research recommendations
were arrived at by a consensus process that considered input to the
committee, site needs, the existence of critical knowledge gaps, the
potential for future cost and schedule savings, and the possibility of
achieving technology breakthroughs.

The committee held five meetings between May 2001 and February
2002 to gather information (see Appendix E). The committee’s fact find-
ing included site visits and briefings at the Idaho National Engineering
and Environmental Laboratory, Oak Ridge Reservation (Tennessee),
Savannah River Site (South Carolina), Hanford Site (Washington), and
Waste Isolation Pilot Plant (New Mexico). The committee also received
briefings by DOE headquarters personnel who administer the EMSP and
by representatives of EM’s Transuranic and Mixed Waste Focus Area.

5Baseline technologies are those that are being used at DOE sites or that are
commercially available and included in DOE's site cleanup plans.
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Framing DOE'S Transuranic and
Mixed Waste Challenges

The accumulation of radioactive waste materials began in the 1940s
with the development of the atomic bomb and continued with the
large-scale refining and production of fissile materials such as uranium
and plutonium during the Cold War. Processes included separation and
enrichment of special isotopes, reactor fuel fabrication, dissolution and
chemical separation of irradiated materials, and fabrication (casting,
machining, plating) of weapons components. During this period,
emphasis was placed on production and little attention was given to
reducing the volume or variety of wastes. The wastes were managed
using practices analogous to those used in other process industries,
including on-site disposal in landfills and the use of ponds and lagoons
to manage large volumes of wastewater.

Wastes generated by production operations ranged from slightly
contaminated trash to highly radioactive liquids from processing irradi-
ated fuels. Frequently these wastes contained both radioactive and haz-
ardous chemical substances. This chapter provides a context for the
Department of Energy’s (DOE’s) challenges in managing wastes contam-
inated with both hazardous chemicals and low levels of radioactive fis-
sion products (mixed low-level waste [MLLW]) and wastes contaminat-
ed with transuranic isotopes (TRU waste)—see Sidebar 2.1. Research
challenges for managing DOE'’s high-level radioactive waste and spent
nuclear fuels and for remediating subsurface contamination are
described elsewhere (NRC, 2000a, 2001a, 2002a) and are not dealt
with in this report.

During most of the time this study was in progress, the Transuranic
and Mixed Waste Focus Area (TMFA), a part of the DOE Environmental
Management Office of Science and Technology (EM-OST), was respon-
sible for ensuring that technologies were available to manage this
waste. Organizational changes within EM-OST that occurred as this
report was being finalized are described in Appendix A.
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SIDEBAR 2.1 WHAT ARE MIXED LOW-LEVEL AND TRANSURANIC WASTES?

The committee used the following working definitions in preparing this report. They are based on the
EPA Mixed Waste Glossary (EPA, 2002a). As noted, they were derived from detailed definitions in
Congressional acts or developed by the federal agencies that regulate these wastes: the DOE, the
Nuclear Regulatory Commission (USNRC), and the Environmental Protection Agency (EPA).

Low-level radioactive waste (LLW) is defined in the Low-Level Radioactive Waste Policy Amendments Act
of 1985, essentially by excluding other types of waste. Namely, LLW is not spent nuclear fuel, high-level
radioactive waste from reprocessing spent nuclear fuel, or byproduct material. Most wastes in the DOE
inventory that are designated as LLW are contaminated with small amounts of radioactive fission
products, which are the isotopes that result from splitting (fissioning) the uranium nucleus.

Hazardous waste is defined by the EPA in Title 40 of the Code of Federal Regulations, parts 260 and 261.
This waste is toxic or otherwise hazardous because of its chemical properties. Waste can be designated
as hazardous in any of three ways:

* It contains one or more of over 700 materials listed as hazardous by the EPA;

* It exhibits one or more hazardous characteristics, which include ignitability, corrosivity, chemical
reactivity, or toxicity;

* Itarises from treating waste already designated as hazardous.

Mixed low-level waste (MLLW) meets the above definitions of both low-level waste and hazardous
waste. It contains materials that are chemically hazardous and low levels of radioactive contamination.

Transuranic waste (TRU) is defined by DOE Order 435.1 as waste that has a radioactivity of more than
100 nanocuries per gram that arises from alpha-emitting isotopes with atomic numbers greater than
uranium (92) and half-lives greater than 20 years. Most TRU waste in the DOE inventory is contaminated
with plutonium-239, which has a longer radioactive half-life (24,000 years) than most fission products.

Mixed transuranic waste (MTRU) meets the definitions of both transuranic and hazardous waste. EPA
estimates that more than half of DOE’s TRU inventory is MTRU (EPA, 2002a). Because all TRU wastes are
destined for WIPP, DOE no longer distinguishes MTRU as a special category in its inventory (DOE, 2001a).

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 o

The Department of Energy’s challenges in managing and disposing
its transuranic and mixed wastes (TM wastes) arise primarily from three
factors. One is the large and diverse waste inventory, which is incom-
pletely characterized. A previous study (NRC, 1999a, p. 18) of TM
wastes found:

EM’s mixed waste inventory is sufficiently characterized that
conceptual design of treatment processes . . . can proceed.
However, the inventory is insufficiently characterized for
detailed engineering design of treatment processes or process
optimization.
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Another challenge is the complex and evolving regulatory constraints
that are applied to these wastes. The earlier study (NRC, 1999a, p. 22) noted:

The U.S. Environmental Protection Agency (EPA), U.S. Nuclear
Regulatory Commission (USNRC), Department of Transportation
(DOT), and individual states all exert measures of control over
treatment, transport, and disposal of mixed waste. . . . [T]he range
of regulatory approaches and resulting regulations create sub-
stantial challenges for treatment and disposal of mixed wastes.

There is public concern about, and often opposition to, technologies
that are unfamiliar or that might change agreed-upon cleanup plans. An
international review of waste management programs (NRC, 2001¢, p. 3)
found the following:

Today the biggest challenges to waste disposition are societal.
Difficulties in achieving public support have been seriously
underestimated in the past, and opportunities to increase public
involvement and to gain public trust have been missed.

Based on its fact finding, the committee believes that these conclu-
sions remain valid. Through their impact on site technology needs,
challenges arising from the diverse waste inventory, multiple evolving
regulations, and public concerns will significantly affect any research
agenda developed by the Environmental Management Science Program
(EMSP). These factors, which frame DOE’s TM waste challenges, are dis-
cussed in this chapter.

DOE’s Transuranic and
Mixed Waste Inventory

Managing and disposing of DOE’s TM waste inventory presents tech-
nical challenges and research opportunities because the inventory is
large and diverse. This section provides an overview of the inventory
with emphasis on wastes that led the committee to its research recom-
mendations. Appendix B gives a detailed description of the inventory.

Inventory Description
Information on DOE’s waste inventory is given in a summary report

published in April 2001 (DOE, 2001a). DOE compiled much of the
inventory data from its fiscal year 2000 Central Internet Database.!

'See http://cid.em.doe.gov.
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FIGURE 2.1 Before 1970,
transuranic and mixed
wastes were buried in near-
surface trenches. The waste
was considered to be
permanently disposed, and
inventory data are lacking.
Source:
http://web.ead.anl.gov/
techcon/images/ineel3.jpg.

TM wastes are described in two categories, transuranic and MLLW. The
summary report does not distinguish between TRU and mixed transuranic
waste (MTRU) (see Sidebar 2.1). All inventory data refer to the waste
volume unless noted otherwise.

Since 1970, DOE sites have stored most TM wastes retrievably in
55-gallon drums or larger containers for future treatment, if needed,
and disposal. Before 1970, DOE sites buried TM wastes in “shallow
land” facilities, within about 30 meters of the surface.2 Most waste was
buried in 55-gallon drums, some was buried in other containers, and
some had no durable container (e.g., burial in plastic bags, cardboard
boxes, or without containment); see Figures 2.1 and 2.2. At the time,
DOE generally considered buried waste to be permanently disposed.
Recently, DOE has recognized that at least some of its buried waste
inventory may require retrieval and treatment (DOE, 2001a).

Contaminated soils and sediments have resulted from previous DOE
practices of discharging low-level liquid wastes to retention basins or

2A fraction was buried at “intermediate” depths between 30 and 300 meters.
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FIGURE 2.2 Since 1970, DOE
has required that sites store
TRU waste so that it can be
retrieved easily. TRU wastes
at Hanford, which is in a
very dry region, are stored in
earthen mounds.

Source: DOE Richland
Operations Office.

from leaks. DOE recognizes that some of these soils and sediments are
sufficiently contaminated to warrant retrieval and describes these as “ex
situ contaminated media” in its summary report. If they are retrieved,
both the pre-1970 buried waste and the ex situ media will be consid-
ered newly generated waste (DOE, 2001a).

Table 2.1 gives an overview of DOE's current and expected invento-
ries of TM wastes. Disposing of retrievably stored TRU waste, which
contains an estimated 2.6 million curies of radioactivity, in the Waste
Isolation Pilot Plant (WIPP) is a top priority for DOE (Triay, 2001). Buried
TRU waste, with a volume comparable to the stored TRU, is estimated
to contain about 400,000 curies. A large volume of buried MLLW is
contaminated with alpha-emitting isotopes at levels below the regulatory
threshold for TRU waste and is designated as a-LLW.> DOE expects to
continue generating TRU waste until about 2034 and MLLW until about
2070, mainly from facility deactivation and decommissioning. In addi-
tion, DOE expects to produce ex situ waste by recovery of a portion of
the more contaminated soils and sediments at some of its sites.

The diversity of the TM waste inventory is described in the Mixed
Waste Inventory Report (MWIR [DOE, 1995]). This report was based on
data compiled by DOE sites as a basis for developing their site treat-

3The radioactivity from alpha-emitting isotopes is estimated to be between
10 and 100 nanocuries per gram of waste.
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TABLE 2.1 Overview of DOE's Transuranic and Mixed Wastes

Volume
Origin TRU (m3) MLLW (m?3)
Buried (pre-1970) 137,000 317,000°
Retrievably stored (1970-1999) 111,000 44,500
Predicted new waste generation 60,000° 100,000¢
Recovered soils and sediments (2002-2010) 32,000 170,000

@ o-LLW.
©2000-2034.
€2000-2070.

SOURCE: DOE, 2001a.

ment plans as mandated under the Federal Facility Compliance Act of
1992. The inventory was divided into five treatment groups: debris,
inorganic homogeneous solids and soils, organics, unique wastes, and
wastewaters (see Sidebar 2.2). The treatment technologies for these
groups were reviewed in a previous NRC (1999a) report.

Table 2.2 shows the relative amounts of retrievably stored wastes
that fit into each of the treatment groups. Debris waste, which is very
heterogeneous, comprises by far the largest category. Unique wastes
make up a small fraction of the inventory. However, many unique
wastes are problematic to treat and dispose, and their small volumes
make them economically unattractive to site cleanup contractors.*

No information is available concerning the treatment needs for the
previously buried waste. DOE’s production processes did not change
with the prohibition of burial in 1970, so these materials are expected
to have a composition similar to retrievably stored waste. The distribu-
tion profile of wastes into the treatment groups is unlikely to change
appreciably if buried wastes are retrieved.

The 1995 inventory also indicates DOE’s level of confidence in how
well the wastes were characterized. In general terms, DOE has high or
medium confidence that the physical nature (i.e., soil or sludge) of most
wastes is correctly identified but lacks confidence in the existing quan-
titative data on the wastes’ chemical and radioactive constituents (see
Appendix B for details).

4The TMFA recognized that unique wastes could become an obstacle to site
closure and formed a Waste Elimination Team to identify and plan disposition of
these orphan and hard-to-treat wastes (Hulet, 2002).
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SIDEBAR 2.2 DIVERSITY OF TM WASTES

For the purpose of developing site treatment plans for TM wastes, DOE established five treatment
groups. The types of waste included in each group provide a perspective on the overall waste diversity.

Debris
* Metal Debris: Metal with or without lead or cadmium
* Inorganic Nonmetal Debris: Concrete, glass, ceramic or brick, rock, asbestos, and graphite

* Organic Debris: Plastic or rubber, leaded gloves or aprons, halogenated plastics, nonhalogenated
plastics, wood, paper, and biological matter

* Heterogeneous Debris: Composite filters, asphalt, electronic equipment, and other inorganic
and organic materials

Inorganic Homogeneous Solids and Soils

* Inorganic Homogeneous Solids: Particulate matter—such as ash, sandblasting media, inorganic
particulate absorbents, absorbed organic liquids, ion-exchange media, metal chips or turnings,
glass or ceramic materials, and activated carbon

* Inorganic Sludges: Wastewater treatment pond, off-gas treatment, plating waste, and low-level
reprocessing sludges

* OtherInorganic Waste: Paint waste (chips, solids, and sludges), salt waste containing chlorides,
sulfates, nitrates, metal oxides or hydroxides, and inorganic chemicals

» Solidified Homogeneous Solids: Soil, soil/debris, and rock/gravel

©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Challenges in Managing the Inventory

The current and projected volume of TRU waste will pose significant
challenges for disposing of this waste. Several hundred thousand drums
will have to be shipped to WIPP (see Table 2.1). The characterization
required for shipping and acceptance at WIPP currently requires several
hours and costs about four thousand dollars for each drum (DOE, 2001d).5

50One cubic meter is equal to five 200-liter (55-gallon) drums, although WIPP
can receive containers larger than 55-gallon drums.
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Organics

* Organic Liquids: Aqueous streams containing both halogenated and nonhalogenated organic
compounds as well as pure organic streams containing halogenated and nonhalogenated com-
pounds

* Organic Homogeneous Solids: Organic particulate matter (resins, organic absorbents), organic
sludges (biological, halogenated, and nonhalogenated), and organic chemicals

Unique Waste
* Lab Packs: Organic, aqueous, and solid laboratory chemicals and scintillation cocktails

» Special Wastes: Elemental mercury, elemental hazardous metals (activated and nonactivated
lead, elemental cadmium), beryllium dust, batteries (lead acid, mercury, cadmium), reactive
metals (bulk and reactive metal-contaminated components), pyrophoric fines, explosives or
propellants, and compressed gases and aerosols

» All Others: Materials placed in a final waste form are included in this category

Wastewaters

* Acidic, basic, and neutral aqueous liquids and slurries, including cyanide-containing waste-
waters and slurries

Source: DOE, 1995.

Methods to streamline characterization are likely to save large amounts
of time and money (see Chapter 3).°

Characterizing and treating MLLW, which has received relatively lit-
tle attention compared to TRU waste, to meet Resource Conservation
and Recovery Act (RCRA) disposal requirements will be a challenge. In
spite of the lack of quantitative chemical characterization, most of the

cCompositions of waste generated after about 1999 are well documented
according to requirements of the WIPP permit (see next section). Additional
characterization of this waste should not be necessary. TRU wastes will be
generated until about 2035 (DOE, 2001a).
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TABLE 2.2 Distribution (percent) of Inventoried Waste in Treatment Groups

Group TRU MTRU MLLW
Debris 95 71 57
Solids and soils 2 28 25
Organics 2 0.5 4
Unique 1 0.1 4
Wastewaters 0.1 9

NOTE: The MWIR distinguishes MTRU from TRU waste. About 2-4% of TRU and MTRU waste require remote handling.

SOURCE: DOE, 1995.

TABLE 2.3 Difficult-to-Treat Hazardous Components in DOE MLLW

Percent of the Treatment Group that is Contaminated

Type of Contamination Debris Organic Solids and Soils Unique Wastewater
Metals 70 79 90 66 98
Solvents or other organics 77 90 75 23 27
Mercury 20 34 31 17 70

SOURCE: DOE, 1995

MLLW inventory is known to contain chemicals that are difficult to
treat—heavy metals, solvents and other organics, and mercury (see
Table 2.3). Further, there is considerable comingling of these classes of
waste materials, making the selection of treatment options complicated.
Some components in TRU waste are problematic for shipping or
disposal in WIPP (see Appendix B). About half of DOE’S TRU waste
contains organic materials that have posed shipping problems due to
potential gas generation, especially hydrogen. However, recent revi-
sions to the Safety Analysis for TRUPACT-II shipping containers have
reduced but not eliminated the concern about hydrogen accumulation
during shipment. Under the new revision, only about 2 percent of the
TRU waste inventory (about 14,200 drum equivalents) continues to face
shipping restrictions.” Reactive and corrosive chemicals (including paint

7Revision 19 to the Safety Analysis Report for Packaging for the TRUPACT-II
(Curl et al., 2002).
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FIGURE 2.3 Manual sorting
of waste inside a contain-
ment (glovebox) facility is
required to remove items
that are prohibited by ship-
ping or disposal restrictions.
Sorting and repacking the
waste are time-consuming,
expensive, and present risks
to workers.

Source: DOE Richland
Operations Office.

spray cans, which are often found in waste drums) cannot be accepted
at the WIPP, and they are removed by sorting through the waste (see
Figure 2.3). Waste that is contaminated with polychlorinated biphenyls
(PCBs), about 1 percent of the inventory, cannot currently be accepted
by the WIPP.

Approximately 2 to 4 percent of the TRU waste inventory produces
enough penetrating radiation from fission product contaminants that it
requires remote handling (RH-TRU), rather than hands-on operator con-
tact. The requirement for remote handling greatly increases the difficul-
ty of characterizing, treating, and packaging or repackaging this waste.
Meeting per-drum limits on heat generation and fissile material content
can require repackaging the waste (Curl et al., 2002; Moody, 2002). In
addition to increasing the waste volume, repackaging to meet drum
limits is expensive, time consuming, and creates a potential for worker
exposure.

Current and Evolving
Requlatory Constraints

All waste handling and disposal operations are governed by regula-
tory requirements. However, DOE faces a particular challenge in
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managing TM waste due to the number of agencies that regulate this
waste and the generally prescriptive nature of their regulations. At the
federal level, TM wastes are the regulatory responsibility of DOE, the
Environmental Protection Agency, and the U.S. Nuclear Regulatory
Commission. Department of Transportation requirements apply to ship-
ping the waste as well as packaging the waste for shipment.

The Federal Facility Compliance Act of 1992 (FFCA) requires that
DOE facilities comply with all federal, state, and local laws and regula-
tions pertaining to hazardous waste. TM waste is thus subject to haz-
ardous waste requirements promulgated by EPA under the Resource
Conservation and Recovery Act of 1976 and subsequent revisions. The
EPA has delegated its authority to many states, which may add addi-
tional requirements of their own.

The FFCA did not alter the separation between DOE and the USNRC.
DOE is legally self-regulating for radioactive wastes (or the radioactive
components of wastes) according to the Atomic Energy Act of 1954.
However, DOE follows USNRC guidelines as a practical matter.?
Additionally, the USNRC has licensing authority over commercially
operated waste disposal facilities in which DOE is disposing of MLLW.
For some of this waste, the states regulate in place of the USNRC.?

Transuranic Waste

Currently, DOE’s TRU waste disposal efforts are focused on maxi-
mizing the utility of the Waste Isolation Pilot Plant, which is located
deep underground in a salt formation in southeastern New Mexico. In
1992, the WIPP Land Withdrawal Act transferred control of the land at
the site from the Department of Interior to the DOE. Subsequent
amendments exempted WIPP from RCRA treatment standards and land
disposal regulations (NRC, 1996).

WIPP operates under a permit issued by the State of New Mexico,
which allows it to receive only TRU waste resulting from the nation’s
defense programs. DOE has committed in its permit application to
manage all TRU waste as though it were mixed waste. In fact, the WIPP
Waste Acceptance Permit (the Permit) specifically prohibits DOE from

8DOE Order 435.1 Radioactive Waste Management meets and extends provi-
sions of USNRC waste management and radiation protection regulations, which
are described later in this section.

9Under the Low-Level Radioactive Waste Policy Amendments Act of 1985, an
“agreement state” is a state that has entered into a formal agreement with the
USNRC and has the authority to regulate disposal of low-level radioactive waste
within the state.
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disposing non-mixed TRU waste unless the waste has been character-
ized in compliance with applicable provisions of the Permit. This is to
avoid any question of New Mexico’s having authority to regulate
radioactive waste that is not subject to RCRA.

The Permit recognizes two classes of TRU waste: retrievably stored
and newly generated. Retrievably stored refers to waste generated after
1970 but before the characterization requirements of the Permit were
implemented at DOE sites (in about 1999). Newly generated refers to
waste generated more recently. If wastes buried before 1970 or contam-
inated soils are retrieved, they will be considered as newly generated
waste upon retrieval (see Table 2.1). Within each waste class, the Permit
further categorizes three broad groups related to the physical form of
the waste: homogeneous solids, soils and gravels, and heterogeneous
debris (see Table 2.2).

Under the Permit, every retrievably stored waste container under-
goes either radiography or visual examination to identify the physical
form of the waste and to ensure that prohibited materials are absent.
Headspace gas analysis to determine the presence of volatile organic
compounds (VOCs) must be performed on every container. Containers
are assayed to be sure that their heat generation and fissile material
content are within Permit limitations. In addition, some homogeneous
solids and soil or gravel wastes must be sampled to establish the
concentrations of VOCs, semi-VOCs, and metals for hazardous waste
characterization.

Currently, the Permit is limited to wastes that produce a radiation
dose rate of less than 200 millirem per hour at the surface of the
container. This waste is called contact-handled TRU waste (CH-TRU)
because it is deemed safe for direct handling by workers. Waste that
produces more then 200 millirem per hour, about 2 to 4 percent of the
TRU inventory, is designated remote-handled TRU waste. Because
RH-TRU presents a potential hazard to workers, DOE is seeking regula-
tory changes to simplify its characterization. The State of New Mexico
and the EPA have not yet approved a DOE plan to characterize RH-TRU
waste.'! As noted later in this chapter, EMSP research will be especially
important if DOE’s expected regulatory changes to simplify characteriz-
ing RH-TRU and dealing with other problematic wastes are not forth-
coming.

19Prohibited materials include liquids, compressed gases, PCBs in concentra-
tions of 50 parts per million or more, and ignitable, corrosive, or reactive materials.

"Another NRC committee is assessing characterization requirements for
remote-handled TRU waste (NRC, 2002b).
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Mixed Low-Level Waste

Unlike TRU waste, MLLW has no special exemptions from regulatory
controls. DOE is relying primarily on private contractors and commer-
cial facilities to meet EPA and USNRC requirements for treating and
disposing of its MLLW. MLLW cannot be disposed in WIPP because it
does not qualify as TRU waste.'?

The EPA has developed regulations for hazardous waste manage-
ment and disposal principally under the authority of RCRA enacted in
1976.13 RCRA has been amended several times, with the most signifi-
cant amendments passed in 1984 as the Hazardous and Solid Waste
Amendments. RCRA provides for cradle-to-grave control of hazardous
wastes by imposing management requirements on generators and trans-
porters of hazardous waste and on owners and operators of treatment,
storage, and disposal facilities.

The Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA, also known as Superfund) of 1980 addresses
threats to public health and the environment from abandoned or active
sites contaminated with hazardous or radioactive materials. Reauthorized
by Congress in the Superfund Amendments and Reauthorization Act
(SARA) of 1986, CERCLA gives EPA the authority to require remediation
of hazardous waste previously disposed at DOE sites. Compliance with
CERCLA may require the retrieval of some previously buried mixed
wastes.

The EPA’s hazardous waste regulations apply to more than 500,000
companies and individuals throughout the United States (Case, 1991).
Thus, the EPA uses a prescriptive approach to develop regulations that
are almost universally applicable and contain straightforward numerical
criteria that are relatively easy to understand and enforce. The EPA
defines hazardous waste, specifies treatment standards that must be met
prior to disposal, and specifies standards for construction and operation
of hazardous waste disposal sites. For DOE MLLW, which includes rela-
tively small quantities of many wastes that are diverse and heterogeneous,
this universal prescriptive approach poses problems.

A Memorandum of Understanding (MOU) between DOE and EPA to
help resolve these problems was signed in February 2000 (Eaton and
Carlson, 2002). Under the auspices of this memorandum, DOE and EPA
have established several joint agency work groups to address issues

12The basis for excluding MLLW is legal rather than technical.

A history of EPA regulation of mixed waste beginning in 1976 can be found
on the EPA Mixed Waste Team home page: http://www.epa.gov/radiation/mixed-
waste/.
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such as alternatives to incineration, mercury-waste treatment and dis-
posal, HEPA (high-efficiency particulate arresting) filter monitoring, and
generally difficult technical issues where mixed waste does not fit well
with the land disposal restriction treatment standards. The MOU also
lists a number of recent EPA regulations that are likely to affect DOE’s
plans and technical needs for managing MLLW (see Sidebar 2.3).

USNRC regulations that affect the management of MLLW include
the Low-Level Waste Disposal Regulations (10 CFR 61) and Radiation
Protection Standards (10 CFR 20). The USNRC regulates the radioactive
characteristics of low-level waste materials acceptable for near-surface
land disposal through a combination of prescriptive and performance-
based requirements. Performance assessment is required to calculate
worker and public exposure risks associated with waste disposal.
According to the USNRC, a near-surface disposal facility is one in
which radioactive waste is disposed within the upper 30 meters of the
land surface. Institutional control of access is required for 100 years,
and within 500 years, wastes must decay to a sufficiently low level that
the remaining radioactivity will not pose unacceptable hazards to an
intruder or the general public.

To meet this latter requirement, further prescriptive regulations
define three classes of waste that are deemed suitable for near-surface
disposal. Classification as Class A (the easiest to dispose), Class B, or
Class C depends on which radionuclides are present and their concen-
trations (see Table 2.4). If the waste qualifies as TRU or is contaminated
above certain limits with long-lived radionuclides, it is not suitable for
near-surface disposal.'

DOE expects to use Envirocare’s Utah facility to dispose of about 30
percent of its MLLW (DOE, 1997). This is a commercial facility located
in Tooele County, Utah, which is permitted for the disposal of several
types of waste. This facility also provides some treatment capabilities,
including stabilization by converting the waste to a solid material,
macroencapsulation, and microencapsulation (see Chapter 3).

The State of Utah has permitting authority for low-level waste and
hazardous waste using USNRC and EPA rules, respectively. Currently
the facility is licensed to receive only USNRC Class A radioactive
waste and naturally occurring or accelerator-produced material.
Disposal of Class B or C waste requires additional approvals by the
Utah Radiation Control Board (already issued), the governor, and the
Utah legislature. However, it is not clear at this time if Envirocare will
pursue these approvals.

“Mining industry waste is excluded from this requirement.
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SIDEBAR 2.3 ENVIRONMENTAL PROTECTION AGENCY (EPA) ACTIVITIES AFFECTING
DOE MIXED WASTE

A number of EPA’s regulatory activities that are under way or have been completed recently will impact
mixed waste storage, treatment, and disposal. Research and development are necessary to support
the development of emerging rules and to comply in a cost-effective manner with rules that have been
finalized. Examples of regulatory activities that likely will drive research and development needs with-
in the next three to five years include the following:

Mercury Hazardous Waste Treatment Standards—Notice of Data Availability. The EPA, working with
DOE, is evaluating technologies to stabilize mercury-containing wastes that are not suited for mercury
recovery and elemental mercury stocks. These studies will describe the conditions under which vari-
ous treatment process residues may remain stable in a landfill over the long term.The data report is
being prepared and will be subjected to peer review. A Notice of Data Availability containing the data
and the peer review results is expected in late 2002.

Mercury Action Plan. This consists of an assembly of potential regulatory and voluntary actions,
enforcement and compliance, research, and outreach to characterize and reduce risks associated with
mercury. Its multimedia and cross-discipline focus and its emphasis on pollution prevention will
impact mixed wastes containing mercury. Estimated completion is expected in late 2002.

Hazardous Waste Combustion Emission Standards. On September 30, 1999, EPA promulgated stan-
dards to control emissions of hazardous air pollutants from incinerators, cement kilns, and lightweight
aggregate kilns that burn hazardous wastes (referred to as the Phase | rule). A number of parties, rep-
resenting the interests of both industrial sources and the environmental community, sought judicial
review of the rule. On July 24, 2001, the United States Court of Appeals for the District of Columbia
Circuit granted the Sierra Club’s petition for review and vacated the challenged portions of the rule.
On October 19,2001, after several months of negotiation, EPA, together with all other petitioners that
challenged the hazardous waste combustor emission standards, filed a joint motion asking the court
to stay the issuance of its mandate for four months to allow time to develop interim standards. These
stopgap interim standards were promulgated on February 13 and 14, 2002. They replace the vacated
standards temporarily, until revised replacement standards are promulgated in 2005 through a full
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Along with using commercial disposal facilities, DOE sites can
establish on-site facilities. Both the DOE Hanford Site and the Nevada
Test Site are developing RCRA-compliant facilities for their own wastes
and might receive waste from other sites in the future (see Figure 2.4).1>

In summary, MLLW that contains certain specified materials is pro-

sHanford’s MLLW facility is operating under an interim permit. Hanford
expects to be fully permitted to accept MLLW in about 2003. The Nevada Test
Site expects to have permits in about 2004 (Maio and Reese, 2002).
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notice-and-comment rule making that complies with the court’s mandate. Also, EPA is developing
Maximum Achievable Control Technology (MACT) standards for hazardous waste burning boilers and
hydrochloric acid production furnaces as a second phase (Phase Il) of the hazardous waste combustor
(HWC) National Emission Standards for Hazardous Air Pollutants (NESHAP). DOE facility compliance
date for the interim standards is September 30, 2003.

PCB “Mega-Rule”. On June 29, 1998, EPA promulgated amendments to the regulations in 40 CFR 761
that significantly affect the use, manufacture, processing, distribution in commerce, and disposal of
PCBs. This Mega-Rule affects mixed wastes containing PCBs. Among other things, the amendments
provide new alternatives for the cleanup and disposal of PCBs, establish standards and procedures for
decontaminating materials contaminated with PCBs, and create a mechanism for recognizing, under
the Toxic Substances Control Act, other Federal or State waste management permits or approvals for
PCBs. The rule became effective in August 1998.

LDR Phase IV and Progeny. On May 26, 1998, EPA promulgated treatment standards for characteristic
metal-bearing wastes, including mixed wastes, under the RCRA Land Disposal Restrictions (LDR)
program. The regulations also adopted alternative treatment standards for soil contaminated with
hazardous waste. On May 11, 1999, this rule was corrected and clarified, particularly with respect to
treatment residuals and point of generation—both of which directly affect DOE mixed waste facilities.
DOE facility compliance date was August 1998 for metal standards; authorized state programs control the
effective date of soil treatment standards.

Hazardous Waste Identification Rule. On May 16,2001, EPA published a final rule, known as the
Hazardous Waste Identification Rule (HWIR) that retained, with revisions, the mixture rule and the
“derived-from” rule in the RCRA regulations (66 FR 27266). The revisions to the mixture and derived-
from rules exempt mixtures and/or derivatives of wastes listed solely for their ignitability, corrosivity,
and/or reactivity characteristics and also conditionally exempt certain mixed waste from the mixture
and derived-from rules. Effective date of final rule was August 14, 2001.

SOURCES: EPA Office of Solid Waste and DOE Office of Science and Technology.
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hibited from near-surface disposal under current EPA and USNRC regu-
lations. These include the following:

 liquids,

e reactive or explosive materials,

e flammable material,

e untreated biological material,

e materials that may emit toxic gases or fumes,

e other materials subject to EPA’s LDR, as listed in 40 CFR 268,
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TABLE 2.4 Allowable Concentrations of Short-Lived Radionuclides for Near-Surface Disposal

Class A Waste Class B Waste Class C Waste

Radionuclide (Ci/m3) (Ci/m3) (Ci/m3)

Total of all nuclides with less than 5-year half-life 700 a a

H-3 40 a a

Co-60 700 a a

Ni-63 35 70 700

Ni-63 in activated metal 35 700 700

Sr-90 0.04 150 7,000

Cs-137 1 44 4,600

a:There are no limits for these radionuclides in Class B or C wastes. Practical considerations such as the effects of external
radiation and internal heat generation on transportation, handling, and disposal limit the concentrations for these wastes.

SOURCE: Code of Federal Regulations, Title 10, Part 61.55.

FIGURE 2.4 RCRA require-
ments for disposal of MLLW
include use of an imperme-
able liner and leachate
collection system to provide
total containment of
hazardous chemicals for at
least 30 years. Here, a large
box of macroencapsulated
waste is being placed in a
RCRA-compliant disposal
facility at Hanford.

Source: DOE Richland
Operations Office.

and
¢ radioactive isotopes in amounts that exceed USNRC Class C.

In order to be disposed, these wastes require treatments that may be
technically difficult and expensive, as described in Chapter 3.
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Evolving Regulations

In establishing criteria for accepting waste at the Waste Isolation
Pilot Plant, DOE attempted to combine complex regulatory programs
with what were expected to be the performance characteristics of the
WIPP system, even as WIPP was being designed and built. In hindsight,
as actual operation experience is gained, some of the self-imposed and
rather restrictive requirements are proving impractical and perhaps even
irrelevant from a health and safety perspective, such as the PCB limita-
tions and the lengthy characterization protocols. A previous NRC report
(2001d) concluded that the requirements should be reviewed and
updated so that the criteria (referred to as waste acceptance criteria,
WAC) are kept relevant to long-term performance of the repository and
to safety, technical, and legal considerations.

DOE has focused its efforts on simplifying the regulatory require-
ments for wastes that might be prohibited from disposal at WIPP or that
might be sidelined due to failure to meet the WAC, particularly because
of characterization difficulties. For example, DOE has prepared a draft
request for authorization to allow the disposal at WIPP of TRU wastes
containing PCBs. Approval of this request would allow DOE to dispose
of approximately 88,000 cubic feet (2,500 cubic meters) of TRU wastes
containing PCBs subject to regulation under the Toxic Substance Control
Act (TSCA). In addition, DOE is also drafting requests for options for
waste characterization being conducted at its sites that send waste to
WIPP for management and disposal. DOE is particularly interested in
simplifying the requirements for characterizing its RH-TRU waste (NRC,
2002b).

EPA requirements that will affect DOE’s management of MLLW for
the next three to five years are identified in the MOU (see Sidebar 2.3).
Given EPA's broad responsibility to regulate hazardous waste, additional
future regulations affecting MLLW are inevitable.

Public Concerns

The views and concerns of members of the public will play an
important role in establishing needs for improved technologies or
changing agreed-upon plans for managing TM wastes. The statement of
task for this report included evaluating treatment technologies for cate-
gories of TM waste for which current treatment technologies are not
adequate, “in particular due to new or tightened regulatory require-
ments or other non-technical considerations such as nascent public
opposition to incineration” (see Sidebar 2.4 and Appendix C).
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SIDEBAR 2.4 PUBLIC CONCERNS ABOUT INCINERATION FOR TREATMENT OF TM WASTE

DOE's recognition that the public might oppose some of its waste treatment technologies arose from a
lawsuit over plans to construct an incinerator for TM wastes at the Idaho National Engineering and
Environmental Laboratory. To settle the suit, DOE appointed a Blue Ribbon Panel of independent
experts to identify technological alternatives to incineration that might become available for use at
DOE facilities nationwide (DOE, 2000b)." Subsequently, DOE formed an Alternatives to Incineration
Committee (ATIC) to follow-up the technical and public perception issues involving the proposed alter-
natives.2 To assist the ATIC, the INEEL Citizens Advisory Board produced a list of some 44 concerns for
ATIC to consider in evaluating alternatives to incineration. About half are listed below as examples of

the range and detail of citizens’ concerns.

Size (mobility) of facility
Cost of facility
Complexity of operation
Temperature

Pressure

Hazardous reagents
Energy efficiency

Maturity of technology

Availability (ability to implement) in the short term

Air emissions

Type(s) of waste generated
Volume(s) of waste generated
Validity of monitoring results

Disposition of waste generated

Effects on worker and public health and safety

Environmental impacts

Residual effects or impacts that cannot be mitigated

Acceptability to Shoshone-Bannock Tribes

Description of catastrophic failure or credible accident scenario

Description of off-normal operation

Vulnerability to off-normal operation

Emissions resulting from off-normal operations

1Settlement Agreement: Keep Yellowstone Nuclear Free v. Richardson, et al.; No 99 CV1042J (D.WY).
2The co-chairman of ATIC, Victoria Tschinkel, is a member of the committee that developed this report.
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During its site visits the committee heard from citizen groups at the
Idaho National Engineering and Environmental Laboratory (INEEL), the
Oak Ridge Reservation, and the Savannah River Site (see Appendix E).
The committee did not hear a consistent opposition to incineration,
but it did hear concerns about air emissions, buried waste retrieval,
and monitoring. These broader concerns indicated that citizens are
generally well informed about potential technology-related problems
near their communities. Importantly, they expected DOE to address
their concerns.

The committee believes that the key is not simply to develop new
technologies to replace those that have raised public concern—to try to
stay technologically one step ahead of the public—but rather to involve
the public in the selection of technologies. The need for public partici-
pation is well documented (Chopayk and Levesque, 2002; Cohn, 2002;
see also Busenberg, 1999). An earlier NRC study emphasized the
importance of involving the public in choosing among technical
options (NRC, 2001c, p. 24):

The challenge is therefore not just to identify options that are
deemed suitable by technical experts. . . . Support for any
chosen technology will be difficult to achieve unless options for
managing wastes can be presented, together with their conse-
quences, and the public can participate in choosing among
those options.

The committee agrees with this assessment. Any new technologies
or changes in accepted cleanup plans are likely to encounter public
concerns or opposition unless convincing scientific evidence for their
adoption can be presented and citizens are involved in decision making.
Providing a scientific basis for decision making that can be understood
in the public forum is as important a role for the EMSP as providing
routes to new technology.

Summary: Meeting TM Waste Challenges

DOFE’s efforts are focused on removing TM wastes from its sites as
rapidly as possible. Although the focus is on near-term accomplish-
ments, in the broader perspective DOE'’s waste inventory is large and
diverse and wastes will continue to be produced by both site cleanup
and new activities. During the course of DOFE’s several-decades-long,
multibillion-dollar cleanup program, there are certain to be many
changes as technology and regulations evolve and citizens express their
concerns through the political process. There are both time and oppor-
tunity for EMSP research to produce new technologies to significantly
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enhance safety and reduce costs and uncertainties in DOE’s manage-
ment and disposal of its TM wastes.'6

TRU waste disposal in the Waste Isolation Pilot Plant will require
handling and characterizing hundreds of thousands of drums as well as
larger containers during the next 20 or more years. DOE is working
with pertinent regulators to reduce or eliminate restrictions that may not
be necessary for reducing risk and that interfere with waste shipments
or disposal. DOE expects this regulatory relief to help accelerate site
cleanup and closure.

Conversely, DOE has encountered legal, economic, and public con-
cerns about incineration, a technology that was expected to treat a
large fraction of the TM waste inventory. Some buried wastes and cont-
aminated soils, which DOE previously considered disposed, may have
to be retrieved and treated as new wastes. Monitoring WIPP and other
waste disposal facilities will continue for many years.

In view of the changes and challenges that DOE will be facing for
decades, there are two clear roles for EMSP-funded research in DOE’s
TM waste management efforts:

1. To provide the scientific basis for new technologies that will be
necessary for improving management and disposal of TM wastes
during at least the next 20 years, especially if the regulatory
changes that DOE expects to simplify dealing with problematic
wastes are not forthcoming.

2. To enhance the scientific information available for regulatory
decision making and public involvement, including evidence
that disposal systems are operating as intended.

16This committee follows previous committees in noting that adequate research
funding is a prerequisite for realizing benefits of new technologies (NRC 2000a,
200Ta, 2001b, 2001e).
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Research Needs and Opportunities

In this chapter the committee offers its views and recommendations
on research opportunities for the Environmental Management Science
Program (EMSP) to address challenges in managing transuranic and
mixed low-level wastes. Based on its discussion of the issues that frame
these challenges in Chapter 2 and its visits to Department of Energy
(DOE) sites (Appendix E), the committee concluded that the most signif-
icant needs and opportunities lie in

e waste characterization and how waste characteristics may
change with time,

e |ocation and retrieval of buried wastes,

e waste treatment, and

e |ong-term monitoring.

The committee has been selective in its recommendations to
encourage the EMSP to concentrate its limited funding in a few specific
areas where the committee believes research can lead to the most sig-
nificant improvements. Some technology areas, although clearly impor-
tant, were excluded because in the committee’s view the science and
technology base already exists to address them on a relatively short
time scale—less than five years.

Each recommendation is illustrated with a brief discussion of the
current baseline technologies and technology gaps,' challenges for
next-generation technologies, and research opportunities. Some exam-
ples are included, but these should not be construed as the only oppor-
tunities that the research community might perceive. Although the
selection of examples was influenced to some degree by the back-

'Baseline technologies are those that are being used at DOE sites or that are
commercially available and included in DOE's site cleanup plans.
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grounds and expertise of committee members, the research recommen-
dations were arrived at by a consensus process that considered input to
the committee, the needs of the end user,? the existence of critical
knowledge gaps, the potential for future cost and schedule savings, and
the possibility of achieving technology breakthroughs.

Characterization

The EMSP should support research to improve the efficiency of char-
acterizing DOE’s TRU and mixed waste inventory. This should include
research toward developing faster and more sensitive characterization
and analysis tools to reduce costs and accelerate throughput. It should
also include research to develop a fuller understanding of how waste
characteristics may change with time (chemical, biological, radiologi-
cal, and physical processes) to aid in decision making about disposition
paths and to simplify the demonstration of regulatory compliance.

Waste characterization is defined as “the determination of the physi-
cal, chemical and radiological properties of the waste to establish the
need for further adjustment, treatment, conditioning, or its suitability for
further handling, processing, storage or disposal” (IAEA, 1993, p. 52).
Current regulations require detailed characterization of waste for ship-
ping and disposal, especially for transuranic (TRU) wastes destined for
the Waste Isolation Pilot Plant (WIPP) as described in Sidebar 3.1.
Characterization is also necessary to determine treatment options (see
“Treatment” section later in this chapter). Information needed for waste
characterization generally includes the identity and amount of radionu-
clides, liquids, volatile organic compounds (VOCs), polychlorinated
biphenyls (PCBs), mercury, other metals regulated by the Environmental
Protection Agency (EPA), and the rate of hydrogen generation. Such
characterization increases the time and cost of preparing waste for off-
site shipment as well as the potential for worker exposure to radiation.

Most transuranic and mixed wastes (TM wastes) are packaged in 55-
gallon drums—hundreds of thousands of them as noted in Chapter 2. In
addition, the Transuranic and Mixed Waste Focus Area (TMFA)3 esti-

2End users are those who will use a given method or technology to accomplish
a task. They are usually contractor personnel at DOE sites.

3During most of the time this study was in progress, the TMFA, a part of the
DOE Environmental Management Office of Science and Technology (EM-OST),
was responsible for ensuring that technologies were available to manage this
waste. Organizational changes in EM that occurred as this report was being final-
ized are described in Appendix A.
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mates that there are at least 12,500 large containers at five DOE sites
that present special challenges for characterization because of their
size. The sites cannot be closed without dispositioning these containers.*

One type of characterization is physical—an assembly-line style of
nondestructive examination (NDE) and assay (NDA) to identify the
contents of an unopened drum (see Figure 3.1). Is it sludge or debris,
plastic or metal, solid or liquid? Has it been sealed, stabilized or treated
properly? NDE methods also permit assessment of the heterogeneity of
the drum contents and provide the means to screen for prohibited items
(e.g., gas cylinders). A second type of characterization determines the
chemical and radiological composition of the waste. Does the composi-
tion of the waste meet transportation and regulatory requirements for
disposal? If not, how should the waste be treated? While these types of
characterization provide snapshots of the waste, another consideration
is that waste characteristics will change with time through radiological,
chemical, and biological processes. The potential for gas generation,
particularly hydrogen, is of concern. Understanding how the character-
istics of containerized waste may change with time is especially impor-
tant for its continued storage, shipping, and eventual disposal.

Baseline Technologies and Technology Gaps

For heterogeneous debris (see Chapter 2), the baseline characteriza-
tion methodology for contact-handled TRU (CH-TRU) wastes comprises
a number of steps, including radiography and opening the container for
visual inspection to validate process knowledge (see Sidebar 3.1).
Swipes or sampling and analysis are required to obtain contaminant
information. If NDA is required, waste must be repackaged into con-
tainers sized for the available instrumentation. For homogeneous solids,
a statistical number of drums require coring and analysis (St. Michel
and Lott, 2002).

For TRU wastes that must be handled remotely because they also
contain substantial amounts of gamma-emitting isotopes (RH-TRU), the
current baseline requires the same characterization steps as CH-TRU.
DOE is seeking to change this requirement because of the difficulty of
making such detailed characterization in remotely operated facilities
and the increased risks of worker exposure (NRC, 2002b). From a cost-
saving standpoint, DOE would like to characterize RH-TRU based on
process knowledge only. More realistically, however, DOE believes that

4Several sites also have buried wastes or contaminated media. These materials
may not be containerized or their containers may be breached. They are dis-
cussed in the section “Waste Retrieval.”
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SIDEBAR 3.1 BASELINE CHARACTERIZATION STEPS FOR TRU WASTE

The characterization steps described here were developed for contact-handled TRU waste and have
been applied to TRU mixed waste. The methods, equipment, procedures, determination of uncertainty,
and other protocols used at DOE sites to perform these characterizations were approved by the DOE
Carlsbad Field Office, New Mexico Environment Department, and EPA. The major steps depicted are as

follows:
Debris
Waste
Data Load
AK RTR NDA DAC HSG VE mgmt Audit prep
=000 0 0050
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Homogeneous
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Determination of the Origin and Composition of the Waste by Acceptable Knowledge (AK). Acceptable
knowledge of the origin and composition of the waste must be documented to provide evidence that
the waste has a defense origin (by the terms of the Land Withdrawal Act, only defense-related TRU
waste may legally be sent to WIPP) and to provide characterization information on the waste con-
stituents. The DOE Carlsbad Area Office and the EPA use acceptable knowledge documentation to
certify each waste stream (i.e., waste-generating process). TRU waste sent to WIPP must come from a
certified waste stream.

Real-Time Radiography (RTR). Radiography using X-rays is performed on all waste containers to look
for items such as pressurized cans or free-standing liquids that are prohibited from being transported
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under U.S. Department of Transportation (DOT) regulations. If any of these items are present in a waste
container, the prohibited materials are removed and the contents repackaged. This radiographic exam-
ination is also used to confirm the acceptable knowledge characterization information.

Radioassay and Determination of Fissile Isotope Content. The number of curies of each transuranic iso-
tope is determined by radioassay (e.g., gamma scans) to a specified precision and accuracy. The fissile
isotope content is assessed using nondestructive assay (NDA) methods, such as passive-active neutron
systems. This information is used to meet the U.S. Nuclear Regulatory Commission (USNRC) require-
ment restricting the amount (several hundred grams) per container of each fissile species to ensure
criticality safety.

Headspace Gas (HSG). Headspace gas sampling is used to check all waste containers for flammable
gases (specifically, volatile organic compounds, hydrogen, and methane). This procedure, including
resealing drums that have been vented and waiting specified times until gases regain equilibrium
(drum aging to equilibrium criteria [DAC]), has been proposed as a means of ensuring conformity with
the DOT (e.g., 40 CFR 173 and 40 CFR 177) and USNRC (e.g., 10 CFR 71) regulations that address the
transport of flammable and/or gas-generating substances with radioactive materials. DOE proposed
the HSG sampling procedure in its application to the USNRC for a licensing certificate on the trans-
portation package (named the Transuranic Package Transporter, or TRUPACT-II) that is loaded with
waste containers for transport by truck to WIPP.

Visual Examination (VE). A visual examination is performed on a fraction of the waste containers by
placing the waste contents into a glovebox to verify the AK and RTR information. DOE proposed that 2
percent of the initial population of containers of each waste stream be examined visually, and if these
evaluations resulted in few miscertifications, then the percentage of subsequent waste containers to
undergo visual examination would be reduced. In October 1999, New Mexico in its Resource
Conservation and Recovery Act (RCRA) Permit stipulated the initial fraction of containers to undergo
visual examination to be 11 percent.

Coring and Assay of Homogeneous Waste for RCRA Constituents. Most of the TRU waste is heteroge-
neous in nature and requires no further characterization beyond acceptable knowledge to satisfy the
regulatory requirements of RCRA. For homogeneous waste, a fraction of the waste containers (e.g., 55-
gallon drums or standard waste boxes) are cored to extract representative samples that are analyzed
for constituents (e.g., volatile and semivolatile organic compounds, toxic metals, other hazardous
chemicals) regulated by RCRA.

SOURCES: NRC, 2002b, and DOE.
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FIGURE 3.1 X-ray examina-
tion of a waste drum allows

operators to determine if it
contains prohibited items
that must be removed
before shipping the waste to
a disposal site. Such visual
inspection of a drum, at
various positions and angles,
may take several hours.
Source: DOE Carlsbad Field
Office.

some additional characterization will be required to validate the process
knowledge (St. Michel and Lott, 2002).

DOE would like to simplify the characterization baseline for TRU
wastes in order to increase the rate of shipping these wastes to WIPP.
The main approach is to seek changes in current transportation and dis-
posal requirements, for example, to reduce the many detailed charac-
terization steps illustrated in Sidebar 3.1. In addition, the TMFA was
developing improved characterization technologies. An example of
state-of-the-art TMFA technology is the assay system being developed at
the Idaho National Engineering and Environmental Laboratory (INEEL
[see Sidebar 3.2]).

The committee believes that a gap exists in the lack of technologies
available to automate sampling and characterization in a more reliable
fashion. The problem becomes particularly complex for certain classes
of wastes for which a single sample may not be representative (e.g.,
debris waste). Other technology needs include methods to non-
destructively assay for radiological and nonradiological constituents
(e.g., Resource Conservation and Recovery Act [RCRA] metals, low
levels of TRU isotopes) and improved statistical methods to support
approaches such as compositing.
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SIDEBAR 3.2 STATE-OF-THE-ART TECHNOLOGIES BEING DEVELOPED BY THE TMFA

The Prompt Gamma Coincidence technique is a relatively new, nondestructive approach to measure iso-
topic ratios of plutonium and uranium. The technique overcomes the limitation of other approaches by
measuring radiation associated with the fission process. When elements fission, a pair of fragments is
produced. These fragments contain the same number of protons as the original isotope, emit neutrons
and gamma rays, are in an excited state, and are short-lived.

The system uses coincidence measurement of gamma rays from the fission fragments. These gamma
rays are distinct and are used to identify the fragment elements. Once the fragment elements are identi-
fied, the original, fissioning isotope can be confirmed. The system is a breakthrough technology because
of its ability to distinguish among isotopes. This is important to determine the presence of weapon com-
ponents and also to nondestructively qualify transuranic wastes and materials.

SOURCE: St. Michel and Lott, 2002.

Chemical and physical assays provide only a snapshot of the waste.
An improved understanding of reactions that can change the waste
characteristics with time is fundamental to making informed decisions
on storing, shipping, and disposal. The Strategic Laboratory Council’s
analysis of DOE's environmental quality research and development
portfolio found that the primary gaps in research in TRU and mixed
waste disposal (DOE, 2000c, p. 28)

involve research to reduce uncertainties in waste and system
performance driving conservatism in characterization and trans-
portation requirements for TRU wastes. Improved performance
knowledge may support reduction of characterization require-
ments, modified backfill requirements, and expansion of accept-
able waste categories for WIPP.

The current state of the art is that simple drum-by-drum methods
are employed to empirically derive the thermodynamic and kinetic
parameters for changes that occur in the waste as a function of broad
waste categories. These methods often form the basis for assessment of
the compliance of wastes with the waste acceptance criteria (e.g., gas
generation rates, stability) for the pertinent disposal site.

There is a gap in basic knowledge of waste behavior, both in mech-
anistic understanding and in understanding other types of chemical
behavior that may impact waste composition or physical integrity. These
include the chemical form (speciation) of contaminants, metal-catalyzed
redox reactions of waste constituents, sorption to the waste matrix, and
effects of pH and ionic strength on the waste matrix. One example of
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unanticipated chemical reactivity is the recent demonstration that
hydrogen can be generated by reduction of water by plutonium dioxide
in oxygen-lean environments (Haschke et al., 2000). This serves as a
pathway for hydrogen generation in addition to radiolysis, and has
potential implications for how the plutonium might migrate from the
waste.

There are gaps in understanding microbial effects in waste. Little has
been done regarding the microbiology of TM wastes. Conversely, much
has been done toward characterizing and exploiting the microbiota of
more traditional hazardous wastes, resulting in significant cost savings
over traditional disposal and remediation technologies (Harkness, 2000;
Steffan et al., 2000). Microbial effects may be important in organic
materials stored for long periods or in mixed waste landfills. Knowledge
gaps include (1) what microbes are present in mixed and TRU waste
and at what abundance; (2) what the activities of the microbes are and
how their activity affects the waste material; and (3) how these microbes
can be exploited to improve the treatment or disposal of TM wastes
(Brockman, 1995; Newman and Banfield, 2002; Reysenbach and
Shock, 2002).

In recent years, significant strides have been made toward develop-
ing methods and tools for analyzing microorganisms in environmental
samples. Application of these techniques to TM wastes should lead to a
better understanding of biogeochemical reactions occurring in the waste
materials. This information will be important for assessing treatment
options or monitoring the progress of biological treatment technologies
applied to the material (Brockman, 1995; Newman and Banfield,
2002). Many of these methods and tools should be directly applicable
for studying and characterizing the microbiology of TM wastes. For
example, some of the more popular modern molecular biology-based
techniques currently being used for environmental analysis include
density gradient gel electrophoresis (DGGE [Muyzer, 1999]), terminal
restriction fragment length polymorphism analysis (T-RFLP [Takai et al.,
2001]), and whole or partial genome sequencing, but other equally
useful methods clearly exist. Other studies have demonstrated that
microbial DNA can be extracted from complex environmental samples,
such as soil, and cloned to assess the genetic and functional diversity of
uncultured organisms (Rondon et al., 2000). Still other technologies
rely on identifying chemical signatures to confirm the presence of
microorganisms or evaluate their activities in environmental samples
(Nichols and McMeekin, 2002; Riitter et al., 2002; Zhang, 2002).
Likewise, measuring the presence and abundance of specific biomarkers
(e.g., peptides) can provide an understanding of microbial activities
occurring in complex matrices (Elias et al., 1999). The combination of
traditional culturing methods and modern molecular or chemical ana-
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Iytical techniques provides powerful tools for evaluating microbial pop-
ulations in complex environments.

Challenges for Next-Generation Characterization
Technologies

From its fact-finding visits to DOE sites and committee members’
expertise, the committee believes that the greatest challenges for the
next generation of waste characterization technologies will be to pro-
vide the following:

e more rapid, automated, NDA and NDE methods;

e more sensitive NDA and NDE technologies for larger containers
and hard-to-detect chemical and radioactive contaminants; and

e improved methods, based on fundamental modeling, to derive
present and future waste characteristics from a limited number of
sampling parameters.

As uranium and transuranic elements such as plutonium decay, alpha
particles are emitted. Associated with these alpha particles are mostly
low-energy, nonpenetrating gamma rays and neutrons. Instruments for
safeguarding nuclear materials rely on detecting these types of radiation.
However, these measurements have drawbacks for waste assays because
the radiation is subject to self-attenuation and shielding by extraneous
materials, especially in larger containers. The resulting energy spectra
are degraded to the extent that the resolution of currently available
detectors is often insufficient to identify the specific fissioning isotope.

Multiple high-purity germanium detectors can be used to improve
the sensitivity of gamma-ray spectroscopy (as can coincidence counting,
see Sidebar 3.2), but this dramatically increases instrument expense and
limits the number of stations that can be placed in service. Information
about the spatial distribution of radioactivity within the containers is
absent, which does not allow the detection of radiological “hot spots.”
Calibrating the results of such measurements may become complex and
require statistical methods with assumptions about waste homogeneity
and source location, which can introduce substantial error.

Neutron activation analysis identifies the chemical elements and
thus can be used to search for transuranics noninvasively. It is, in fact,
capable of identifying several radionuclides present that do not emit
high-enough-energy photons to be readily detected using gamma-ray
spectroscopy. Neutron activation analysis, however, suffers from the
same turnaround, expense, calibration, and inhomogeneity problems
associated with gamma-ray spectroscopy. Neutron activation analysis
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requires a high flux of neutrons, which is expensive, difficult, and
potentially hazardous to provide. Inexpensive, bulk detection of TRU
radionuclides by NDA presents a challenge for next-generation tech-
nologies.

DOE is presently developing new technologies for facility deactivation
and decommissioning and subsurface contamination applications that
are equally relevant for the characterization of containerized waste.
Examples include portable “laboratory-on-a-chip” sensor technology for
the quantitative identification of radionuclides and metals such as ura-
nium, plutonium, cesium, strontium, mercury, and lead (Collins and
Lin, 2001; Collins et al., 2002); the microcantilever sensor array tech-
nology for real-time characterization of the chemical, physical, and
radiological content of ground water and mixed waste (Ji et al., 2000,
2001); and the micro-chemical sensor for in situ monitoring and char-
acterization of volatile contaminants (Ho et al., 2001).

Similarly, the Department of Defense (DOD) has invested heavily in
the development and deployment of both contact and standoff (non-
contact) detectors for chemical and biological warfare agents.> The
ultimate program goals are to develop robust, portable, real-time sensors
capable of detecting agents well below incapacitating levels. The sensors
are usually connected to air sample collecting or concentrating devices,
although methods to analyze water and soil samples have also been
developed. Chemical sensor technologies under development are based
on ion mobility, surface acoustic wave (SAW), and miniature mass
spectrometry. For biomolecules and organisms, sensor development
includes fiber-optic waveguide, polymerase chain reaction (PCR), and
DNA chip technologies. The present sensors are either chemical or bio-
logical only, but plans are to develop combined nuclear-biological-
chemical sensors.

Microorganisms can potentially affect the chemical composition and
physical properties of both the contaminants and the waste matrix.
Radiation-resistant bacteria were first discovered in the mid-1950s
(Anderson et al., 1956). The best-studied of these organisms is
Deinococcus radiodurans, which can withstand up to 5,000 grays of
gamma radiation without significant loss of viability (Battista, 1997).
The bacterium has been used as a host organism to create radiation-
resistant recombinant organisms for degrading pollutants (Lange et al.,
1998) and for treating wastes contaminated with heavy metals (Brim et
al., 2000). Its entire genome sequence has been elucidated (White et
al., 1999). Recent studies suggest that many TM waste materials may

SFor examples, see the articles in the special issue of Biosensors & Bioelectronics,
Vol. 14 (2000).
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contain viable and active microbial populations (Heitkamp, 2001). A
previous National Research Council (NRC, 2001d) report summarized
studies indicating that gas generation due to microbial degradation of
cellulosic waste within WIPP will be insignificant, but it recommended
monitoring.

The types of microbes present in TM wastes and the effect of
microbes and microbial activity on the waste materials have largely been
unstudied. These microbes could have profound effects on the ultimate
fate of waste materials. The microorganisms may play a positive role by
reducing the concentration of toxic organic constituents in the waste.
They may play deleterious roles by increasing hydrogen or methane
production, enhancing corrosion, or converting waste components into
more toxic or mobile forms. Controlling or developing microorganisms
to play a positive role is a challenge for future biotechnologies.

Research Opportunities

Research opportunities include noninvasive standoff imaging and
image recognition methods and in-drum sensors to provide faster and
more sensitive technologies for waste characterization. Research to
develop predictive models of how waste characteristics may change
with time, including microbial effects, can reduce the need for detailed
waste analysis and provide better decision-making tools for storing,
shipping, and disposing of TM wastes.

New Characterization Methods

Research toward new, nondestructive and noninvasive, characteriza-
tion methods may lead to significant savings in time and cost, and
decreased risk of worker exposure. While these methods are currently
employed in the form of real-time radiography for physical characteriza-
tion and various gamma and neutron imaging techniques for radionuclide
inventory determination, basic research could also yield significant
improvements in these methods, as well as means of identifying other
constituents of waste drums. For example, it may be feasible to identify
and image RCRA metal contaminants by devising new techniques in
which neutron irradiation of the waste would activate stable metals,
yielding products that could subsequently be mapped for concentration
and location. Other approaches might include using the radioisotopes
present in the waste drums to image the contents of the drum.

New methods might also include the use of alternative forms of
energy to image constituents, ranging from the use of ultrasound to
identify physical forms of waste to the use of customized imaging or
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local probes akin to magnetic resonance imaging (MRI) for the identifi-
cation of a broad range of spin-active nuclei. Such methods, which
employ detectors that are not sensitive to ionizing radiation, could
avoid interference or background problems with waste that contains a
significant amount of gamma-emitting isotopes, for example, RH-TRU.
Promise exists for unique combinations of these methods with ionizing
radiation detection methods using emissions (emitted radiation from the
waste itself), induced emissions (radiation caused by external activation
of waste contents), or transmissions (modification of energetic beams as
they pass through waste). Similar measurement problems have been
solved for medical and industrial applications. However, significant
research is needed for these to meet the specific demands of the waste
problem (e.g., spatial resolution, object sizes, heterogeneity, density,
composition, field deployment).

Although noninvasive diagnostics are ideal, research also could
improve the use of minimally invasive methods. Waste drums generally
must be vented before they are shipped. This could provide a chance to
emplace a variety of point detection sensors that would nondestructively
convey information regarding waste constituents. When compared to
conventional analytical methods that require withdrawing a sample, in
situ probes could improve the speed of data acquisition and reduce
associated secondary waste streams from the laboratory analyses.
Examples of such probes could include fiber-optic windows for optical or
spectroscopic characterization of drum contents (“optrode” approaches
have been developed at Lawrence Livermore National Laboratory).
Alternatively, one could envision the development of inexpensive
chemical sensors operating on a variety of principles. The laboratory-on-
a-chip and microcantilever sensors are examples of the type of sensor
that could potentially be used for detecting changes in containerized
and noncontainerized waste. EMSP projects could be coordinated with
related DOD activities, especially in light of recent homeland security
initiatives.® Additional research is needed to develop radionuclide
spectrometers suitable for use as microdetectors in combination with
miniaturized chemical characterization systems.

Automation and data handling could also speed the acquisition of
analytical data. Current radiography techniques rely on time-consuming
visual inspection by human operators to identify prohibited items in
waste drums. With increasing sophistication of image recognition algo-
rithms, further research could yield automated systems to improve the
efficiency of real-time radiography (RTR) operations. Research opportu-

6See https://www.whitehouse.gov/homeland)/.

TRANSURANIC AND MixeED WASTES




nities exist in image interpretation, including self-attenuation and itera-
tive reconstruction methodologies.

The success in application of analytical tools configured for high-
throughput screening and analysis of combinatorial approaches to drug
and materials discovery suggests that similar parallel approaches may
be able to screen an array of large drums.” Wireless technology could
also be used to track and monitor the drums remotely (see “Long-Term
Monitoring” section). However, remote methods to introduce samples
and provide long-term power have not been developed for these
sensors. It may be possible to harvest electrical power to run these
sensors directly from the thermal, chemical, biological, or radiological
processes associated with the waste itself.

Microbial Effects

Research is needed to evaluate the microbiology of TM wastes. The
research should focus on identifying the microorganisms that exist in
the waste and evaluating their function relative to the waste material.
The research should determine whether these microbes affect the
hazardous or radioactive components of the waste in ways that make it
more or less toxic or more or less suitable for disposal in hazardous
waste, low-level waste, or other landfills or repositories (e.g., WIPP).
Research could focus on specific processes such as gas (e.g., H,, CH,,
CO,) generation and utilization, corrosion, leaching, and biological and
chemical transformation of hazardous and radioactive waste compo-
nents. The research should evaluate the overall effect of physical
conditions (e.g., pH, temperature, radioactivity) and chemical composi-
tion (e.g., organic and inorganic components, oxygen or other electron
acceptor availability) on biogeochemical processes occurring in the
containers.

Research also should evaluate the effects of microbial activity on
waste forms for disposal, including polymers and grouts, macroencap-
sulation matrices, and containers. Additional research is needed to
develop new tools for rapidly diagnosing microbial activity or identify-
ing specific microbes in TM wastes. Evaluation of chemical signatures,
biochemical markers, nucleic acid sequences, or other diagnostic char-
acteristics can lead to sensor or detector technologies for rapid and
even real-time characterization or monitoring. Such basic and applied
research also might lead to new technologies suitable for use in many

’See “Combinatorial Discovery of Drugs and Materials,” Chemical & Engineering
News, March 8, 1999, p. 33.
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areas including remote sensing, long-term monitoring, and even clinical
diagnostics applications. The research should complement related
research efforts being conducted within DOE and at other agencies
(e.g., National Aeronautics and Space Administration’s Astrobiology
Institute researchs).

Predictive Modeling

One of the most beneficial cost-saving tools in the management of
TM wastes would be the formulation of more reliable predictive models
of how waste characteristics may change with time, well validated by
experimental data. Ideally, models could predict such factors as

e gas generation rates (e.g., matrix effects on rates of radiolysis,
microbial effects);

* |eachability of radioactive and hazardous constituents (are
methods such as the toxicity characteristic leaching procedure
[TCLP] accurate predictors of susceptibility to leaching?);? and

e the chemical availability of contaminants such as mercury for
removal by various separation processes.

This information could simplify flowsheets, reduce the need for expen-
sive drum-by-drum characterization, and improve the efficiency of
waste packaging.

In order to construct a realistic model of hydrogen generation, for
example, fundamental data would have to be compiled on rates of
radiolysis for applicable organic constituents and water, rates of organic
substrate diffusion under realistic conditions (clarifying matrix effects on
rates of hydrogen generation), hydrogen diffusion and entrainment
potential, and competing rates of chemical (e.g., recombination of
hydrogen and oxygen catalyzed by metal or metal oxides) or biological
reactions. These are undoubtedly complex models to derive and vali-
date and will require new methodologies, including the means to
couple interrelated parameters such as hydrogen availability (a complex
function of generation and consumption, as well as physical diffusion)
and metal ion oxidation states, which affect chemical reactivity.

There is a wealth of data from the actual sampling of each drum
already sent to WIPP or ready to ship. A thorough analysis of these data
might yield statistically valuable predictive tools. These tools might

8See http://astrobiology.arc.nasa.gov/.
9The TCLP is an EPA-prescribed test to determine whether a solid material should
be classified as hazardous (see Chapter 2).

TRANSURANIC AND MixeED WASTES




enable relatively inexpensive sampling of a few parameters in each drum
to predict the presence of problematic materials. Alternatively, within a
group of drums from the same source, sampling a certain percentage of
the population may adequately predict the contents of the remainder.

New experimental approaches to validate these models may also be
required. If such models could be employed in justifying higher wattage
or organic content limits, it could result in tremendous cost savings
(avoiding additional treatments to reduce organic content) and reduced
risk of worker exposure (during repackaging).

Retrieval of Buried Waste

The EMSP should support research that will facilitate management
of buried TRU and mixed waste in anticipation that retrieval of some
waste will become necessary. This research should emphasize remote
imaging and sensing technologies to locate and identify buried waste
and retrieval methods that enhance worker safety.

Substantial quantities of TRU waste were disposed in near-surface
excavations (shallow land disposal) prior to federal prohibition of TRU
burial in 1970. Land disposal of untreated chemically contaminated
wastes was not prohibited until enactment of the Resource Conserva-
tion and Recovery Act (RCRA) in the mid-1970s. Some of these wastes
were buried in containers that may be retrievable;'® some were buried
in bulk. In addition, a quantity of pond and lagoon sludges and associ-
ated soil remains buried (see Appendix B).

Decisions to retrieve buried waste or contaminated media generally
rest on agreements among DOE, stakeholders, and regulatory agencies.
Some or all of the waste buried at individual DOE sites may be left in
place and monitored during long-term site stewardship programs (NRC,
2000c). However, DOE recognizes that some buried waste may require
retrieval for treatment and disposition as TRU or mixed waste (DOE,
2007a)."" Given the complex and changing nature of regulatory require-
ments and public concerns, the committee agrees that some buried
wastes are likely to be retrieved in the future. Research begun now
would be timely to address the additional challenges involved in locat-
ing and retrieving these materials.

19Retrievability is defined as the ability to remove waste from where it has been
emplaced (IAEA, 1993).

""The TMFA Multi-Year Program Plan 2001 noted that the focus area was evalu-
ating technology for “. . . automated retrieval of containerized waste that was not
previously intended to be recovered.” (DOE, 2001b, p. 47).

Chapter 3
.




50

Baseline Technologies and Technology Gaps

DOE has no baselines for retrieving waste that has been buried at its
sites throughout the country. However, initial plans to retrieve wastes at
a small test plot at INEEL's Pit 9 provide an overview of state-of-the-art
technology that is commercially available to DOE (see Sidebar 3.3).

At EPA Superfund sites, two of the most commonly used approaches
for the retrieval of contaminated soil and groundwater are, respectively,
excavating and removing soil and solid waste and pumping and treating
contaminated groundwater. Soil is excavated using backhoes, bulldozers,
or front-end loaders and placed on tarps or in containers. After excava-
tion, the soil is removed by truck and taken to a licensed hazardous
waste facility for treatment. Polluted water is extracted by pumping
ground water into wells and up to the surface for placement in holding
tanks. EPA also allows the treatment of waste in situ. For example, an
oxidant is pumped into the ground to break down chemical contami-
nants. In situ oxidation is often faster than pumping and treating water
in contaminated aquifers (EPA, 2002b; NRC, 1995, 1997b).

Retrieval of buried waste and contaminated media generally involves
excavating the entire area where the material is known or expected to
be. Extending this approach to the many acres that comprise DOE burial
sites is probably impractical. There is a technology gap in locating and
identifying specific objects (e.g., drums, gloveboxes) and determining if
they need to be retrieved. Waste characterization is done as excavation
proceeds, so surprises may be encountered.'? An earlier project at Pit 9
led to concerns that drilling to retrieve waste samples could cause an
explosion or fire (NRC, 2000a). Although robotics would be ideal for
increasing worker safety, the current state of the art is that robotic sys-
tems lack the versatility and reliability needed for efficient deployment
in the field (Sandia, 1998).

Challenges for Next-Generation Retrieval Technologies

From its fact-finding visits to DOE sites and committee members’
experience and judgment, the committee believes that the greatest chal-
lenges for the next generation of waste retrieval technologies will be to
provide

12A recent report on remediating a waste site at Sandia National Laboratories
stated “the largely unknown characteristics of the buried waste material created
uncertainties that could only be addressed during the excavation, rather than during
the planning stages” (Methvin, 2002, p.1).
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e improved, noninvasive means to locate and identify buried waste
whether or not it is containerized;

e remote, noninvasive assessment of the condition of buried waste
containers and potential leakage from the containers; and

e remote intelligent machines (robots) for waste retrieval and
repackaging or treating as necessary.

Before the waste can be retrieved it must be located and at least a
preliminary characterization must be made of its condition. If the drums
or other containers are intact, they can be retrieved and handled using
the processes developed for stored waste. Breached containers or non-
containerized waste will be more difficult to retrieve. In either event, to
minimize the number of processing steps and ensure worker safety, it
would be helpful if more detailed characterization of the waste con-
tainers and their contents could be performed at the retrieval site.
Hence there is opportunity to extend research for improved characteri-
zation methods, as described in the previous section, to the problem of
buried waste. For example, research could lead to methods that are
mobile, field deployable, and remotely operated. Next-generation tech-
nologies being developed for military purposes, such as land mine
detection, might be adapted for locating buried waste (see Sidebar 3.4).

Physically retrieving wastes without exposing workers or spreading
contamination will be a challenge. Next-generation robotic technology
could be especially useful if the drums are not intact or if the soils sur-
rounding the drums are highly contaminated. Robotic devices could
repack the materials into a new container, preferably a smart drum
capable of self-analysis and monitoring. Hanford proposed a remotely
operated, multipurpose robotic vehicle with interchangeable actuators
as one technology that would be capable of meeting a multitude of
waste retrieval needs across the DOE complex. There is a specific need
for robotic technology to retrieve RH-TRU wastes, some of which pro-
duce potentially lethal levels of radiation, from caissons located in the
Hanford 618-11 waste burial grounds (Leary, 2002).

One of the best examples of next-generation robotics technology
that might be further developed to retrieve buried waste drums is the
HANDSS-55 system being assembled by the TMFA (see Sidebar 3.5).
Drums are moved through the system automatically, and opened, and a
robotic hand sorts through the contents of a drum to remove selected
items as directed by video cameras and an operator using voice or
touch screen commands (Frazee and Lott, 2002).

DOE has laid out an ambitious Robotics and Intelligent Machines
Roadmap, which envisions threefold increases in productivity and ten-
fold reductions in radiation exposure to workers (Sandia, 1998). A
previous NRC committee recommended robotics research for decom-
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SIDEBAR 3.3 PLANS FOR BURIED WASTE RETRIEVAL AT INEEL PIT 9

INEEL's Radioactive Waste Management Complex (RWMC) was established in 1952 for disposal of solid
low-level radioactive waste generated on-site. Wastes from other DOE sites were also buried there,
including transuranic waste from Rocky Flats. Wastes were disposed in pits, trenches, soil vaults, an
above-ground disposal pad, a transuranic storage area release site, and three septic tanks. One of the
trenches contained in the complex is Pit 9, a 1-acre site that was used for waste disposal primarily from
Rocky Flats between 1967 and 1969. DOE estimates that Pit 9 contains about 7,100 cubic meters
(250,000 cubic feet) of sludge and solids contaminated with plutonium and americium.

An effort in the early 1990s to clean up Pit 9 failed, in part due to inadequate characterization of the
wastes buried there. At the time the project was stopped, the cost of the cleanup was estimated to be
about a half-billion dollars (GAO, 1997). INEEL has continued to develop options for Pit 9. INEEL’s cur-
rent planning is described here to provide examples of commercially available state-of-the-art technolo-
gies for waste retrieval.

The planned pilot-scale retrieval of wastes from portions of Pit 9 will probably be done in some type of
containment structure. Modular-type structures are available that are inexpensive, easy to assemble,
include their own air filtration systems, and can be assembled in basically any size and shape. Once
assembled, the interior surface is sprayed with a strippable coating to prevent contamination of the
structure itself. This coating can easily be removed or reapplied over the original coat to decontaminate
or fix loose contamination during the life of the project.

Once the containment structure is ready, the next activities would be preliminary characterization and
excavation. Excavator-mounted real-time systems are available to monitor radioactivity levels as the
excavation proceeds. Automated systems are also available to assay the soil as it is removed.

Remotely operated excavation systems, such as the BROKK demolition machine (Holmhed Systems AB,
Skelleftea, Sweden), which is equipped with a robotic arm, and the Sonsub Overburden soil removal sys-
tem, are available for this phase of the work (see Figure 3.2). All of these technologies incorporate video
systems to give operators visual information on all activities. Robotic sample collection capabilities are
also available if needed or desired.

Once an object is encountered in the excavation and removed, a number of options are available for
handling it. Following a remote inspection by video and radiation survey instruments, it will probably
be repackaged for transportation to another facility. During the excavation and removal phase, a num-
ber of new fixative sprays and foggers are available to fix contamination and suppress airborne activity.
These can be deployed remotely using the BROKK machine or other remotely operated equipment. Soft
Sided Containers (Transport Plastics, Inc., Sweetwater, Tenn.), approved by DOT for shipping low-level
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FIGURE 3.2 The BROKK
demolition machine,
equipped with a robotic arm,
is an example of state-of-the-
art technology that might
be used to retrieve buried
waste from Pit 9 at INEEL.
Source: INEEL.

radioactive waste, are inexpensive and versatile for repackaging excavated objects or wastes that have
somewhat irregular sizes and shapes. They can also be used to containerize both clean and contaminat-
ed soil associated with the retrieval activities.

For inspecting and characterizing the waste removed during retrieval operations, new instruments that
identify radionuclides, such as the Surveillance and Measurement System (SAMS, Berkeley Nucleonics,
San Rafael, Calif.); heavy metals, such as the Multi-element Spectrum Analyzer (NITON Corp., Bend, Ore.);
and PCBs, such as the Spectro Xepos x-ray fluorescence analyzer (Asoma Spectro, Fitchburg, Mass.) are
available for quick identification of contaminants and they eliminate the need for sample collection and
laboratory work.The SAMS radiation detection system provides real-time isotope analysis in addition to
radiation field strengths.

Following excavation of the desired materials, automated radiation survey systems—deployed either
from the excavator or by other remotely operated devices—are planned to perform detailed surveys of
the excavated pit to allow proper backfilling and monitoring.

SOURCE: R. Meservey, INEEL.
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SIDEBAR 3.4 DEPARTMENT OF DEFENSE LAND MINE DETECTION

The DOD has identified 19 candidate technologies for land mine detection (GAO, 2001). The technolo-
gies include methods that exploit properties of the electromagnetic spectrum either passively (e.g.,
electromagnetic signature at infrared, millimeter wave, or microwave frequencies), actively by using
electromagnetic energy (e.g., conductivity or resistivity, electromagnetic induction, electromagnetic
radiography, gamma-ray imaging, LIDAR [light detection and ranging], microwave enhanced infrared,
quadrupole resonance, radar, terahertz imaging, X-ray backscatter, X-ray fluorescence), or by other
technologies (e.g., acoustic or seismic, biosensors, neutron activation analysis, trace vapor).

One example of a new mine detection technology is the timed-neutron moderation technique that
uses neutrons to detect hydrogen in casings and explosives found in both plastic and metal land mines
(Craig et al., 2000). A neutron source, about the size of a pager, holds a small amount of californium-
252, As the element spontaneously fissions, it emits neutrons that electronics in the instrument then
“time tag,” noting when the decay occurred. The neutrons penetrate the soil, where they lose energy if
they interact with hydrogen in a mine. These less energetic, slow neutrons are reflected back toward
the detector. Helium-3 in low-pressure pipes collects the neutrons and emits electrons. The electronic
signal is processed by special circuitry to indicate the potential presence of a land mine. The technique
discriminates against other forms of hydrogen, such as in ambient moisture.

The DOD has also developed the Multi-sensor Towed Array Detection System (MTADS) for the under-
ground imaging of metallic objects with particular emphasis on unexploded ordnance (Nelson and
McDonald, 2001). MTADS consists of a low-magnetic-signature vehicle that is used to tow linear arrays
of magnetometer and pulsed-induction sensors to conduct surveys of large areas. The MTADS mag-
netometers are cesium vapor full-field selected for low noise and intersensor reproducibility. Eight
sensors are deployed as a magnetometer array on an aluminum and composite platform. The pulsed-
induction sensors are deployed as an overlapping array of three sensors on a nonmetallic trailer. These
sensors transmit a short electromagnetic pulse into the earth. Metallic objects interact with this trans-
mitted field that induces secondary fields in the object. These secondary fields are detected by six
detection coils that are located with and above the transmit coils.

The MTADS has demonstrated an impressive target location and depth prediction capability. Detection
rates are greater than 95 percent under a variety of conditions. In addition to accurately locating a
target for remediation, target classification is improved by developing increasingly detailed models of
sensor response, focusing on the target shape information contained in the pulsed-induction response.
Current projects are examining the potential of both frequency- and time-domain induction sensors
for target characterization.
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missioning nuclear facilities but cautioned that the DOE roadmap’s
“envisioned leaps in technology are not likely to occur without new
knowledge” (NRC, 2001b, p. 66).

Microorganisms can have a profound impact on the chemistry and
fate of buried waste (Newman and Banfield, 2002). Research in the
public and private sectors has led to extensive knowledge of the bio-
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SIDEBAR 3.5 HANDSS-55 REMOTE MECHANICAL SYSTEM

HANDSS-55 is a remote, partially automated, modular waste sorting and repackaging system for
55-gallon drums of contact-handled TM wastes. This system is designed to satisfy the unique and vary-
ing needs of each DOE site. Each module can be operated individually or in integration with the others.
HANDSS-55 is being developed at the Savannah River Site, which has about 10,000 drums of Pu-238
and Pu-239 waste that must be handled in a contained facility for contamination control.

The HANDSS-55 system remotely opens 55-gallon drums and their polyethylene liners, gains access to
the waste, removes items that are noncompliant for shipment to WIPP, and repackages the waste into
polyethylene canisters. The used drums are shredded. Future plans include adapting the technology to
a mobile platform as well as fully automating it.

SOURCE: Frazee and Lott, 2002.

geochemistry and fate of traditional pollutants in the environment, for
example, the DOE Natural and Accelerated Bioremediation Research
(NABIR) program.'* The committee found no studies on the complex
relationships among microbes and the organic and inorganic con-
stituents within TM wastes themselves.

Research Opportunities

Prior to retrieval, it will be necessary to determine the condition of
the waste or waste container. This need extends the challenge for imag-
ing science research, described previously, to objects below ground.
The approaches could be nonintrusive (preferred) or intrusive and could
be coupled with chemical analysis. The nonintrusive approach may
include ground penetrating radar, magnetometry, acoustics, chemical
sensing of near-surface air samples, neutron activation, and radiological
surveys. A minimally intrusive approach might use small-diameter bore-
holes to emplace equipment or sensors or to collect samples.

In addition to improving image resolution, research is needed on
methods to improve object identification. Is it a drum, box, or rock? Is it
intact? Is the soil surrounding the object contaminated? Are the con-
taminants stabilized or contained? Sophisticated image analysis and
identification models and software will be needed to perform these
assessments. The DOD’s mine detection research might be leveraged
(see Sidebar 3.4).

13See http://www.Ibl.gov/NABIR/.

Chapter 3

55




56

Research to understand biological processes that occur in buried
waste can lead to better-informed decisions regarding retrieval. In simple
experimental systems, the radiolytic effects of plutonium (primarily
alpha-particle decay) have been shown to inhibit degradative or envi-
ronmental microbes even at plutonium concentrations that do not
cause chemical toxicity (Reed et al., 1999; Wildung and Garland,
1982). Understanding the relationships among waste materials and their
associated microbial communities under real-world conditions (e.g., in
soil, sludge, containers) could lead to improved predictability of the
long-term fate and risk of the waste materials.

Significant advances in robotics will depend on research to make
these devices more humanlike in their abilities to adapt to a variety of
tasks, both physically and intellectually. Research toward more versa-
tile actuators (the muscle of a robotic device), criteria-based software
for independent decision making, and improved virtual reality systems
for operators was recommended in a previous study of DOE facility
decommissioning (NRC, 2001b). Such research would be equally rele-
vant to developing retrieval technology for TM wastes.

Treatment

The EMSP should support research for treating TRU and mixed waste
to facilitate disposal. This research should include processes to simplify
or stabilize waste, with emphasis on improving metal separations,
eliminating incinerator emissions, and enabling alternative organic
destruction methods.

Treatment is defined as “operations intended to benefit safety and/or
economy [of managing wastes] by changing the characteristics of the
waste” (IAEA, 1993, p. 48). Treatment may be necessary to meet regula-
tory requirements. The results of treatment can include volume reduc-
tion, removal of radionuclides or other contaminants, and a change in
the waste’s composition.

TRU waste that meets shipping requirements can be sent to WIPP
without treatment (see Chapter 2). According to DOE, after approval of
Revision 19 to the Safety Analysis Report for Packaging (SARP), the vol-
ume of TRU waste that cannot be shipped due to gas generation has
been reduced to approximately 3,000 cubic meters, or about 2 percent
of the total inventory (Curl et al., 2002). Other shipping restrictions
prohibit certain items in the waste and limit its heat production and its
fissile material content.

Treatments for mixed low-level waste (MLLW) are prescribed in con-
sent orders established between the sites and their host states in accord
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with the Federal Facilities Compliance Act of 1992 (FFCA; DOE, 2000d).
The availability of landfills capable of accommodating MLLW, such as
the Envirocare facility in Utah, has reduced the need for treatment of
hazardous and radiological constituents. However, treatment needs
remain for certain wastes, particularly those containing toxic con-
stituents, which are subject to RCRA Land Disposal Restriction treatment
standards. In addition to existing wastes, new MLLW will be generated
through about 2070 (see Table 2.1).

Baseline Technologies and Technology Gaps

For TRU waste that does not meet shipping requirements, the base-
line treatment is repackaging the waste. Repackaging may be necessary
simply to remove prohibited items (see the previous section on
“Characterization”). Repackaging waste to meet shipping requirements
that govern heat production, fissile material content, or potential flam-
mable gas production is extremely inefficient. According to the TMFA,
repackaging these wastes so that they meet shipping regulations may
result in a volume increase of ten- or perhaps twentyfold. In addition,
about 98 percent of the TRU wastes that require remote handling will
have to be repackaged. There is no baseline technology currently
deployed for RH-TRU (Moody, 2002).

Baseline treatment technologies for MLLW developed at each DOE
site as required by the FFCA were reviewed in a previous report (NRC,
1999a). Table 3.1 gives a summary of these treatment and stabilization
options. Incineration is prominent among the options. However, incin-
eration has been abandoned or is being phased out due to public con-
cern about atmospheric emissions as well as site-specific economic
considerations. As noted in Chapter 2, public opposition to a proposed
incinerator at INEEL led DOE to create a Blue Ribbon Panel to recom-
mend alternatives to incineration. A brief history of incineration and its
alternatives is given in Appendix C.

The TMFA Multi-Year Program Plan states that three to five primary
alternatives to incineration will be selected for comparison testing at
DOE’s Western Environmental Treatment Office (WETO) in Butte,
Montana, in fiscal year 2002 (DOE, 2001b). The current strategy is to
select processes to represent the three general classes of alternatives:
(1) thermal, (2) aqueous-based chemical oxidation, and (3) chemical
separations. In addition to testing the primary alternatives at WETO,
tests of other alternative methods at other locations will be conducted
in a manner to make them consistent with the studies at WETO.
Examples include the testing of a mediated electrochemical oxidation
process at the DOD’s Aberdeen facility for chemical warfare agents, a
solvent extraction method at Florida International University, and a
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TABLE 3.1 Summary of Treatment and Waste Form Options for Mixed Waste Groups

Hazardous Typical Hazardous
Waste Group Characteristics Components
Wastewater Corrosive, toxic Cr, Pb,Cd, Hg
(<1% organic)
Combustible organics Ignitable, corrosive, Halogenated and non-
toxic halogenated solvents;

Cr,Cd, Pb, Hg, PCBs

Inorganic, homogeneous Toxic Electroplating waste,
solids and soils solvents, Pb, Cr,Cd
(<60-mm particles)

Debris Toxic Pb, solvents
(>60-mm pieces)

Unique Ignitable, reactive, Reactive metals,
toxic compressed gases,
explosives

SOURCE: DOE, 1997.

molten aluminum process at Sandia National Laboratories. The TMFA is
currently developing guidebooks to assist DOE and permit writers in
developing permit conditions for each of these alternative technologies.
Macro- and microencapsulation have become important baseline
technologies for waste stabilization, i.e., treatment to prepare wastes for
further handling or disposal (see Figure 3.3). Stabilization of mixed
waste for disposal usually relies on its incorporation into one of several
matrices—grouts or cements, glass, polymer, or ceramic—to produce a
relatively homogeneous waste form, although some wastes are simply
compacted.’ Macroencapsulation yields a heterogeneous waste form

“Matrices for stabilizing TM wastes (“waste forms”) were assessed by a previous
NRC committee (NRC, 1999a).
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Treatment Goal

Treatment Options

Available Waste Forms

Volume reduction,
organic removal

Destroy organics,
volume reduction

Volume reduction,
meet disposal
requirements

Volume reduction,
meet disposal
requirements

Hazard reduction

Incineration; traditional
water treatments: reverse
osmosis, neutralization,
precipitation; no treatment

Incineration, thermal
oxidation

Incineration, thermal
oxidation, no treatment

Extraction: physical,
chemical, thermal
Destruction:thermal,
biological, chemical
Immobilization:
microencapsulation,
macroencapsulation, sealing

Specific treatments for
individual wastes or waste
steams

Grout, polymer, glass,
Hg amalgamation

Grout, polymer, glass,
Hg amalgamation

Grout, polymer, glass,
sulfur cement

Grout, polymer, glass,
Hg amalgamation,
direct disposal of
object or compacted
material

Grout, polymer, glass,
Hg amalgamation,
direct disposal

by encasing the waste in a coating or block of suitable matrix, usually
low- or high-density polyethylene or cement. Microencapsulation is

used for the stabilization of ashes, salts, or other dry powders by mixing
the waste with polymer (chiefly low density polyethylene) as feed for
the extruder to produce pellets of intimately mixed waste and matrix.
Versions of these technologies are used to stabilize approximately 20

percent of the waste requiring treatment for disposal at Envirocare, Utah.
Macro- and microencapsulated wastes are relatively robust mechan-
ically when encased in a structurally rigid secondary container, and
polyethylene is relatively inert to radiolysis at the levels of activity typi-
cally associated with MLLW. However, contaminants are not chemically
fixed in this form, merely encased, so constituents may be more suscep-
tible to leaching under scenarios of mechanical intrusion. For example,
the EPA’s Toxicity Characteristic Leaching Procedure requires grinding
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FIGURE 3.3 Macro-
encapsulation is used to
stabilize heterogenous waste
or large objects for disposal.
Typically, grout or a polymer
is poured over the waste so
that it is encased physically.
There are few data on the
long-term durability of
macroencapsulated wastes.
Source: DOE Richland
Operations Office.

the waste form if necessary to meet size criteria for the test. This can
alter the barrier provided by the encapsulation. There are few data on
the long-term durability of macroencapsulated wastes.

Thermal desorption is a relatively mature technology that can remove
volatile organic compounds from solid TM wastes. Commercial units
are available from several vendors, (e.g., Permafix Environmental
Services, Sepradyne, Envirocare). The process is being used at Oak
Ridge, and the TMFA has funded process development work for treating
soils and sludges at Fernald, Ohio, and organic sludges at INEEL. To
drive off VOCs and moisture, waste is heated to the range of 300 to
1200°F depending on the organics to be removed, the nature of the
waste, and process details. Operating the process under reduced pres-
sure (vacuum thermal desorption) allows lower temperatures to be
used. An inert gas such as nitrogen can be used to purge the organics
and prevent accidental ignition. Gases that are released are usually
condensed or trapped, for example, on carbon. Thermal desorption is
among the three leading options recommended as alternatives to incin-
eration by the Blue Ribbon Panel, although the technology does not
apply to all types of TM waste or reduce the waste volume (see
Appendix C).

The TMFA recognized gaps in baseline technologies for treating small
volumes of unique or problematic wastes. These problematic wastes
include reactive materials, gas cylinders, and tritium-contaminated
materials. Because their disposition requires specialized or one-of-a-
kind approaches, they are often not economically attractive for private
sector treatment contracts. Their limited quantities and special problems
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have kept them in relatively low priority for disposition at most sites.
However, because they comprise about 10 percent of DOE’s total TM
waste inventory, they represent a potential roadblock to site closure. A
Waste Elimination Team formed by the TMFA was involved in defining
the inventory of these wastes and developing lists of technology needs
(Hulet, 2002).

One example of problematic waste is mercury, and technology gaps
remain for its treatment and stabilization. Mercury is present in a broad
range of concentrations in several of DOE’s mixed waste streams,
including large volumes of soil and debris and several types of process
residues (see Table 2.3). Because it is mobile and easily vaporized, the
presence of mercury creates additional effluent monitoring and control
concerns in incineration and can reduce the efficiency of MLLW stabi-
lization processes. Removing mercury before treatment simplifies
downstream treatment operations.

Depending on the concentration or form of the mercury, current
EPA standards require stabilizing the waste in a form that passes the
TCLP test, or else treating the waste by thermal desorption or retorting,
which creates a separate waste stream that cannot be recycled and will
itself require stabilization. The proposed methods of stabilization are
amalgamation for elemental mercury and chemical immobilization
through precipitation or sorption. Some stabilizing agents are based on
sulfur, whereas others have proprietary formulations. One particular
matrix, which has been evaluated recently, is sulfur-containing cement.
Despite the fact that these and related methods have been under inves-
tigation for several years, there still do not appear to be robust baseline
methods for treatment of all mercury-containing waste streams (Morris
et al., 2002; Townsend, 2001).

The lack of application of biotechnologies in TM waste treatments
appears to be a technology gap.'® In the last 15 years, significant
advancements have been made in biological treatment technologies for
organic pollutants including chlorinated and aromatic solvents, cutting
oils, PCBs, and related materials (Unterman et al., 2000). In many cases,
biological treatment can result in a significant reduction in treatment
costs over traditional technologies. Biological treatment approaches are
sometimes coupled to other chemical or physical methods (e.g., air
sparging and vapor extraction, carbon adsorption, washing) to reduce
overall treatment costs. Advances in bioreactor design to allow efficient
and safe treatment of contaminants have accompanied advancements
in biotreatment technologies (Fortin and Desshuses, 1999; Steffan et al.,

15The TMFA phased out a project for biodegradation of tritiated waste at
Lawrence Berkeley National Laboratory (Maio and Reese, 2002).
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2000). Although DOE’s NABIR program has focused on basic research
related to the immobilization or removal of heavy and radioactive
metals from contaminated environments, little work has been done to
evaluate biological leaching or removal of these materials from TRU
and mixed wastes.

Challenges for Next-Generation Treatment Technologies

Based on the committee’s fact-finding visits to DOE sites, recent
approaches to developing alternatives to incineration, and committee
members’ own expertise, the committee believes that the greatest chal-
lenges for next-generation treatment technologies lie in developing

e emission-free treatment processes,
e treatments for problematic or unique wastes, and
e methods to ensure the long-term durability of stabilized waste.

The committee reviewed the recommendations for next-generation
alternatives to incineration by the Blue Ribbon Panel and the programs
initiated by the TMFA (see Appendix C). While agreeing that the recom-
mended technologies show promise, the committee believes that any
large-scale treatment processes are likely to meet with similar public
concern as incineration unless more complete knowledge can be
demonstrated regarding the formation of unwanted by-products,
especially after process upsets. Further, concerned citizens should be
involved in selecting among technological alternatives (see Chapter 2).

Plasma arc technology is a robust technology that can treat a wide
variety of wastes, although it is not emission free. This technology, first
investigated by the TMFA in 1996, has continued to mature. The Naval
Research Laboratory (NRL) is managing and supporting a project to
establish a plasma arc hazardous waste treatment system at the Norfolk,
Virginia, naval base. This system will be capable of destroying most of
the 2.5 million pounds of hazardous waste generated annually at the
base. A plasma arc research facility at NRL is also being used to support
a Navy Advanced Technology Demonstration Project to develop a pre-
prototype shipboard plasma arc system for destroying solid waste
onboard Navy ships. The EMSP is supporting a plasma torch technology
for decontaminating DOE facilities (NRC, 2001b).

Recently, the TMFA has chosen AEA Technology Engineering
Service’s “Silver 1I” method for further testing.'® The process uses Ag?*

16See http://www.sciencedaily.com/releases/2002/01/020104074240.htm and
http://www.aeat-prodsys.com/prodsys/divisions/OCD.html.
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and concentrated nitric acid to oxidize organics, followed by electro-
chemical regeneration of the Ag?* and recovery of the nitrogen oxides.
The Silver II method produces essentially no emissions but treats a
smaller spectrum of wastes than incineration or plasma processes.
Silver Il operates at low temperature, is easy to control, treats many
organic wastes, reduces waste volume, produces no dioxins, and does
not require pretreatment for small solids, slurries, or liquid wastes.
However, the pretreatment of larger solid organic wastes may be
required. The process is being evaluated as an option for destroying
organics in Pu-238 waste at the Savannah River Site (Pierce, 2001). The
U.S. Army is testing Silver Il at the Aberdeen Proving Ground to destroy
chemical weapons agents.

Low-emission combustion technologies are used at many of today’s
petrochemical refineries. These systems (called enclosed zero flares,
ground flares, population area combustors, or thermal oxidizer flares)
control emission from smoke stacks, resulting in no smoke, odor, or
objectionable noise.’” Such technology might provide a starting point
for developing near-zero emission technologies for the more complex
challenge of burning TM wastes.

The current state of the art in metal ion separation is the use of spe-
cific liquid-phase extractants or of solid-state sorbents or ion-exchange
materials capable of achieving specificity for metal ion removal, partic-
ularly from aqueous waste streams. These technologies had their origin
in the development of process chemistry for actinide purification and
mining operations. In recent years, the emphasis in the design of such
extractants shifted from increasing efficiency for producing nuclear
materials to increasing separation factors for waste stream polishing
(NRC, 2000b). More recently, research has begun to focus on the
design of new separation systems, such as ion-specific membranes, in a
desire to minimize secondary waste streams traditionally associated
with liquid processing schemes.

In addition to treating legacy wastes, an important role and challenge
for next-generation separation processes will be improved product
separations for DOE’s continuing mission to produce nuclear materials.
During its visit to Oak Ridge’s isotope production facility the committee
was reminded that greater efficiency in separating highly radioactive
products means a less radioactive and easier-to-manage waste stream.

Understanding factors that affect durability of matrices for mixed
wastes disposed in near-surface, RCRA-compliant landfills will be espe-
cially important as DOE moves its MLLW from storage to disposal in
site closures. Current testing protocols such as the TCLP are designed

17See http://www.johnzink.com/markets/html/m_hpi.htm.
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for homogeneous waste forms, in which the waste is incorporated into
the matrix (e.g., sludges in grout or glass). These current tests may not
be good predictors of susceptibility to leaching under conditions differ-
ent from those specified in the protocol (see the discussion of predictive
modeling). As DOE and its subcontractors seek to reduce the costs of
treating MLLW by greater use of encapsulation, developing methods to
ensure the long-term durability of these heterogeneous waste forms will
become increasingly important. As noted earlier, there are essentially
no durability data for micro- or macroencapsulated wastes.

Research Opportunities

There are research opportunities in areas of chemical treatments
(including advanced alternatives to incineration), biological treatments,
stabilization, and waste form durability.

Chemical Treatment

Essential to developing publicly acceptable alternatives to incinera-
tion is research to develop sensitive, reliable, and practical detection
methods to track both radionuclide and hazardous chemical materials
during the treatment processes. Answering the question, How much
hazardous material is being released to the environment? is particularly
important for public acceptance of treatment methodologies. It is also
essential for controlling potential risks to workers during treatment
operations.

Research opportunities for treating TM wastes are in accord with
opportunities reported in a recent study of the technical needs for the
Deactivation and Decommissioning Focus Area (NRC, 2001b). In par-
ticular, research in the speciation of inorganic constituents in wastes
may have an impact on the selection of future treatment options. The
state of the art in examining metal ion speciation is much more devel-
oped for actinide constituents in wastes than for other inorganic con-
stituents.'® Further research is needed to assess the chemical forms of
other metals (e.g., oxidation state, speciation) in the presence of com-
plex matrices and a variety of co-contaminants. More research is needed
to understand the nature of the oxide-substrate interaction. With the
advent of new molecular design tools associated with nanotechnology
applications, a wealth of new opportunities exists to generate novel

18See MRS Bulletin, Vol. 26, No. 9, September 2001.
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separation schemes based on the design of porous materials with chem-
ical functionality specific to the separation tasks at hand.

Research can improve methods to dissolve plutonium oxide selec-
tively in the presence of other metals and organics or lead to methods
of controlling high-activity, finely divided particulate materials. For
example, the Pu-238 isotope in waste from plutonium processing at the
Savannah River Site exists as very finely divided oxide powder contami-
nating heterogeneous wastes. Due to the wattage restrictions on waste
to be packaged for WIPP, it is unclear whether this waste will meet
DOT requirements. The general practice for treating mixed waste would
be to destroy the organic constituents through incineration or an alter-
native technology. The danger of dispersal of the powder precludes
most thermal treatments, however, suggesting the need for a new
method for removing and stabilizing the oxide powder. This raises
several interesting technical challenges, such as ensuring efficient
removal of finely divided powders, controlling particle dispersion and
perhaps inducing agglomeration, and avoiding the generation of addi-
tional waste streams.

Hydrogen generation remains a factor in the shipment of container-
ized waste to WIPP. The TMFA actively sponsored work on hydrogen
getters (absorbers). During a visit to the Savannah River Site, the com-
mittee heard a presentation describing significant advancements made
toward the development of polymeric hydrogen getters to capture the
hydrogen produced in waste drums (Duffey, 2001). These getters have
proven useful for most wastes tested to date, but poisoning of the
polymers—evidently by organic vapors—can occur, thereby reducing
their efficiency. There are research opportunities for understanding the
fundamental processes of both hydrogen production and hydrogen
adsorption.

Biological Treatment

There are also opportunities to develop efficient and cost-effective
biological treatment technologies for TM wastes, including recovered
soils and sediments (see Table 2.1). Research should focus on the treat-
ment of readily degradable organic material and the combined applica-
tion of biological and physical or chemical treatment technologies.
Although physical methods such as steam stripping, heating, or vacuum
extraction may be the most common for separating the various waste
components, biological treatment may be appropriate for some waste
types. For example, sludges containing water and biologically degrad-
able organic compounds may be amenable to biological treatment for
removal of the hazardous components.
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Research opportunities include the identification of enzyme or
whole-cell treatment approaches that target specific contaminants (e.g.,
PCBs, mercury) or broad categories of contaminants (e.g., combustible
solvents, cutting oils, chlorinated hydrocarbons). Treatment technologies
must be amenable to application in the environment of the container-
ized waste. For example, enzyme systems that function at extreme pH
levels, high salinity, or under high solvent or nonaqueous conditions
would be desirable. Application of advanced molecular techniques
such as directed evolution (Stemmer, 1994) might help develop appro-
priate biocatalysts. Research directed toward identifying ways to apply
the biocatalysts, such as novel immobilization matrices, is also neces-
sary to facilitate successful use of these catalysts.

Fundamental research may identify biological treatment processes
that can facilitate the removal of RCRA wastes (e.g., Hg, Pb) and radio-
active metals from contaminated media. Like hazardous organic chemi-
cals, some toxic metals are susceptible to biological transformations.
For example, mercuric ion (Hg?*) can undergo a range of biological
transformation processes including reduction to elemental mercury,
which is volatile at room temperature, or methylation, which forms the
highly toxic monomethylmercury or the volatile dimethylmercury. These
biotransformations have shown promise for removing mercury from
wastewater (Wagner-Dobler et al., 2000).

Recent research has shown that some common iron-reducing soil
bacteria can solubilize plutonium hydrous oxides that bind tightly to
soils (Rusin et al., 1994). Adding a chelator enhances the solubilization
process. These findings suggest that biological treatment, via either
bioaugmentation or biostimulation, coupled with soil washing technolo-
gies could provide a mechanism to remediate actinide-contaminated
soils. Similarly the common soil microbe Microbacterium flavescens
can absorb and accumulate Pu(lV) if the siderophore desferrioxamine-B
is provided (John et al., 2001).

Siderophores are chelators that are produced and released by many
iron-utilizing bacteria in soil environments. The siderophores bind iron,
and the iron-siderophore complex is captured by iron-utilizing microbes.
The fact that these iron chelator compounds can also bind actinides
suggests that they can be exploited to treat TM waste. Bioremediation
approaches could involve either stimulating siderophore production by
indigenous organisms or adding exogenous siderophore-producing
organisms or siderophore-containing extracts to the waste or contami-
nated media. Once chelated, the soluble actinides could potentially be
removed by soil washing or related methods.

Research is needed to develop reliable processes to transform or
remove heavy and radioactive metals from mixed waste. The research
should be based on the large existing volume of research on heavy-
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metal biotransformation and should evaluate the effects of multiple
contaminants, radioactivity, and extreme environmental conditions
(e.g., low or high pH, high salts, cementing agents) on metal mobiliza-
tion, immobilization, accumulation, speciation, and related transforma-
tions. The research should include multidisciplinary studies combining
microbiology and genetic engineering, materials handling, reactor
design, and process engineering to develop cost-effective technologies
for treating TM wastes.

Biotechnology research opportunities include the identification and
development of improved hydrogen and methane scavengers that can
be added to waste drums. Potential scavengers could include efficient
hydrogen- or methane-scavenging microorganisms or enzymes capable
of binding or oxidizing hydrogen or methane. The enzymes could be
improved by using genetic engineering and directed evolution of
enzymes (Stemmer, 1994) to enhance their hydrogen- and methane-
scavenging efficiency. Additional research could include identification
or development of improved methods for applying such organisms or
enzymes to the drums. This could include development of immobiliza-
tion techniques (e.g., sol gels, polyurethane) that improve activity and
allow long-term survival of the biocatalyst while not exceeding the free
liquid limits imposed by waste disposal facilities. This also could lead to
studies to identify artificial electron donors that could be added to
hydrogen and methane oxidation enzyme preparations to maintain their
oxidative activity over long periods. Enzymes such as methane
monooxygenase also may destroy other compounds such as carbon
tetrachloride that poison some chemical hydrogen scavengers.

Stabilization

Retrieval of buried waste or contaminated media has generally
required the use of very expensive engineering controls to ensure the
safety of workers and the surrounding environment. A tremendous
reduction in costs could be realized if waste were stabilized prior to or
in the early stages of retrieval. Current containment methods involve
either application of simple barriers or, in some cases, methods that
partially stabilize the waste (e.g., grouting). Research should address
new systems for stabilization. One could envision the development of
smart materials that react with waste constituents to generate optimized
coatings or combined chemical and biological processes that would
stabilize the waste selectively by alteration of the matrix or generation
of additional barrier layers. A recent paper describes a smart Portland
cement that senses environmental conditions (Wen and Chung, 2001).

A previous report recommended research for stabilizing or contain-
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ing contamination in soils or ground water (NRC, 2000a). There are
important distinctions, however, between technology needs associated
with the containment of subsurface contaminants in a particular geo-
logical environment and the stabilization of buried waste or contami-
nated media to facilitate retrieval. The need to control subsurface con-
taminants suggests research to devise barriers that function over the
time scale envisioned for long-term site stewardship, whereas stabiliza-
tion of buried waste may require only interim containment until such
time as the waste is emplaced in a disposal facility.

A need exists for fundamental proof-of-concept investigations to
determine the potential for microbial processes to stabilize buried TM
waste by altering its composition. Promising biocatalysts may be obtained
by applying traditional microbial selection and enrichment approaches
to target waste materials or by “biomining” other radioactive waste
materials to identify promising radiation-resistant degradative microbes.
Genetic engineering could be applied to improve the metabolic capa-
bilities of radiation-resistant organisms to develop improved biocatalysts
for treating mixed waste (Brim et al., 2000; Lange et al., 1998).
Organisms also can be developed to function in the extreme environ-
mental conditions (e.g., high salt, extreme pH) found in some waste
types. Research on microbiology should be coupled with research in
chemistry, materials science, and process and reactor engineering to
develop integrated systems to handle and treat difficult waste materials.

Waste Form Durability

The NRC study of waste forms found that the matrices (e.g., grout,
glass, polymers) available to stabilize MLLW for disposal are adequate
(NRC, 1999a). However, the report noted that most repository perfor-
mance assessments do not take credit for waste forms because quantita-
tive tests for their long-term durability have not been developed. The
report recommended that DOE’s Office of Science and Technology
(OST) support work aimed at fundamental understanding of waste form
durability and suggested that EMSP evaluate and fund proposed
research in this area. The committee agrees that this is a valuable area
for research.

Research to understand the chemical and physical processes that
may leach or degrade waste forms in RCRA-compliant landfills should
be combined to develop predictive models and more appropriate test
procedures. As noted earlier, very little is know about the long-term
durability of heterogeneous waste forms or microbiological effects on
waste forms. A specific opportunity would be evaluation of the long-
term stability of, and effects of biological activity on, metals immobi-
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lized in sulfur cements and related materials. Bacteria are able to
metabolize sulfur compounds in a variety of ways, including oxidation
of reduced species (which can form sulfuric acid) and reduction of oxi-
dized species, depending on the organisms present and the redox
potential. Understanding how these reactions affect the leachability of
RCRA metals from these new immobilization materials is needed.

Long-Term Monitoring

The EMSP should support research to improve long-term monitoring
of stored and disposed TRU and mixed wastes. Research should empha-
size remote methods that will help verify that the storage or disposal
facility works as intended over the long term, provide data for improved
waste isolation systems, and inform stewardship decisions.

Long-term monitoring will play an important role in many of DOE’s
site cleanup activities, especially in continuing stewardship of the sites
(NRC, 2000c¢). In the context of TM waste, long-term monitoring will be
important both during storage and after the waste has been emplaced in
a disposal facility. The storage phase is likely to be long for some wastes,
and it will be necessary to ascertain that the containers maintain their
integrity and that internal processes in the containers are as predicted
(see the section on “Characterization”). Prudence requires that wastes
disposed in a RCRA-type landfill or in a repository such as WIPP be
monitored until the facility is closed. Post-closure monitoring of waste
in RCRA landfills will be important to ensure continuing safety and to
provide data for maintaining the landfill.

In providing advice on ensuring the long-term safety of WIPP, a pre-
vious NRC committee found that “. . . the activity that would best
enhance confidence in the safe and long-term performance of the
repository is to monitor critical performance parameters during the long
pre-closure phase of repository operations (35 to possibly 100 years)”
(NRC, 2001d, p.1). For example, chambers to hold waste in the WIPP
will be excavated as needed, drums will be emplaced, and lithostatic
forces gradually will close the chambers—crushing the containers and
sealing the waste in place. Early emplacements will be sealed during
the operational life of the WIPP. Monitoring the waste during this seal-
ing process can yield important scientific understanding of the actual
closure process and also enhance safety by determining if the closure
occurred properly.
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Baseline Technologies and Technology Gaps

In its review of DOE’s environmental quality portfolio, the Strategic
Laboratory Council found a significant gap in the “fate and transport of
contaminants and performance monitoring to support waste repositories
and inform stewardship decisions” (DOE, 2000c, p. iii). DOE has no
established plan for monitoring its MLLW disposal facilities (e.g.,
Hanford, the Nevada Test Site) beyond the 30-year RCRA compliance
period. There are no plans for mechanical or chemical monitoring of
closed rooms in WIPP during its operating period or thereafter.

Understanding and verifying the long-term behavior of these wastes
and their disposition systems require more attention to monitoring than
is apparent in DOE's current planning. Research begun now to develop
scientifically sound, simpler, and more reliable technologies for long-
term monitoring can help ensure the safety of stored or disposed TM
waste, reassure concerned citizens, provide data for new disposal
facilities in the United States or abroad, and contribute generally to
scientific knowledge.

Challenges for Next-Generation Technologies

Based on its fact-finding visits to DOE sites and committee mem-
bers’ own expertise and judgment, the committee believes that future
challenges for long-term monitoring technologies will be to extend the
next-generation technologies described in the section on characteriza-
tion to enhance reliability, stability, and remote operation, including

e long-lived, reliable sensors (and power supplies) that can be
remotely interrogated, and
e airborne or satellite imaging.

The sensor technology discussed previously is generally applicable
for long-term monitoring. State-of-the-art improvements in technology
are making it possible to interrogate sensors from remote locations and
to provide remote, standoff detection of both chemical and radiological
hazards. Distributed sensors can be monitored by Internet and wireless
technologies (Pottie and Kaiser, 2000).

In one example of a next-generation sensor technology, an electric
utility prevents the overheating and shutdown of its power grid by
monitoring a network of transformers and nodal sites with distributed
sensors and the Internet.' This replaces the expensive patchwork of

19See http://www.graviton.com/.
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wired networks and human intervention required by present technolo-
gies to keep the grid in operation. The wireless sensors used in the new
technology work above or below ground, and their spread-spectrum
signal is impervious to electromagnetic interference. If the temperature
of a transformer exceeds a safe level, the sensors trigger an alarm that
alerts the utility. The utility reroutes electricity around the problem area
or shuts down affected areas. By avoiding transformer failures, the utility
is able to prevent costly shutdowns and blackouts. Sensors to measure
other parameters can be implemented readily within the system’s
architecture.

Another example includes the monitoring of mobile platforms.
Transportation of materials on trucks, trains, ships, planes, and buses
produces an array of potential data management system needs. These
needs include environmental and safety monitoring, preventive mainte-
nance, global positioning, antitheft measures, and real-time engine
sensor data. Platform mobility and the lack of cost-effective wireless
connections have been the limiting factors in developing sensor systems
for mobile platform services. Again, the data can be managed through
wireless sensor networks for mobile platforms. The internal temperature
of a compartment can be measured to ensure that the temperature stays
within range, video monitors can be utilized for theft prevention and for
ensuring compliance with safety regulations, and noxious fumes can be
detected to allow for timely correction. Sensor data are transmitted by a
wireless wide-area network connection. Clients on mobile platforms
gain cost-effective access to data about location, safety, security, engine
stability, inventory, and many other parameters that can be accessed in
the field or from corporate command centers.

All materials and objects (e.g., soil, water, trees, vegetation, structures,
metals, paints, fabrics) create a unique spectral fingerprint. An optical
sensor can determine these fingerprints by measuring reflected light,
most of which registers in wavelengths, or bands, invisible to the human
eye. Commercial state-of-the-art hyperspectral imaging systems operate
across up to 220 wavelengths to record precise images of an otherwise
hidden world. Where a standard sensor with fewer than 10 bands is
capable of differentiating only between gross classes of vegetation, a
hyperspectral imager can discriminate between plants and is sensitive
enough to separate healthy from unhealthy growth. Hyperspectral
sensors and imaging offer many attractive features for long-term, remote
monitoring applications.?’ Current and advanced technologies include
the following:

20See http://www.techexpo.com/WWW/opto-knowledge/hyperspectrum/index.html.
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e remote sensing of earth resources,

e chemical detection and cloud tracking,
* medical photodiagnosis, and

e positional radionuclide concentrations.

A better way to monitor large, remote sites may be from airborne or
satellite platforms.2' Overflight monitoring of nuclear power plants and
other nuclear facilities for radionuclide emission is commonly practiced
today. Mineral and oil prospecting is also done from the air.

Research Opportunities

There are research opportunities for developing remote, distributed
sensor systems to achieve self-monitoring “smart” drums and in monitor-
ing TM repositories to achieve more fundamental knowledge of physical,
chemical, and biological processes that govern their behavior.

Remote Sensing

Smart sensors can dramatically improve the monitoring of waste
storage and waste disposal in near-surface (RCRA) landfills by creating
smart drums that self-analyze and report their content and location.
Smart filters could monitor and control (i.e., vent or getter) the gas
produced in the drum. The Internet and wireless technologies can
monitor these and other distributed sensors remotely during all phases
of waste disposition, including storage, transportation, and disposal.
The availability of inexpensive and reliable sensors for chemical and
radiological hazards in the drums would also be beneficial. To be cost-
effective, the sensors must be small and mass produced like today’s
MicroElectroMechanical Systems (MEMS) and tomorrow’s Nano-
ElectroMechanical Systems (NEMS). To be practical, the sensors must
be self-sufficient, harvesting their energy from the environment or from
the waste itself.

Research on hyperspectral-imaging methods coupled with image-
processing algorithms could lead to advanced remote-sensing tech-
nologies that would be well suited to monitor large, remote sites from
airborne or satellite platforms.

21See, for example, the International Journal of Remote Sensing.
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Repository Behavior

If WIPP is used only as a geological repository for the disposal of
TRU wastes, then a scientific opportunity to advance our understanding
of this unique major facility will be missed. In addition to being a
repository, WIPP can be an important laboratory for geoscience and
sensor technology. Scientific research could be done in conjunction
with measures to ensure WIPP’s long-term safety. The results will be
indispensable if WIPP is enlarged or if a new salt repository is needed.
A previous NRC WIPP study recommended pre-closure monitoring to
gain information on the following:

e room deformation, healing of the disturbed zone around the
rooms, and performance of shaft seals;

e brine migration and moisture access to the repository;

e gas generation rates and volumes; and

o effectiveness of materials placed around the waste (e.g., MgO) to
modify its chemical environment (NRC, 2001d).

Sensors developed and tested at WIPP could then be used for long-
term monitoring of other repositories, landfills, and burial sites. These
sensors must be robust and have a lifetime of at least 10 years to moni-
tor room closure. They should be controlled remotely and monitored by
the Internet and wireless technologies, and they must be self-sufficient,
harvesting their energy from the salt or the waste itself.

Microbes are likely to exist and evolve in wastes in the WIPP and in
RCRA landfills. A better understanding of these microbes and their activi-
ties will help predict the long-term fate of the different waste forms and
their components. Microbial activity may destroy or immobilize some
waste components while increasing the motility or toxicity of others.
Research should focus on specific processes, including biodegradation of
the various organic components of the waste and reactions altering the
geochemistry of the inorganic components. Research should evaluate
biogeochemical factors that can affect the leaching or migration of toxic
and radioactive materials in the environment and the effect of physical
conditions (e.g., pH, temperature) and chemical composition (e.g.,
organic and inorganic components, oxygen or other electron acceptor
availability) on biogeochemical processes occurring in the waste.

Near-Term and Longer-Term Research

Accelerating site closure, a key feature of Office of Environmental
Management (EM) planning since the 1990s, has been emphasized by
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EM’s recent top-to-bottom review. Among the areas for EMSP research
recommended by the committee, research in characterization that
would expedite shipping wastes for off-site disposal is most likely to
provide immediate payoffs. Research toward methods for treating wastes
that do not meet shipping or disposal criteria might provide similar
near-term payoffs.

Nevertheless, closing the larger DOE sites will require decades.
Problems that are not foreseen or appreciated today are likely to be
encountered in buried waste retrievals. Monitoring the WIPP during its
operational period is a unique scientific opportunity. Demonstration
that WIPP behaves as expected could be invaluable as DOE seeks to
open other geological waste repositories. These opportunities for the
long-term, breakthrough research envisioned by Congress should not be
overlooked in the rush to meet short-term needs.
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Overview of the Environmental
Management Science Program and
Pending Changes

The Department of Energy (DOE’s) site cleanup program is one of
the largest environmental cleanup efforts in world history. The program
is currently estimated to cost more than $220 billion (DOE, 2002). To
deal with this task, DOE established its Office of Environmental
Management (EM) in November 1989. As this report was being
finished, EM completed a “top-to-bottom” review of its programs
(DOE, 2002). The review led to significant changes, which will be
finalized at the start of fiscal year 2003 pending approval by Congress.
This appendix presents an overview of the EM Office of Science and
Technology (OST) and the Environmental Management Science
Program (EMSP) before the top-to-bottom review. It also describes
elements of the restructured OST and EMSP known to the committee
in spring 2002.

The EM Office of Science and Technology

The Office of Science and Technology is the EM office charged
with developing new technologies to assist the cleanup mission.
Research and development investments by OST have the following
objectives:

e To meet the high-priority needs identified by the cleanup
project managers.

e To reduce the cost of EM’s costliest cleanup projects.

e To reduce the technological and programmatic risk of complet-
ing major cleanup projects on time and within budget.

e To accelerate and increase technology deployments (DOE,
2000e).
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OST used three main approaches to achieving its objectives:

(1) site technology coordinating groups (STCGs), (2) focus areas, and
(3) the EM Science Program.

To identify science and technology needs, OST formed an STCG at
each major cleanup site to interact with local contractor personnel
and others directly involved in the cleanup activities. Each group
included a senior manager from the site DOE office, site contractors,
and national laboratory personnel. The STCGs were responsible for
developing and prioritizing a list of site problems and technology
needs based on environmental management issues relevant to a
specific site.

Beginning in 1995 and continuing through most of the commit-
tee’s study period for this report, OST’s activities were organized
around five focus areas:

deactivation and decommissioning
high-level waste tanks

subsurface contaminants
transuranic and mixed waste
nuclear materials

g~ W N =

The primary role of the focus areas was to identify, develop, and
deploy new technologies to meet site needs. The National Research
Council (NRC) provided a number of studies and reports for the focus
areas, as well as a summary report (NRC, 1999b).

The Environmental Management
Science Program

The EMSP was established in response to a mandate from
Congress in the fiscal year 1996 Energy and Water Development
Appropriations Act. Congress directed DOE to “provide sufficient
attention and resources to longer-term basic science research which
needs to be done to ultimately reduce cleanup costs, . . . develop a
program that takes advantage of laboratory and university expertise,
and . . . seek new and innovative cleanup methods to replace current
conventional approaches which are often costly and ineffective”
(DOE, 2000a, p.1). Research supported by the EMSP is expected to
lead to new knowledge and technologies that reduce the costs,
schedule, and risks associated with the most challenging technical
problems in DOE'’s site cleanup program. From its inception in 1996
through fiscal year 2001, the EMSP has provided $294 million in
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Deactivation and Health/g(;ology/Risk FIGURE A.1 Breakdown of

Decor1'n7r(r)1/issi0ning EMSP funding by problem

area in fiscal year 2002.

The EMSP budget request
for fiscal year 2003 is about
, $30 million.
H'%;'S‘fe"e' Source: DOE Environmental
39% Management Science
Program.

Subsurface
Contamination
30%
Mixed Waste
Nuclear Materials 3%
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funding for 361 research projects. Information on how the EMSP
develops its requests for research proposals, evaluates proposals, and
funds research was presented in three previous reports (NRC 2000a,
20001a, 2001b).

The DOE Office of Environmental Management and the DOE
Office of Science jointly managed the EMSP.! EM’s OST had lead
responsibility, and the EMSP was closely tied to OST’s focus areas.
Each year, the EMSP issued calls for research proposals related to one
or two of OST’s focus areas—this report was prepared to assist in a
planned call for proposals in the transuranic and mixed waste area in
fiscal year 2003. Research proposals and their funding were tracked
according to the focus areas, as indicated in Figure A.1 and Table A.1.
Current planning is to move the EMSP out of EM entirely and into the
Office of Science under its Office of Biological and Environmental
Research (OBER).2

A two-part review of research proposals—for scientific merit by
the Office of Science and for relevance to site cleanup by EM—has
been a key feature of the EMSP. The relevance review was based
largely on site needs identified by the STCGs and the focus areas,

'EM and the Office of Science are two of eight DOE offices that report to the
Under Secretary for Energy, Science, and Environment. The Office of Science is
responsible for most of DOE’s basic scientific research.

2Environmental remediation sciences in OBER will include the Environmental
Molecular Sciences Laboratory at the Pacific Northwest National Laboratory, the
Natural and Accelerated Bioremediation Research program, the Savannah River
Ecology Laboratory, and the EMSP.
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TABLE A.1 EMSP Projects in Transuranic and Mixed Wastes

Project Title Funding
Removal of Heavy Metals and Organic Contaminants from Aqueous Streams by Novel Filtration Methods $330,000
Architectural Design Criteria for F-Block Metal lon Sequestering Agents $1,800,000
A Novel Energy-Efficient Plasma Chemical Process for the Destruction of Volatile Toxic Compounds $980,222
Extraction and Recovery of Mercury and Lead from Aqueous Waste Streams Using Redox-Active Layered

Metal Chalcogenides $333,000
Utilization of Kinetic Isotope Effects for the Concentration of Tritium $1,354,000

An Alternative Host Matrix Based on Iron Phosphate Glasses for the Vitrification of Specialized Nuclear Waste Forms — $624,834

Acid-Base Behavior in Hydrothermal Processing of Wastes $379,620
High Fluence Neutron Source for Nondestructive Characterization of Nuclear Waste $745,139
New Anion-Exchange Resins for Improved Separations of Nuclear Materials $1,212,211
Managing Tight-Binding Receptors for New Separations Technologies $350,000
Processing of High-Level Waste: Spectroscopic Characterization of Redox Reactions in Supercritical Water $112,000
Photocatalytic and Chemical Oxidation of Organic Compounds in Supercritical Carbon Dioxide $660,000
Supramolecular Chemistry of Selective Anion Recognition for Anions of Environmental Relevance $775,000
The Sonophysics and Sonochemistry of Liquid Waste Quantification and Remediation $769,843
Spectroscopy, Modeling, and Computation of Metal Chelate Solubility in Supercritical CO, $265,937
The Adsorption and Reaction of Halogenated Volatile Organic Compounds (VOCs) on Metal Oxides $390,000
Adsorption/Membrane Filtration as a Contaminant Concentration and Separation Process for Mixed Wastes

and Tank Wastes $609,987
Development of Advanced In Situ Techniques for Chemistry Monitoring and Corrosion Mitigation in

Supercritical Water Oxidation Environments $696,395
De Novo Design of Ligands for Metal Separation $380,000
lon and Molecule Sensors Using Molecular Recognition in Luminescent, Conductive Polymers $1,500,000
Fundamental Chemistry and Thermodynamics of Hydrothermal Oxidation Processes $1,220,000
Photooxidation of Organic Waste Using Semiconductor Nanoclusters $1,251,000
Hazardous Gas Production by Alpha Particles in Solid Organic Transuranic Waste Matrices $400,362
Real-Time Broad Spectrum Characterization of Hazardous Waste by Membrane Introduction Mass Spectrometry $655,000
The Development of Cavity Ringdown Spectroscopy as a Sensitive Continuous Emission Monitor for Metals $538,000
Rational Synthesis of Imprinted Organofunctional Sol-Gel Materials for Toxic Metal Separation $450,000
Genetic Engineering of a Radiation-Resistant Bacterium for Biodegradation of Mixed Wastes $442,398
Measurements and Models for Hazardous Chemical and Mixed Wastes $500,000
Novel Miniature Spectrometer for Remote Chemical Detection $549,000
Isolation of Metals from Liquid Wastes: Reactive Scavenging in Turbulent Thermal Reactors $1,075,000
Rational Design of Metal lon Sequestering Agents $405,000
Genetic Engineering of a Radiation-resistant Bacterium for Biodegradation of Mixed Wastes $480,000
Miniature Chemical Sensor Combining Molecular Recognition with Evanescent-Wave Cavity

Ring-Down Spectroscopy $949,999
Radiation Effects on Materials in the Near-Field of Nuclear Waste Repository $450,000
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along with input from advisory groups such as this and previous NRC
committees (NRC 2000a, 2001a, 2001b). Without the focus area
structure it may be more difficult for the EMSP to identify site technol-
ogy needs and especially to keep a perspective on long-term needs
that can be addressed through scientific research. Maintaining the
relevance of its funded research to site cleanup needs will be impor-
tant for the EMSP after the restructuring is completed in fiscal year
2003—for example, by continuing the joint review of EMSP proposal
by both OST for relevance to EM’s needs and the Office of Science for
scientific merit.

The Reoganization of OST

In an effort to expedite and reduce the ultimate costs of DOE site
cleanup, the Secretary of Energy directed that a review of the EM pro-
gram be undertaken. In August the Assistant Secretary for EM created
a Top-to-Bottom Review Team, which issued its findings in February
2002 (DOE, 2002). As a result of the review, OST began a reorganiza-
tion that is intended to, inter alia,

e optimize and fast-track the use of science and technology for
EM cleanup projects;

e concentrate on high-risk, high-cost problems; and

e focus only on activities that promise high payback or step
improvements.

In place of the focus areas, OST is to be structured around two
“thrusts” that are identified as closure site support and alternatives
and step improvements to current high-risk, high-cost baselines (see
Sidebar A.1).
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SIDEBAR A.1 NEW THRUSTS FOR THE EM OFFICE OF SCIENCE AND TECHNOLOGY

OST’s new thrusts, which are to replace the focus areas, were presented to the NRC Board on Radioactive
Waste Management in April 2002. These thrusts, objectives, and strategies as developed at that time
were the following:

Thrust 1: Closure Site Support
Objectives:

* Ensure that the closure sites (Rocky Flats and Ohio) have the necessary technology
and technical support to meet closure schedules.

* Provide science and technology to improve baselines and schedules at all small sites.
Strategies:

* Establish a multidisciplinary, hands-on technical team dedicated to assisting the
closure sites.

* Provide a dedicated budget to ensure that necessary resources are readily available.

» Streamline the science and technology proposal process to ensure real-time response
to needs, while ensuring high-quality work.

Thrust 2: Alternative and Step Improvements to Current High-Risk, High-Cost Baselines
Objectives:
* Ensure that cleanup goals can be accomplished at reasonable costs and schedules.
* Ensure that all possible cleanup alternatives are evaluated.

* Ensure that improved, workable alternatives are available and utilized as the cleanup
progresses.

Strategies:

* Establish a focused, headquarters-directed science and technology program to
address alternatives to current plans.

* Identify technology areas where the greatest benefit could be realized by an aggressive
investment strategy.

SOURCE: Owendoff, 2002.
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B

The Transuranic and
Mixed Waste Inventory

The accumulation of radioactive wastes began in the 1940s with the
development of the atomic bomb and continued with the large-scale
production of fissile materials such as uranium and plutonium during
the Cold War period. Manufacturing processes involved the production
of plutonium and its separation from irradiated fuel elements, the devel-
opment and application of methods for isotopic enrichment, and the
production and fabrication (casting, machining, plating) of metal at
Hanford, Washington; Rocky Flats, Colorado; Oak Ridge, Tennessee,
and other supporting sites. The lower-activity wastes from these opera-
tions ranged from trash contaminated with plutonium, to process wastes
(e.g., organic sludges or waste contaminated with metallic compounds)
from liquid-liquid extraction employed in product purification. During
this period, emphasis was placed on production and little attention was
given to the types or quantities of waste generated. Wastes were man-
aged using practices analogous to those found in other process industries,
which involved the use of on-site disposal in landfills for process waste
and the use of ponds and lagoons to control large volumes of waste-
water. Wastes were frequently contaminated with both radioactive and
chemical substances.

Transuranic and Mixed (TM) Wastes

The radioactive wastes from these processes have been categorized
into two types, transuranic waste (TRU)! and low-level waste (LLW).?

'TRU is radioactive waste that contains more than 100 nanocuries of alpha-
emitting isotopes per gram of waste, with atomic numbers greater than 92 and
half-lives greater than 20 years (DOE Order 435.1, issued July 1999). This waste
results primarily from fuel reprocessing and from the fabrication of plutonium
weapons and plutonium-bearing reactor fuel. Generally, little or no shielding is
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Mixtures of TRU or LLW with toxic or hazardous substances, defined by
the Resource Conservation and Recovery Act (RCRA) as well as the
Toxic Substances Control Act (TSCA) and any applicable state regulations,
are defined as mixed wastes and identified as MTRU or MLLW.

Exposure to radioactivity was recognized as a human health hazard
at the onset of nuclear operations, and standards for health protection
were established early on by the Atomic Energy Commission, forerunner
to the Department of Energy (DOE) and the U.S. Nuclear Regulatory
Commission (USNRC). These standards constrained the manner in which
radioactive materials were handled to minimize human exposure. In
1970, new standards were established for the burial of transuranic wastes.

Human health hazards resulting from exposure to chemicals were
not fully recognized until 1970, with the formation of the Environmental
Protection Agency (EPA) and the subsequent establishment of air and
water pollution standards. Substantial control of chemical waste disposal
began in 1976 with the authorization of RCRA, which directed EPA to
set standards for the land disposal of toxic and hazardous substances.
Prior to this time, little attention was given to controlling chemical
wastes. Compounds of lead, mercury, cadmium, and chromium along
with commonly used industrial solvents were allowed to enter the envi-
ronment with little control.

The application of USNRC and EPA regulations has further subdivided
the waste. TRU wastes generated after 1970 have been placed in
retrievable storage. In response to RCRA regulations, ponds and lagoons
were closed and chemically contaminated trash was no longer buried
but instead placed in retrievable storage. The waste materials have
several attributes summarized below and discussed further in succeed-
ing paragraphs:

e The volume of waste is substantial.

e The waste is incompletely characterized as to its physical state
and its radiological and chemical components.

e The waste is highly heterogeneous on both the total volume and
the individual waste container scale.

* The chemical or radiological contents of many waste streams
contain individual substances or mixtures of components that
complicate the selection and application of treatment systems.

required, but energetic gamma and neutron emissions from certain TRU nuclides
and fission product contaminants may require shielding or remote handling.

2LLW is any radioactive waste including accelerator-produced waste that is not
classified as spent nuclear fuel, high-level waste, TRU waste, 11e(2) by-product
material, or naturally occurring radioactive material (DOE Order 435.1, issued
July 1999).
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Current and Expected Waste Volumes

Present estimates of the volumes of waste represented by the cate-
gories of TRU and MLLW are found in the DOE’s Summary Data on the
Radioactive Waste, Spent Nuclear Fuel, and Contaminated Media
Managed by the U.S. Department of Energy (DOE, 2001a). Table B.1,
which is excerpted from this document, illustrates the magnitude of the
TRU and MLLW waste volume reported at the end of fiscal year 1999
or 2000. DOE does not distinguish between TRU and MTRU in the
summary, essentially because all of DOE’s TRU, including MTRU, is
destined for disposal in the Waste Isolation Pilot Plant (WIPP; see
Chapter 2).

The chemical composition of the previously buried waste is largely
unknown. Because production processes did not change with the 1970
limitation on burial, it probably has similar composition to waste in
retrievable storage. The fate of previously buried waste is yet to be
determined, but it is expected that some of this material will require
retrieval.

The summary contains no information about the physical or chemical
characteristics of the waste materials. Information about radioactivity is
reflected only by the materials’ classification as TRU or LLW. Other
sources of information are necessary to complete the description of the
inventory.

For the purpose of developing site treatment plans in the early 1990s,
the Department of Energy directed all sites to evaluate the inventory of
accumulated TRU and mixed waste based on the best information

TABLE B.1 Overview of the DOE's Transuranic and Mixed Wastes

Volume
Origin TRU (m?) MLLW (m?3)
Buried (pre-1970) 137,000 317,000¢
Retrievably stored (1970-1999) 111,000 44,500
Predicted new waste generation 60,0000 100,000¢
Recovered soils and sediments (2002-2010) 32,000 170,000

7 o-LLW.
©2000-2034.
©2000-2070.

SOURCE: DOE, 2001a.
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available (DOE, 1997). This inventory was very detailed and based on
the best available knowledge, including available sampling and analysis,
history of the process that generated the waste, or the recollections of
persons involved in manufacturing operations. Information was gathered
for each waste stream, including radioactive materials, chemical con-
stituents, a text description of the waste, and a physical description of
the matrix (e.g., solid, liquid, debris). Because of the uncertainty in
knowledge, a degree of confidence (high, medium, or low) was also
assigned to the data established for each waste stream in the categories
of matrix or physical state, chemical composition, and radioactivity.
Although the inventory lacks high confidence in characterization of all
waste streams, it does allow study of the potential problems of treat-
ment and disposal confronting DOE. The following discussion and
tables are based on information in this database and apply to wastes
that were inventoried in 1995.

Diversity of the Inventory

Information about the wastes is crucial to the design of treatment
processes and the generation of data supporting disposal requirements.
Table B.2 illustrates overall knowledge about the waste as expressed by
the confidence in the data. There is reasonable confidence in the chem-
ical composition for only about a third of the MLLW and pond residue
waste volume. The chemical characterization of the MTRU waste is even
poorer, with only a sixth of the volume meeting the criteria of medium
to high confidence. In addition to the need for better data to support
treatment and disposal requirements, some reclassification of MTRU
and MLLW wastes is expected, as the composition is better determined.

The cover of this report shows cross sections of waste drums as
examples of the typical heterogeneity of the wastes. Sidebar B.1, taken
from a previous National Research Council (NRC) study, illustrates the

TABLE B.2 Percentage of Inventoried Waste Described with a Medium or High Degree
of Confidence (by volume)

Category TRU MTRU MLLW Pond Residue
Matrix or physical state 58 91 65 99
Chemical composition N/A 16 35 34
Radioactivity 96 99 48 54

Note:N/A = not available.
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diversity of materials that are found in mixed waste. Table B.3 shows
the relative magnitude of retrievably stored and pond residue wastes in
each of the five categories described in the sidebar.

The retrievably stored MLLW, the pond residues, and the previously
buried MLLW or pond waste that is excavated must be treated to meet
RCRA Land Disposal Restrictions and the requirements of the USNRC
for disposal of radioactive materials. Chemical and radiological compo-
sition becomes a significant issue in the selection, design, and operation
of treatment systems.

The retrievably stored TRU and MTRU waste and any previously
buried TRU waste that is recovered are destined for disposal at the
WIPP site and must meet the special requirements for shipment and
acceptance at that site. Treatment to meet RCRA Land Disposal
Restrictions is not required. However the TRU and MTRU waste must
meet the requirements of TSCA for the treatment of polychlorinated
biphenyls (PCBs).

MLLW and Pond Residue Waste

These wastes contain chemicals designated as hazardous by the
Environmental Protection Agency under the Resource Conservation and
Recovery Act as well as low levels of radioactive fission products.

Chemical Composition

Table B.4 identifies the fractions of the waste volume in each cate-
gory known or suspected to be contaminated with various classes of
hazardous and toxic materials. These classes are chosen to reflect
chemical contaminants commonly found in mixed waste and represent
major processes used for the treatment and separation of chemical
wastes prior to disposal in a RCRA facility.

*  Mercury: Mercury occurs in several forms including the metal,
amalgams with other metals, inorganic compounds, and organic com-
pounds. Each form of mercury requires a different approach to treatment.
Because of its high vapor pressure, mercury poses a problem when
exposed to high temperatures such as those encountered in incineration
where it vaporizes and enters the off-gas, from which it is difficult to
trap and remove. Grouting techniques useful for other heavy metals are
generally not effective to control mercury and its compounds. Retorting
is used in the chemical industry for the removal of mercury from waste
and to prepare it for recycling. The applicability of this technique to
separate mercury from radioactive materials is unknown.
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SIDEBAR B.1 A PERSPECTIVE ON TM WASTE DIVERSITY

For the purpose of developing site treatment plans for TM wastes, DOE established five treatment
groups. The types of waste included in each group provide a perspective on the overall waste diversity.

Debris

It contains one or more of over 700 materials listed as hazardous by the EPA;

Metal Debris: Metal with or without lead or cadmium

Inorganic Nonmetal Debris: Concrete, glass, ceramic or brick, rock, asbestos, and graphite

Organic Debris: Plastic or rubber, leaded gloves or aprons, halogenated plastics, nonhalogenated
plastics, wood, paper, and biological matter

Heterogeneous Debris: Composite filters, asphalt, electronic equipment, and other inorganic and

organic materials

Inorganic Homogeneous Solids and Soils

Inorganic Homogeneous Solids: Particulate matter—such as ash, sandblasting media, inorganic
particulate absorbents, absorbed organic liquids, ion-exchange media, metal chips or turnings,
glass or ceramic materials, and activated carbon

Inorganic Sludges: Wastewater treatment pond, off-gas treatment, plating waste, and low-level

reprocessing sludges

Other Inorganic Waste: Paint waste (chips, solids, and sludges), salt waste containing chlorides,

sulfates, nitrates, metal oxides or hydroxides, and inorganic chemicals

Solidified Homogeneous Solids: Soil, soil/debris, and rock/gravel

96

TABLE B.3 Percentage Distribution of Inventoried Waste by Volume

Category TRU MTRU MLLW Pond Residue

Aqueous 0.1 9

Organic 2 0.5 4

Solids 2 28 25 100

Debris 95 71 57

Unique 1 0.1 4
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Organics

* Organic Liquids: Aqueous streams containing both halogenated and nonhalogenated organic
compounds as well as pure organic streams containing halogenated and nonhalogenated
compounds

* Organic Homogeneous Solids: Organic particulate matter (resins, organic absorbents), organic
sludges (biological, halogenated, and nonhalogenated), and organic chemicals

Unique Waste
* Lab Packs: Organic, aqueous, and solid laboratory chemicals and scintillation cocktails

» Special Wastes: Elemental mercury, elemental hazardous metals (activated and nonactivated
lead, elemental cadmium), beryllium dust, batteries (lead acid, mercury, cadmium), reactive
metals (bulk and reactive metal-contaminated components), pyrophoric fines, explosives, or
propellants, and compressed gases and aerosols

» All Others: Materials placed in a final waste form are included in this category

Wastewaters

* Acidic, basic, and neutral aqueous liquids and slurries, including cyanide-containing wastewaters
and slurries

SOURCE: DOE, 1995.

e Metallic compounds (metals): Compounds containing elements
such as chromium, cadmium, and lead are commonly treated by grout-
ing, which converts these materials to an insoluble form, resistant to
leaching and acceptable for land disposal.

e Toxic organic materials and solvents (organics and solvents):
This category includes halogenated and nonhalogenated solvents
commonly found in industry and declared by EPA to be either toxic or
hazardous. Incineration is commonly employed to remove and destroy
these materials. Encapsulation and grouting are generally not effective
treatments for this type of contaminant.
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TABLE B.4 Percentage of Inventoried Waste Volume Contaminated with RCRA Materials

MLLW

Classes Aqueous Organic  Solids Debris Unique Pond Solids
Metals only 17 2 17 7 44 50
Metals with mercury 54 2 4 5 9 1
Organics, solvents, metals, mercury 15 31 27 16 8 17
Total Mercury 70 34 31 20 17 17
Organics and solvents, metals 11 43 43 42 6 23
Total Metals 98 79 20 70 66 20
Organics/Solvents only 2 15 5 19 10 9
Total Organics and Solvents 27 90 75 77 23 49
PCBs 8 48 15 3 5 15
Plating waste 10 3 34 5 04 30
Hazardous characteristics 97 65 57 31 58 18
Others (including no data) 2 2 12 3

e PCBs: These compounds are highly resistant to natural degrada-
tion and are known to accumulate in the fatty tissue of animals and
humans. TSCA requires that PCBs be destroyed to an acceptable level.
Incineration is a common treatment method.

e Waste from electroplating and metal treatment (plating waste):
In addition to metallic ions, these wastes commonly contain cyanides,
which must be destroyed either chemically or by incineration.

e Hazardous characteristics: Materials designated as ignitable,
corrosive, or reactive by RCRA regulations are unacceptable for land
disposal without treatment. The unique waste category contains a high
percentage of reactive materials such as sodium-potassium alloy,
pyrophoric materials, explosives, and compressed gases that pose
special treatment problems.

Metals, mercury, and organics or solvents are selected as major
chemical classes in Table B.4. In addition to presenting total data, the
table shows the breakdown of commingled waste in each class. The
data represent only that one or more chemicals in the particular class
exceed the level allowed for land disposal under RCRA Land Disposal
Restrictions (LDRs). No information is available regarding quantitative
levels of contamination. In some instances, a waste stream is classified
as MLLW, but there is no specific information as to the contaminating
material.
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Examination of Table B.4 illustrates the difficulties inherent in the
selection and application of treatment systems. There are few waste
streams that might be considered “pure” (i.e., other metals without
mercury or organics and solvents, organics and solvents without
mercury). For the most part, waste streams are heterogeneous and con-
tain some of everything. For simplicity, the following discussion considers
only the debris category (57 percent of the total MLLW volume).
However, the conclusions apply to all categories. It must also be stressed
that the data in the table do not represent a quantitative measure of the
amounts of contaminating material in the wastes, only that the materials
are probably present at levels requiring treatment.

Incineration is a common method for destroying RCRA organic
materials. Control of air emissions from incineration or other thermal
treatment methods is a major consideration in the employment of this
technology. As noted above, 77 percent of the debris category contains
total organics and solvents above levels acceptable for land disposal.
However, 16 percent of the debris volume contains both organic mate-
rials and mercury. The ability of a thermal treatment system to accept
this fraction will depend on the quantitative amounts of mercury and
the efficiency of the system for the removal of mercury from discharged
gases.

Retorting is commonly used for the separation of mercury from
waste materials. It is carried out at lower temperatures than incineration
and usually involves indirect heating to avoid mixing combustion gases
with mercury vapor. In the debris category, 20 percent of the volume is
contaminated with enough mercury to require treatment. However,

80 percent of this quantity is co-contaminated with organics and sol-
vents, which will evolve with the mercury and significantly complicate
the separation of the materials.

Alkaline grouts are common for stabilizing heavy metals, but they
are not generally effective for controlling significant quantities of
accompanying mercury or organic materials. The effectiveness of grouting
depends on the quantities of contaminating materials. Wastes contain-
ing only small amounts of mercury or organic materials, only marginally
above the required treatment levels, might be grouted successfully.
Referring again to the debris group, 70 percent of the volume in this
category is contaminated with other metals requiring treatment.
However, 90 percent of the metal-contaminated waste in this category
is co-contaminated with organics and/or mercury.

Hence, no single treatment system is likely to meet the requirements
of all waste streams containing similar materials. Quantitative measure-
ment of the constituents of the waste streams is key to the selection and
operation of treatment systems.
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Radioactivity

Meeting the requirements for RCRA land disposal is only one treat-
ment consideration. Another consideration involves the levels and types
of radioactivity associated with the waste. Knowledge about its radio-
activity is necessary to specify the design of treatment systems that may
be operated and maintained safely. In addition, specific isotopes and
radioactivity levels in the waste will govern the disposal of treated
MLLW. The USNRC specifies three classes of radioactivity for low-level
waste—A, B, and C—each containing higher levels of radioactivity (see
Chapter 2, Table 2.4). The permitting of disposal facilities requires a
performance assessment of proposed sites to ensure adequate contain-
ment of the radioactivity.

Table B.5 shows levels of radioactivity associated with the various
classes of waste. Generally, wastes at the lower end of the spectrum,
<10 nanocuries of alpha-emitting TRU materials per gram, may qualify
as Class A. Those at the higher end of the spectrum, approaching 100
nanocuries of alpha-emitting TRU materials per gram, are most likely
Class C. Wastes that contain >100 nanocuries of alpha-emitting isotopes
per gram are classified as TRU wastes and cannot be disposed as MLLW.

Certain actinides such as Pu-238 have attributes that may affect the
choice of treatment processes. Oxides of Pu-238 are known to form
extremely finely divided particles that are dispersed easily. The high
radioactivity of this actinide and the toxicity of plutonium place added
emphasis on selecting treatment systems that can manage this material
properly. The presence of Pu-238 is not a quantitative measure but only
an indicator that it is present in the waste and should be considered.
Quantitative measurements of the waste must be made to understand

TABLE B-5 Selected Radioactivity Parameters of Inventoried Waste (Volume percent)

MLLW

Pond Residue
Aqueous  Organic  Solids Debris Unique Solids

o emitters < 10 nCi/g 51 60 27 13 64 88
o emitters 10 - 100 nCi/g 5 8 57 59 10 11
o, emitters unknown 44 32 16 28 25 1
Pu-238 1 11 37 58 11 39
Organics and solvents with Pu-238 04 10 32 54 3 20
Mercury with Pu-238 0.2 6 19 9 0.8 0.1
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the significance of this contaminant and its effect on treatment system
operation.

Wastes in the MLLW aqueous, organic, and unique categories and
in pond residue solids have relatively low levels of alpha activity. They
are candidates for disposal after treatment at facilities having both a
RCRA and a USNRC Class A permit, such as Envirocare in Utah.
However, some combinations of chemical and radioactive isotopes will
require highly specialized treatment schemes. DOE has estimated that
10 to 15 percent of the mixed waste will fall into this category (DOE,
2001a).

TRU and MTRU Waste

Although free from RCRA treatment requirements, TRU and MTRU
waste must meet transportation and waste acceptance criteria for WIPP.
Shipments received at WIPP must also be characterized for RCRA com-
ponents even though treatment is not required. Considerations for ship-
ment and acceptance at WIPP follow:

e The generation of hydrogen gas during shipment must be
controlled. Hydrogen generation may result from radiolysis of organic
materials (e.g., wood, paper, cloth, plastics, solvents), biological activity,
or corrosion. In the event of a transportation accident, an explosion of
accumulated hydrogen might result in the dispersal of both hazardous
and radioactive materials.

e Free liquids exceeding 1 volume percent of the outside con-
tainer are prohibited. Wastes classified as aqueous or organic liquids
are not acceptable.

*  Most of the material comprising the unique waste category is
prohibited. This includes explosives and compressed gases as well as
pyrophoric materials.

e Corrosive wastes (defined by RCRA) are prohibited. However,
corrosive waste usually can be treated easily.

e Flammable volatile organic compounds (VOCs) are limited to
500 parts per million (ppm) in the headspace of any payload container.
PCBs are currently prohibited from disposal by the TSCA requirement
that specifies destruction of this material. An effort is currently in
progress to obtain administrative relief and allow disposal of PCBs at
WIPP without treatment.

e Highly radioactive materials designated as remote-handled
TRU (RH-TRU) are currently prohibited from disposal at WIPP. Work is
in progress to define methods for safe shipment and handling of RH-TRU.

Some properties of TRU and MTRU wastes are listed in Table B.6.
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TABLE B.6 Selected Properties of Inventoried MTRU and TRU Waste

MTRU Volume (%)  TRU Volume (%)

Organic materials 53 50
Pu-238 91 72
PCBs 1 —
Reactive 13 —
Corrosive 35 —
Remote handled 4 3
Aqueous, organic, and unique category wastes 0.6 —

Organic material content is one measure of the ability of the waste
to generate hydrogen, others being the type and energy of associated
radioactivity and possible microbiological activity.> A high percentage
of both TRU and MTRU wastes contains organic material as well as
Pu-238. Significant work is in progress to understand the mechanism of
hydrogen formation resulting from radiolysis and methods to control the
accumulation of hydrogen during shipment to WIPP. Ongoing research
is currently focused on developing materials that will absorb (“getter”)
the hydrogen. Large volumes of air are circulated throughout the under-
ground disposal areas at WIPP, and generation of hydrogen after place-
ment at WIPP is not regarded as a problem.

As noted in Table B.2, confidence in the chemical composition of
the MTRU waste is very low, 16 percent. The reason for the designation
of 13 percent of the MTRU volume as reactive and 35 percent as corro-
sive is unclear. Direct examination and analysis are needed to make a
positive determination of these parameters as well as to determine
which containers may exceed headspace flammability limits or contain
free liquids. In addition, waste characterization to confirm “acceptable
knowledge” is required to quantify waste for WIPP disposal (see
Sidebar 3.1).

3The database does not identify organic material content directly other than
those materials associated with RCRA hazardous wastes (toxic organics and
hazardous solvents). However, the text description of the individual waste streams
makes frequent mention of combustible organics (e.g., paper, wood, cloth, plastics)
that are not RCRA materials but are subject to radiolysis and the generation of
hydrogen. The volume of waste containing these materials has been estimated by
searching for these references.
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C

History of Alternatives to Incineration

Incineration has been a tool for managing wastes containing low
levels of radioactive contamination since the early stages of the nuclear
industry. A review published almost 30 years ago described radioactive
waste incineration in the United States and eight foreign countries
(Perkins, 1976). In 1992, WASTECH, a multi-organization cooperative
project managed by the American Academy of Environmental Engineers
with grant assistance from the Environmental Protection Agency (EPA),
Department of Defense (DOD), and Department of Energy (DOE), con-
ducted a two-year study resulting in an eight-volume monograph series
on innovative site remediation technologies. One volume was devoted
to thermal processes, including a variety of incinerator designs and
alternatives to incineration.

Recent public opposition to incinerators has forced DOE and other
organizations to investigate alternative technologies. As a result, the
DOE and several advisory groups have reviewed various technologies
and written numerous reports. In April 1997, the Idaho National
Engineering and Environmental Laboratory (INEEL) published a detailed
report Evaluation of Alternative Nonflame Technologies for Destruction
of Hazardous Organic Wastes (Schwinkendorf et al., 1997). The report
evaluated technologies that are alternatives to open-flame, free-oxygen
combustion. Alternative technologies were defined as those that have
the potential to destroy organic materials without use of open-flame
reactions with free gas-phase oxygen as the reaction mechanism, reduce
the off-gas volume and associated contaminants emitted under normal
operating conditions, eliminate or reduce the production of dioxins and
furans, and reduce the potential for excursions in the process that can
lead to accidental release of harmful levels of chemical or radioactive
materials.

The report identified 23 technologies and rated them for performance;
readiness for deployment; and environmental, safety, and health risks.
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The top 10 technologies resulting from this evaluation are

. steam reforming,

. electron beam oxidation,

. ultraviolet (UV) photo-oxidation,

. ultrasonic destruction,

. Eco Logic (hydrogen) reduction,

. supercriticial water oxidation,

. cerium mediated electrochemical oxidation,

. DETOX (iron-catalyzed, low-temperature oxidation),
. direct chemical oxidation, and

. neutralization or hydrolysis.
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The study recommended continuing research to improve incinera-
tion and other thermal systems, including air pollution control systems
and continuous air emission monitors because none of the evaluated
alternative technologies alone has the capability of thermal systems to
treat the large variety of mixed low-level waste (MLLW) in the DOE
complex in a single process. In addition, all of the evaluated alternative
technologies have difficulty in treating organically contaminated
inorganic matrices such as soils, inorganic sludges, and debris.

In 1997-1998, DOE’s Mixed Waste Focus Area published a number
of Innovative Technology Summary Reports on acid digestion of organic
waste and direct chemical oxidation. More recently, the Transuranic
and Mixed Waste Focus Area published brief descriptions of several
technologies including mediated electrochemical oxidation, plasma arc
systems and direct-current (DC) arc melters, reverse polymerization,
solvated electron dehalogenation, steam reforming, and supercritical
water oxidation.'

In April 2000, following a dispute over the proposed construction of
an incinerator for treatment of radioactive mixed waste at INEEL, DOE
appointed a blue-ribbon panel of independent experts to explore alter-
natives to incineration that might become available for use at DOE
facilities nationwide (DOE, 2000b). The panel evaluated technologies
in five general categories: (1) thermal treatment without incineration;
(2) aqueous-based chemical oxidation; (3) dehalogenation; (4) separa-
tion (soil washing, solvent extraction, and thermal desorption); and
(5) biological treatment. Among the alternatives, the panel considered
the most promising to be

1See http://tmfa.inel.gov/newpages/TechDocs.asp?category=Alternatives%20to%20Incineration).
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e thermal (vacuum) desorption of polychlorinated biphenyls,
hydrocarbons, and water;

e direct steam reforming to destroy or remove problem contami-
nants; and

e DC arc and plasma torch melters to destroy contaminants.

The panel found that while there are promising technological alter-
natives to incineration, none of the alternatives is ready for immediate
implementation; all need to be further developed, adapted, and tested
with actual waste. The panel therefore recommended a DOE program
to demonstrate commercial technologies, nurture the development of
next-generation technologies, and guide basic and applied research for
future technical advances.

In January 2001, the Secretary of Energy accepted the recommenda-
tions of the panel and directed the Office of the Assistant Secretary for
Environmental Management to develop an action plan. Action Plan for
Emerging Technological Alternatives to Incineration was published in
June 2001 (DOE, 2001c¢). The Alternatives to Incineration Committee
(ATIC) was formed to examine emerging alternatives and interface with
concerned citizens (see Chapter 2, Sidebar 2.4).

The committee reviewed the Action Plan and noted that DOE sites
have been largely successful in obtaining relief from regulations that
restricted shipment of untreated wastes to the Waste Isolation Pilot
Plant (WIPP), which was a principal strategy described in the Action
Plan. For example, following a recent revision of the safety analysis for
the TRUPACT-II shipping container, the amount of TRU waste that can-
not be shipped due to potential hydrogen generation from untreated
(nonincinerated) organics is only about 2 percent of the TRU waste
inventory (Curl et al., 2002). DOE sites have also been successful in
finding alternatives to incineration for most other special case wastes,
for example, stabilizing organic liquids on polymers or clays. Because
its emphasis is on sending TRU wastes to WIPP, DOE perceives few
current incentives to develop true replacement technologies for incinera-
tion—those that would destroy essentially all organic materials in a
wide variety of wastes and provide large volume reductions of com-
bustible wastes. Developing these technologies, which may be required
to treat large volumes of MLLW to meet EPA disposal requirements,
remains a challenge as discussed in Chapter 3.
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Presentations to the Committee

Washington, D.C., May 31-June 1,2001

Overview of the Environmental Management Cleanup Mission and
the Office of Science and Technology, Gerald Boyd, Department of
Energy (DOE) Office of Environmental Management (DOE-EM)

Needs and Opportunities for Transuranic (TRU) and Mixed Waste
Research, Mark Gilbertson, DOE-EM

The Role of the Office of Science in the Environmental Management
Science Program, Roland Hirsch, DOE Office of Biological and
Environmental Research

TRU Waste Management, Douglas Tonkay, DOE-EM

EM’s Mixed Low-Level Waste Management Program, Helen Belencan,
DOE-EM

TRU and Mixed Waste Focus Area Overview, Edward Rizkalla,
DOE-EM

DOE Response to the Secretary of Energy Advisory Board Panel
Report on Technological Alternatives to Incineration, Helen Belencan,
DOE-EM

Idaho Falls, Idaho, August 6-7, 2001

Overview of the Idaho National Engineering and Environmental
Laboratory (INEEL), Lisa Green, DOE-Idaho
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Characteristics of INEEL Stored TRU Waste, Tom Clements, Jr., INEEL
TRU Waste Treatment and Disposal Plans, Tom Clements, Jr., INEEL

Science and Technology for Characterizing, Treating, and Disposing
of Mixed and TRU Waste, Michael Connolly, INEEL

Advanced Mixed Waste Treatment Project, Fred Hughes, BNFL, Inc.

Waste Generator Services Mixed Waste Project, Jeffrey Mousseau,
INEEL

0Oak Ridge, Tennessee, September 18-19, 2001
Oak Ridge TRU Waste Management, Gary Riner, DOE-Oak Ridge
Mixed Low-Level Waste Program, Fred Heacker, Bechtel Jacobs Corp.

Overview of Technology Demonstrations for Monitoring Emissions
from the TSCA' Incinerator, J. E. Dunn, Jr., IT Corp.

Waste Issues from the Spallation Neutron Source, Frank Kornegay,
Oak Ridge National Laboratory

Aiken, South Carolina, September 20,2001

Savannah River Site and Waste Management Operations, Jim
Blankenhorn, Westinghouse Savannah River Company

Development of a Microbial Process for Removal of Organic
Constituents from PUREX? Waste, Michael Heitkemp, Savannah River
Technology Center (SRTC)

Testing Hydrogen Getters for TRUPACT-II Payload Expansion, Jon
Duffey, SRTC

Pu-238 Decontamination Demonstration—Silver Il, Bob Pierce, SRTC

Toxic Substance Control Act.
2Plutonium and Uranium Extraction.
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PUREX Waste Alternative Treatment Evaluation, Marshall Looper,
SRTC

PUREX Waste Stabilization—Nochar and Imbiber Bead Polymers,
Christine Langton, SRTC

Pretreatment of Legacy PUREX Waste, Major Thompson, SRTC

Carlshad, New Mexico, December 5,2001

National TRU Waste Program Vision for the Future, Inés Triay, DOE-
Carlsbad

Recent National Research Council Recommendations for the Waste
Isolation Pilot Plant, Roger Nelson, DOE-Carlsbad

Optimization and TRU Technology Needs, Dave Moody, Los Alamos
National Laboratory-Carlsbad Operations

Treatment of TRU Waste, Robert Behrens, Los Alamos National
Laboratory-Carlsbad Operations

Richland, Washington, February 12,2002

Hanford Waste Management Program, Dale McKenney, Fluor
Hanford

Plans for Treating Remote-Handled TRU Waste at T-Plant, Bob
Barmettlor, Fluor Hanford

Hanford Mixed Low-Level and TRU Waste Management Needs,
Kevin Leary, DOE-Richland, and Wayne Ross, Pacific Northwest
National Laboratory (PNNL)

Large Contaminated Equipment Project, Betty Carteret, PNNL

Nondestructive Waste Assay, Tony Peurrung, PNNL

Research and Development for a Remotely Operated, Multipurpose
Robotic Vehicle, Kevin Leary, DOE-RL
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In addition to the above presentations, the committee participated
in informative roundtable discussions with site research scientists, as
follows:

Oak Ridge National Laboratory, September 19, 2001
Savannah River Technology Center, September 20, 2001
Los Alamos National Laboratory, December 6, 2001
Sandia National Laboratory, December 6, 2001

The committee also heard presentations by citizen groups at INEEL,
the Oak Ridge Reservation, and the Savannah River Site.
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ATIC

CERCLA

CH-TRU

DGGE
DOD
DOE
DOT

EM
EMSP
EPA

FFCA

HEPA
HWC
HWIR

INEEL

LDR
LLW

MACT
MEMS
MLLW
MOU
MRI
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List of Acronyms

Alternatives to Incineration Committee

Comprehensive, Environmental Response,
Compensation, and Liability Act (Superfund)
contact-handled TRU waste

density gradient gel electrophoresis
Department of Defense
Department of Energy

Department of Transportation

DOE Office of Environmental Management
Environmental Management Science Program
U.S. Environmental Protection Agency

Federal Facility Compliance Act of 1992

high-efficiency particulate arresting
hazardous waste combustor
Hazardous Waste Identification Rule

Idaho National Engineering and Environmental
Laboratory

Land Disposal Restriction
low-level radioactive waste

Maximum Achievable Control Technology
MicroElectroMechanical Systems

mixed low-level waste

Memorandum of Understanding

magnetic resonance imaging
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MTADS Multi-sensor Towed Array Detection System

MTRU mixed transuranic waste

MWIR Mixed Waste Inventory Report

NABIR Natural and Accelerated Bioremediation Research
NESHAP National Emission Standards for Hazardous Air Pollutants
NDA nondestructive assay

NDE nondestructive examination

NEMS NanokElectroMechanical Systems

NRC National Research Council

NRL Naval Research Laboratory

OST DOE Office of Science and Technology

PCB polychlorinated bipheny!

PCR polymerase chain reaction

RCRA Resource Conservation and Recovery Act of 1976
RH-TRU remote handled TRU waste

RTR real-time radiography

RWMC Radioactive Waste Management Complex at Hanford
SAMS Surveillance and Measurement System

SARA Superfund Amendments and Reauthorization Act
SARP Safety Analysis Report for Packaging

SAW surface acoustic wave

TCLP toxicity characteristic leaching procedure

™ transuranic and mixed waste

TMFA Transuranic and Mixed Waste Focus Area

T-RFLP terminal restriction fragment length polymorphism
TRU transuranic

TSCA Toxic Substances Control Act

USNRC U.S. Nuclear Regulatory Commission

VOC volatile organic compound

WAC waste acceptance criteria

WETO Western Environmental Treatment Office
WIPP Waste Isolation Pilot Plant

the Permit ~ WIPP Waste Acceptance Permit
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