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Foreword

This report presents the findings and conclusions of OTA's analysis of Federal policy
for the management of commercial high-level radioactive waste. It represents a major up-
date and expansion of the analysis presented to Congress in our summary report, Manag-
ing Commercial High-Level Radioactive Waste, published in April of 1982 during the
debate leading to passage of the Nuclear Waste Policy Act of 1982 (NWPA). This new
report is intended to contribute to the implementation of NWPA, and in particular to
congressional review of three major documents that DOE will submit to the 99th Congress:

. Mission Plan for the waste management program;
. a monitored retrievable storage (MRS) proposal; and
. o report on mechanisms for financing and managing the waste program.

The assessment was originally undertaken at the request of the House Committee
on Merchant Marine and Fisheries and focused on the ocean disposal of nuclear waste.
OTA later broadened the study to include all aspects of high-level waste disposal after
expressions of interest and support by the Senate Committees on Energy and Natural Re-
sources and on Commerce, Science, and Technology; by the Senate National Ocean Pol-
icy Study; and by the House Committees on Science and Technology and on Foreign Af-
fairs. Additional requests for related analysis were later received from the Senate Committee
on Environment and Public Works and from the House Committees on Interior and In-
sular Affairs and on Energy and Commerce. The major findings of the original analysis
were published in OTA’'s 1982 summary report.

Following passage of NWPA, the House Committee on Rules asked OTA to analyze
the Act from the perspective of the policy conclusions of our 1982 study. The major con-
clusion of that review, included as chapter 5 of this new report, is that NWPA provides
sufficient authority for developing and operating a waste management system based on
disposal in geologic repositories. Substantial new authority for other facilities will not be
required unless major unexpected problems with geologic disposal are encountered.

In addition, the House Committees on Interior and Insular Affairs and on Energy
and Commerce asked OTA to provide information on the Mission Plan required by NWPA.
OTA concludes that DOE’s Draft Mission Plan published in 1984 falls short of its poten-
tial for enhancing the credibility and acceptability of the waste management program. The
summary of this report, included as chapter 1, presents the key findings and options con-
cerning the Mission Plan and the other documents mentioned above.

OTA is grateful for the assistance of the advisory panel for this assessment, as well
as the support and guidance received from many other people and organizations. OTA
has also benefited from the full cooperation of the Department of Energy, the Nuclear
Regulatory Commission, the Environmental Protection Agency, and other Federal agen-
cies. OTA assumes full responsibility for the report.

JOHN H. GIBBONS

‘Director
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Chapter 1
Executive Summary

OVERVIEW

With the passage of the Nuclear Waste Policy
Act of 1982 (NWPA), Congress for the first time
established in law a comprehensive Federal policy
for commercial high-level radioactive waste man-
agement, including interim storage and permanent
disposal. NWPA provides sufficient authority for
developing and operating a high-level radio-
active waste management system based on dis-
posal in mined geologic repositories. Authoriza-
tion for other types of waste facilities will not be
required unless major problems with geologic dis-
posal are discovered, and studies to date have iden-
tified no insurmountable technical obstacles to de-
veloping geologic repositories.

The 99th Congress will receive three key docu-
ments that NWPA requires the Department of En-
ergy (DOE) to prepare:

1. a Mission Pkm, containing both a waste man-
agement plan with a schedule for transferring
waste to Federal facilities and an implemen-
tation program for choosing sites and devel-
oping technologies to carry out that plan;

2. a monitored retrievable storage (MRS) pro-
posal, with designs for long-term Federal stor-
age facilities, evaluations of whether they are
needed and feasible, and analysis of how they
would be integrated with the repository pro-
gram if authorized by Congress; and

3. a study of alternative institutional mechanisms
for financing and managing the radioactive
waste system, including the option of estab-
lishing an independent waste management or-
ganization outside of DOE.

Each of these documents will raise issues of poten-
tially significant concern to Congress and the
Nation.

The Mission Plan

The crucial next step for stabilizing the U.S.
radioactive waste management program, and for

building confidence that nuclear waste can and
ultimately will be disposed of safely, is to de-
velop a credible Mission Plan that is widely viewed
as achievable and responsive to the concerns of
the major affected parties. According to NWPA,
the document to be submitted by DOE is intended
to provide “an informational basis sufficient to per-
mit informed decisions to be made. To do this,
it must identify the key decisions in developing the
waste management system, analyze and compare
the technical and programmatic options, and there-
by provide the information that would support
DOE'’s choice among the options. In OTA'S view,
the Draft Mission Plan published by DOE in April
1984 does not meet this test. OTA believes that the
preparation of a final Mission Plan offers DOE a
major opportunity to enhance the credibility and
acceptability of the waste management program.

As part of its analysis of NWPA, OTA has iden-
tified the elements of a Mission Plan that can meet
the requirements of the Act using only the author-
ity it provides. Comparison between this “OTA
Mission Plan” and DOE's Draft Mission Pkm pro-
vides a basis for identifying the major strategic deci-
sions in the Mission Plan. Comparison also reveals
several areas in which additional analysis by DOE
would provide valuable information for congres-
sional deliberations during the 30 working days that
the Mission Plan lies before Congress before be-
coming effective. In general, the OTA Mission Plan
represents an expansion, rather than a redirection,
of the approach in DOE’s Draft Mission Plan.
None of DOE'’s ongoing repository siting or devel-
opment activities need or should be deferred pend-
ing development of a final Mission Plan.

The major difference between the two Mission
Plans lies in the measures used to provide confi-
dence that spent fuel will be removed from reactor
sites within a reasonable period, despite the tech-
nical and institutional uncertainties associated with
siting and licensing the first geologic repository.
DOE’s Draft Mission PZan is based on a reposi-

3



4 .Managing the Nation’s Commercial High-Level Radioactive Waste

tory loading schedule that allows for no problems
or delays in choosing or licensing the first reposi-
tory. The repository siting program includes no
backups for the sites that NWPA requires to be
evaluated at key stages of the siting process. To pro-
vide confidence that waste can be accepted in the
event that this siting program encounters signifi-
cant delays, the Draft Mission Plan prop#ses to ask
Congress for new legislative authority to site and
license an MRS facility so that one could be con-
structed as early as 1998, if needed.

The OTA Mission Plan, on the other hand, relies
on the existing authority in NWPA to the maxi-
mum extent possible. It recognizes that the first geo-
logic repository required by NWPA is the only fa-
cility DOE is now authorized to site and use to
accept high-level radioactive waste. ' It uses a re-
pository loading schedule that can be met despite
technical or institutional difficulties, and an aggres-

&e implementation program designed to reduce
the risk of extended delays in the repository pro-
gram. In particular, it adds one backup site to those
required by NWPA at critical siting steps. The
OTA Mission Plan would ask for new legislative
authority to construct MRS facilities or alternative
disposal facilities only as a last resort, if major prob-
lems call into question the feasibility of geologic
disposal.

The repository program in the OTA Mission
Plan differs from that in DOE's Drafit Mission Plan
in three key respects: the repository loading sched-
ule, the repository siting strategy, and the strategy
for developing the first repository. The issues in
these areas are discussed in the remainder of this
section; issues concerning the role of the MRS are
discussed in the following section, which deals with
the separate MRS proposal required by NWPA.

Repository Loading Schedule

A schedule for loading the geologic repositories
is needed as a basis for contractual commitments
by DOE to accept waste from utilities. The crucial
decision concerning the repository loading schedule
is the balance between the degree of certainty that

'NWPA requires DOE to site and license a second repository, and
limits the amount of waste that can be emplaced in the first before
the second begins operating. NWPA does not explicitly authorize con-
struction of the second repository.

the schedule can be met, and the promised speed
of the schedule. The more optimistic the schedule
for contractual commitments, the more likely it will
be that they cannot be met using the first geologic
repository, @@@other means will be needed to
meet Federal obligations. DOE’s Draft Mission
Plan uses an optimistic repository schedule that can
be met only if no significant delays are encountered.
If all goes well, loading at the repository (using lim-
ited packaging facilities) would begin by 1998, the
year in which NWPA requires initial disposal in
the first repository. Operation of full-scale facilities
would begin by about 2001. DOE does not specify
when loading might begin if there are problems or
delays.

The OTA Mission Plan also uses the 1998 tar-
get as a management goal for initial disposal of a
small amount of waste packaged during the tech-
nology development program. However, it bases
contractual commitments with utilities on a con-
servative schedule for full-scale repository opera-
tion. This loading schedule can be met despite the
delays that can be expected in the effort to site the
first repository. Specifically, OTA concludes that
use of an aggressive implementation program
(discussed below) can give considerable confi-
dence that the two repositories required by
NWPA can be operating full-scale by 2008 and
2012, respectively, even if significant delays are
encountered. If such delays do not materialize, full-
scale loading could begin years earlier, and the ac-
tual schedule could match that proposed by DOE.

Repository Siting Program

The credibility of any repository loading schedule
depends on the credibility of the implementation
program supporting it. The major decision con-
cerning the implementation. program is the balance
between the initial costs of the program and the cer-
tainty of getting the job done without major prob-
lems or delays. This is particularly important in
the repository siting program.

DOE’s Draft Mission Plan uses a reactive ap-
proach in its implementation program. In particu-
lar, the siting program considers only the number
of sites required by NWPA: that is, for each re-
pository, three sites would be investigated at depth
(“characterized”), and one site would be recom-
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mended for licensing. Backups would be developed
only after it is certain they are needed. This strat-
egy is unchanged from the one in use before the
NWPA made a commitment to a schedule for oper-
ation of a repository.

By contrast, the OTA Mission Plan uses a pre-
ventive approach involving development of backup
sites before they might be needed, to minimize the
delays that could result if there are difficulties with
the primary candidate sites. In particular, it pro-
vides for characterization of four sites, and recom-
mendation of two for licensing, for each repository.

Adding one backup to the number of sites
NWPA requires at each stage significantly re-
duces the risk that the siting process will be de-
layed by problems at any one site. This approach
may cost more at the start, but over the long run
its financial and political costs may well be less than
those of a program that makes no allowance for ma-
jor delays or problems. Among those potential costs
is the risk that programmatic failures could dam-
age the credibility of the Federal program. Thus
any extra initial costs can be seen as the price of
insurance against these difficulties. Congress may
therefore wish to ask DOE to analyze the additional
cost of this approach, if any, and its effectiveness
in raising the confidence of the proposed reposi-
tory loading schedule.

Technology Development Plan

In DOE's Draft Mission Han, the schedule for
developing the final designs for the repository and
waste package is driven by the optimistic reposi-
tory loading schedule, which requires rapid con-
struction of packaging facilities at the site after the
Nuclear Regulatory Commission (NRC) construc-
tion authorization is granted. This approach makes
initial disposal dependent on the construction sched-
ule of the packaging facilities. The pressure to com-
plete those facilities in time to meet the 1998 dead-
line may preclude use of one of the new integrated
system designs now under development that have
the potential for significantly reducing the costs and
impacts of waste management.

To avoid this potential problem, the OTA Mis-
sion Plan suggests that the first repository be de-
veloped in two phases. A small-scale demonstra-
tion phase would begin as soon as allowed by NRC

following its approval of a construction authoriza-
tion. This would involve licensed emplacement of
a small amount of waste packaged during the re-
pository research, development, and demonstration
(RD&D) program using a conservative system de-
sign, one that emphasizes certainty in meeting
NRC'’s requirements for disposal, rather than over-
all efficiency of waste management operations.

The full-scale operational phase would begin after
the development and licensing of an integrated, op-
timized system design that takes advantage of the
most advanced available technology to reduce the
risks, costs, and impacts of the entire waste man-
agement operation, from discharge of spent fuel
from the reactor to final disposal in a repository.
Planning for initial licensed disposal before the re-
pository’s own packaging facilities are constructed
maximizes the likelihood that the 1998 deadline will
be met, and allows the schedule for construction
of those facilities to be determined by the time re-
quired for an aggressive RD&D program to develop
the integrated system design.

The Monitored Retrievable
Storage Proposal

It now appears that MRS facilities will not
be necessary for safe waste management. NWPA
requires that the utilities themselves provide interim
spent fuel storage until a repositor,is available.
This storage can probably be provided at reactor
sites, even after the 1998 deadline. OTA's Mission
Plan provides for MRS facilities to be available as
a long-term backup to repositories, but only in the
event that major unanticipated difficulties are
encountered with geologic disposal.

The major storage issues to be addressed in both
the Mission Plan and the MRS proposal are when
and whether DOE should be authorized to con-
struct a centralized MRS facility, and what role i t
would play in the integrated waste management sys-
tem. OTA'S analysis suggests that, to aid congres-
sional deliberations, the MRS proposal submitted
by DOE should evaluate at least three alternatives:

1. Early siting, licensing, and construction of
an MRS facility. This option, which is im-
plicit in DOE’s Draft Mission Han, would re-
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quire congressional authorization in the near
future. It would allow DOE to accept waste
on a large scale beginning in 1998, even if
there are delays in the repository program. It
involves a commitment of additional manpow-
er and resources over the next decade, above
and beyond those already involved in the re-
pository siting process.

2. Federal at-reactor storage beginning in
1998. This might be accomplished through
rulemaking, by modifying contracts with util-
ities to provide that the Federal radioactive
waste program would pay the costs of addi-
tional storage beyond the contractual deliv-
ery date, thus spreading the costs of delays in
the repository program among all utilities pay-
ing the waste disposal fee. If so, no congres-
sional action would be required.

3. Deferral of the decision on a centralized
MRS facility until at least 1990, when the
first repository site is to be recommended
to Congress. This allows the decision to be
made based on much more information about
storage options, integrated waste management
system designs, and the progress of the repos-
itory program than is currently available. It
also avoids the risk that an early effort to site
a large-scale storage facility would delay the
repository program. This option would re-
guire no congressional action at this time.

Alternative Means of
Financing and Management

NWPA also requires DOE to submit a study of
alternative institutional mechanisms for financing
and managing the radioactive waste system, includ-

ing the options of an independent agency or even
a private corporation. A public advisory commit-
tee established by DOE to address this subject rec-
ommended consideration of a federally chartered
public corporation. OTA's analysis suggests that
the credibility of NWPA’s commitment to the
development of a first-of-a-kind technological
system on a firm schedule could be significantly
enhanced by the establishment of an independ-
ent waste management agency with more fund-
ing and management flexibility than is typical
in a Federal program. The more independent the
institution and its funding, the surer the guaran-
tee that a complex program will be carried out on
schedule and will not be disrupted by other fiscal
or political priorities of the Federal Government.

Balancing independence and accountability
is a key challenge in designing an independent
waste management agency. A congressionally ap-
proved Mission Plan could serve as the principal
mechanism for balancing effective congressional
control with increased flexibility of operation. In
fact, it may not be possible to gain broad support
for the creation of an independent institution with
independent funding until a generally accepted
Mission Plan—one that spells out exactly what the
agency is to do—is developed. If it were formally
approved by Congress, the Mission Plan could
serve as the main yardstick for overseeing the activ-
ities and expenditures of tbe waste management
agency and for measuring its progress. Since ap-
proval of the Mission Plan is not now required by
NWPA, consideration of mechanisms for such ap-
proval might be included in any congressional de-
liberations on establishing an independent waste
management agency.

BACKGROUND

When the 97th Congress began considering com-
prehensive waste management legislation in 1981,
there were 74 commercial nuclear powerplants in
operation in the United States, and some 85 addi-
tional plants were under construction. Approxi-

mately 8,000 metric tons (tonnes) of commercial
spent (used) nuclear fuel, containing highly radio-
active waste products, had already been generated.
Yet the United States still had not decided how to
deal with the problem of isolating those waste prod-
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ucts from the environment for the thousands of
years required for the radioactivity of the waste to
decay to low levels.

Nearly all of the spent fuel produced thus far by
commercial nuclear powerplants is temporarily
stored in water-filled basins at operating reactors.
The original expectation—that all spent fuel would
be reprocessed to recover usable uranium and plu-
tonium, and that the radioactive byproducts would
be separated as high-level waste—has not been real-
ized. It now appears possible that much of the spent
fuel will be discarded directly as waste (see fig. I-I).

The lack of final isolation facilities raised two key
problems for the nuclear industry. First, some cri-
tics questioned the continued use of nuclear power,
arguing that the failure to develop final isolation
facilities was evidence that waste isolation might
be an insoluble problem. Second, the lack of re-
processing or disposal facilities to accept spent fuel
left utilities that owned nuclear reactors with a
growing spent fuel storage problem. In the near
term, operating reactors were running out of stor-
age space, and some faced the possibility of hav-
ing to shut down unless additional storage capac-
ity were made available in a timely manner. In the
longer term, the absence of a firm schedule for ei-
ther reprocessing or turning spent fuel over to the
Federal Government left utilities uncertain about
how much additional storage capacity they would
have to provide, when they would end their liabil-
ity for growing inventories of spent fuel, and how
much storage and disposal would ultimately cost.

The storage problem was complicated by increas-
ing opposition to the efforts of utilities and the Fed-
eral Government to provide additional storage ca-
pacity. This opposition resulted from concern that
the easy availability of interim storage would re-
duce the pressure for developing a Federal disposal
system, thereby turning interim storage facilities
into de facto permanent waste repositories. This
opposition, in turn, had increased utilities’ fears
that they might not be able to gain approval for
additional storage facilities quickly enough to pre-
vent reactor shutdowns.

The problems facing the nuclear industry, com-
bined with the broader societal concern that nu-

Figure 1-1.-The Nuclear Fuel Cycle
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The commercial nuclear fuel cycle includes activities for preparing
and using reactor fuel and for managing spent fuel and other radioac-
tive WaStes produced in the process. It was originally intended that
spent fuel be stored for 6 months in water-filled basins at reactor sites
to dissipate thermal heat and allow decay of short-lived fission pro-
ducts. The spent fuel would then be reprocessed and the resultant
liquid high-level waste solidified and disposed of in a Federal re-
pository. Since no repository has been developed and no commer-
cial reprocessing is being done, spent fuel wiliremain in storage un-
til repositories are available to close the nuclear fuel cycle.

SOURCE: Council on Environmental Quality.
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clear waste be dealt with responsibly, generated
considerable pressure to proceed promptly to de-
velop final isolation facilities. The challenge fac-
ing Congress was to develop a comprehensive waste
management policy: one that dealt with interim
storage in the context of final isolation and provided
the stability of purpose and direction that had been
lacking in previous Federal waste management
efforts.

Earlier problems in the Federal program com-
plicated the development of such a policy. First,
some doubted that the existing Federal institutional
arrangements were capable of successfully imple-
menting waste management policy over a period
of decades. Second, the distrust that had developed
between the Federal Government and those States
affected by waste management activities seriously
complicated efforts to reach agreement on a pro-
gram for siting permanent repositories. On the one
hand, potential host States and other groups feared
that the Federal Government might cut corners,
simply to be able to say that the problem had been

THE NUCLEAR WASTE

Waste Management Policy

Final Isolation of Nuclear Waste

NWPA establishes a schedule for DOE to site,
and for NRC to decide on licenses for, two geologic
repositories (see fig. 1-2) for permanent disposal
of civilian high-level radioactive waste. This sched-
ule requires that DOE begin disposing of waste at
the first repository not later than January 31, 1998.
The repositories are to be able to handle both com-
mercial spent fuel and high-level waste from reproc-
essing. They are also to be used for high-level waste
from defense nuclear activities unless the President
determines that separate repositories for defense
waste are needed. (A draft DOE study concludes
that disposing of defense and commercial wastes
in the same repositories would be the most cost-
effective option. )

The two repositories required by the Act ap-
pear to be both necessary and sufficient to dis-
pose of the waste from commercial reactors that

solved. On the other hand, some in the Federal
Government feared that a: least some States might
seek to block any waste management activities
within their borders, no matter what assurances of
safety were provided.

Congress addressed all of these problems in
NWPA by including measures that specify:

1. a comprehensive Federal policy for high-level
radioactive waste management that spells out
the responsibilities of the utilities and the Fed-
eral Government;

2. relationships between the Federal Govern-
ment and the States and Indian tribes affected
by waste management activities; and

3. improvements in the institutional mechanisms
through which the Federal Government will
carry out that policy.

These measures are summarized briefly below, as
background for discussion of the issues that remain
to be resolved during implementation of the Act.

POLICY ACT OF 1982

are now operating or under construction, as well
as currently projected amounts of defense high-
level wastes. Nearly 30 years of study have re-
vealed no insurmountable technical obstacles to the
successful development of mined geologic reposi-
tories, although suitable sites must still be found.
OTA believes that small-scale disposal could
begin by the 1998 target for initial operation of
the first repository, if a suitable site can be selected
from among those under investigation at the time
NWPA was passed. (Measures to increase the like-
lihood of success are discussed below.) OTA also
concludes that an expanded siting and develop-
ment program can give considerable confidence
that the two repositories required by NWPA
could be operating at full scale by no later than
2008 and 2012, respectively, even if there are
major delays or if backup sites must be used.’

‘These dates are conservative in com parison with DOE’s schedule
for the second repository, which sugges s that a repository using a site
and a geologic medium not among the}.e under consideration for the
first repository could be available by :2005.
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Figure 1-2.-Mined Geologic Disposal Concept
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Mined geologic disposal will use a system comprised of engineered
barriers (the waste package and the mined repository) and naturally
occurring barriers (the host rock formation and the chemical and
physical properties of the repository site itself) to provide long-term
isolation of waste from the biosphere. Three decades of extensive
study have revealed no insurmountable technical obstacles to the
development of mined geologic repositories, provided suitable sites
are found.

SOURCE: Department of Energy.

OTA’s review of the history of the waste man-
agement program concludes that a commitment in
law to a firm schedule for operation of a Federal
disposal facility (as enacted in NWPA) would play
a central role in a comprehensive, broadly sup-
ported waste management policy. This commit-
ment is needed for three major reasons. First, the
history of opposition to proposals for Federal stor-
age facilities suggests that, to satisfy public con-
cerns, it will be necessary to develop permanent dis-
posal facilities (see box). Second, a firm and
believable schedule for a repository decreases con-
cern that spent fuel would remain in interim stor-
age indefinitely, a major source of resistance to past
efforts to provide additional interim storage. Final-
ly, the key measures needed to give that commit-
ment credibility (i. e., an aggressive implementa-
tion program involving backup repository sites and
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disposal technologies) would address a major con-
cern about the Federal waste management program
in the past—the concern that crucial decisions might
be compromised by the lack of options.

Interim Storage of Spent Fuel

NWPA gives utilities that operate nuclear reac-
tors the primary responsibility for storing spent fuel
until it can be delivered to a permanent repository.
The Act also contains measures to help utilities pro-
vide such storage at reactor sites using new dry stor-
age technologies (see fig. 1-3). DOE now expects
that these measures can preclude the need to use
the 1,900 tonnes of “last resort’ Federal storage
capacity, which the Act makes available to utili-
ties that are unable to provide their own storage
in time to prevent disruption of reactor operations.

The Act also ensures that long-term storage
under active human control will be available, if
needed. It requires DOE to submit to Congress a
proposal for construction of one or more MKS fa-
cilities, including an analysis of the need for such
facilities, their feasibility, and how they might be
integrated into the waste management system. The
role of retrievable storage in the waste management
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Figure 1=3.—Dry Storage Concepts for Spent Fuel
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system is an important issue that remains to be
resolved. However, the Act requires disposal in geo-
logic repositories to proceed, regardless of what is
done about MRS facilities.

It now appears that MRS facilities will not be
necessary for safe management of high-level ra-
dioactive waste unless major unexpected diffi-
culties with geologic disposal are encountered.
NRC has determined that spent fuel can be safely
stored at reactor sites for at least 30 years after the
reactor is decommissioned. Analysis by OTA in-
dicates that if the two repositories required by the
Act are operating at full scale by 2008 and 2012,
respectively, spent fuel could be removed from all
reactor sites within 10 to 15 years after the reactors
are expected to cease operation. MRS or other
backup isolation facilities, if operating by the same
dates, would provide the same margin of safety.

Relations With States and
Indian Tribes

State and Tribal Role in Siting Decisions

NWPA requires DOE 1.0 engage in an extensive
process of consultation with States and affected In-
dian tribes throughout the repository site selection
and development process. The Act gives the State
or tribe the right to veto the President’s selection
of a repository site, a veto that can only be over-
ridden by joint action of both Houses of Congress.
Similar provisions apply to other waste manage-
ment facilities addressed by the Act. Because of the
distrust that had arisen between the Federal waste
program and the States, legislated guarantees of
clearly specified rights in the siting process were
needed to provide a stable basis for intergovern-
mental relations during the implementation of the
Act.
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Impact Compensation

Waste management activities will produce many
of the negative impacts associated with other in-
dustrial activities, such as the “boomtown” effects
of large construction projects in small communi-
ties, as well as less familiar ones arising from the
radioactive nature of the waste. NWPA requires
DOE to make payments from the Nuclear Waste
Fund (see below) to States, affected Indian tribes,
and in some cases local governments, to compen-
sate for the negative impacts of development and
operation of waste management facilities. These ar-
rangements should help assure those States and lo-
calities that they will not bear a disproportionate
share of the burden of radioactive waste manage-
ment. However, there will probably be positive im-
pacts as well. For example, the first repository—
which is likely to be the first such facility in the
world—may become an international research cen-
ter on high-level radioactive waste disposal. Such
a center would produce long-term benefits for the
community that might offset the more immediate
but short-term adverse impacts of repository con-
struction.

Institutional Measures

Waste Disposal Fee

DOE estimates that the total program outlays for
high-level radioactive waste management through
the year 2028 could range from as little as $16 bil-
lion to as much as $114 billion, depending on in-
flation and technical variations. A middle range,
assuming 3 percent inflation, is from $35 billion
to $64 billion.

To provide the assured source of funds to main-
tain steady progress over a period of decades,
NWPA establishes a Nuclear Waste Fund financed
by a mandatory fee on nuclear-generated electri-
city. The fee is initially set at 1 mill (O. 1 cent) per
kilowatt-hour. The rate must be reviewed annually
by the Secretary of Energy and adjusted as needed

to ensure that the full costs of the Federal waste dis-
posal program are recovered. (Studies by DOE and
the Congressional Budget Office conclude that some
fee increase will likely be needed to cover inflation
and possible increases in program costs, ) This ar-
rangement allows funding levels to be determined
by the legislated goals, rather than having the
achievable goals limited by the availability of funds,
as occurred in the past. In return for this fee, DOE
is required to sign contracts with utilities to dispose
of waste after the first geologic repository is avail-
able. DOE will take title to the waste at the owner’s
site and transport it to the repository for disposal.

Single-Purpose Waste Management Office

NWPA establishes within DOE a single-purpose
Offlce of Civilian Radioactive Waste Management,
headed by a Presidential appointee and separate
from the other nuclear activities of DOE. This step
will help to insulate the program from the competi-
tion for manpower and policy-level attention that
has adversely affected the program in the past. It
could also help to provide the degree of central, in-
tegrated planning and management that is needed
to meet long-term commitments on schedule. At
the same time, the Act requires DOE to submit a
study of alternative means of financing and man-
aging the waste management program, including
such options as establishing a private corporation.

Radioactive Waste Management
Mission Plan

NWPA also requires DOE to submit to Congress
a detailed Mission Plan for fulfilling the require-
ments of the Act. Such a Plan would provide a key
tool for program management and for congressional
oversight of DOE’s waste management activities.
In OTA'S view, development of a highly credi-
ble Mission Plan is the crucial next step in build-
ing confidence that the job of waste management
will get done in a safe and timely manner. The
issues to be resolved in the Mission Plan are dis-
cussed below.
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REMAINING ISSUES

Issues in the Mission Plan

According to NWPA, the Mission Plan is in-
tended to provide “an informational basis sufficient
to permit informed decisions to be made. To do
this, the Mission Plan needs to identify the key stra-
tegic decisions and options involved in developing
the proposed waste management system, and to
provide information and analysis to support a
choice among the options. The major strategic
issues in the Mission Plan concern:

1. the long-term waste management plan—a
plan for transferring spent fuel or high-level
waste from the owners’ storage facilities to
Federal disposal facilities—involving a repos-
itory loading schedule, a plan for spent fuel
storage after 1998, and a plan for providing
long-term alternatives if major difficulties are
encountered with geologic repositories; and

2. the implementation programfor carrying out
that plan, involving a repository siting pro-
gram and a technology development program.

The choices among options for the repository
schedule and the technology development and re-
pository siting strategies represent key decisions in
the Mission Plan. Because the implications are
so significant, the Mission Plan should include
a comparative evaluation of alternative reposi-
tory development and siting strategies, including
those developed in the OTA Mission Plan. This
would enable Congress to evaluate the strategy se-
lected by DOE in the light of a more detailed com-
parison of alternatives than OTA was able to per-
form. It would also allow DOE to explain and
justify its choices, thereby increasing the credibility
of the Mission Plan and the entire waste manage-
ment program. The Draft Mission Plan published
in 1984 does not explain the choices DOE has
made, nor does it evaluate alternatives to those
choices.

In OTA'S view, development by DOE of an
achievable, responsive Mission Plan is the cru-
cial next step for stabilizing the waste manage-
ment program and for establishing the necessary
level of confidence and support. If the Mission

Plan leaves some affected parties strongly dissatis-
fied with the way major questions are resolved,
there will be a continued risk of future policy shifts
like those that have characterized the program in
the past, and the credibility of long-term Federal
commitments will suffer. An acceptable Mission
Plan might provide a key tool for program man-
agement and for congressional oversight of DOE's
waste management activities, but dissatisfaction
would probably result in strong opposition to giv-
ing the program greater managerial and financial
independence than it already has. In fact, it may
not be possible to gain broad support for the cre-
ation of an independent waste management or-
ganization until a widely accepted Mission Plan
is developed.

While analyzing NWPA, OTA identified the ba-
sic elements of a Mission Plan that meets these re-
guirements. This “OTA Mission Plan” is conserv-
ative in goals but aggressive in action, and OTA
believes that it will be widely regarded as feasible
and achievable. Its major elements are summarized
below, in order to support OTA’s conclusion that
there is at least one workable approach to manag-
ing nuclear waste using the authority provided by
NWPA. In general, it represents an expansion,
rather than a redirection, of the approach DOE fol-
lowed in the past and presented in the Draft Mis-
sion Han. DOE can proceed with its ongoing re-
pository development activities without precluding
consideration of the strategic options suggested by
OTA.

The following discussion highlights the key stra-
tegic choices to be made in implementing NWPA
and identifies areas in which additional analysis by
DOE would provide valuable information for con-
gressional deliberations.

Repository Loading Schedule

Geologic repositories are the only facilities
authorized and required by NWPA for DOE to use
for fulfilling its legal responsibility for waste dis-
posal. For this reason, the repository program is
the heart of the OTA Mission Plan. The crucial
decision concerning the repository loading schedule
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is the balance between the degree of certainty that
the schedule can be met, and the promised speed
of the schedule. Developing a geologic repository
involves many first-of-a-kind technical and institu-
tional steps. The faster the promised schedule, the
less margin there is for delays or problems at any
of these steps, and the less confident one can be
that the schedule can be met.

DOE's Draft Mission Plan uses a repository
schedule that can only be met if no significant de-
lays are encountered. Initial loading at the first re-
pository is scheduled to begin in 1998, the date
NWPA requires, with full-scale operation expected
by about 2001. DOE does not specify when loading
might begin if there are serious problems or major
delays. Questions about the credibility of the Fed-
eral waste management program in the past have
stemmed in part from similarly optimistic schedules
that have not been met. The credibility of DOE’s
Mission Plan would be enhanced if contractual
commitments do not assume that everything will
go right the first time.

OTA concludes that small-scale operation of
the first repository probably can begin by the
NWPA deadline of January 31, 1998, if a
suitable site can be found from among those al-
ready under consideration at the time the Act
was passed. The OTA Mission Plan therefore uses
this date as a management target for initial opera-
tion, to maintain pressure for steady progress
towards a licensed repository site. It also includes
additional measures, discussed below, to increase
confidence in that target.

Although NWPA establishes a deadline for ini-
tial disposal in a repository, however, it does not
specify how quickly the full-scale transfer of waste
from utilities to the repository is to occur. The Mis-
sion Plan needs to do so. This repository loading
schedule then becomes the basis for contractual
commitments, in order to give utilities a basis for
planning interim storage. The OTA Mission Plan
uses a conservative repository loading schedule
based on two repositories in full-scale operation by
2008 and 2012, dates that can be met despite ma-
jor delays or problems. If the contingencies
allowed for in this schedule do not arise, full-
scale operation could begin years earlier—per-

haps as early as provided in DOE’'s proposed
schedule.

Repository Siting Strategy

The major issue in siting and developing the geo-
logic repositories is the balance between: 1) the
desired degree of certainty that a repository will be
available without major delays; and 2) the initial
costs of the program, both financial and political.
It is impossible to both maximize the certainty
of the repository schedule and minimize the ini-
tial costs at the same time. The implementation
program in the OTA Mission Plan emphasizes cer-
tainty and places great weight on the importance
of minimizing the risk of major programmatic de-
lays. This approach increases the level of con-
fidence in the repository schedule and perhaps
reduces overall costs, but it may also increase
the initial costs. The repository siting strategy is
crucial to this approach.

DOE's Draft Mission Plan provides for consid-
ering only the number of sites required by NWPA
at key stages of the siting process. Specifically, three
sites would be characterized for each repository, and
one site would be submitted to NRC for construc-
tion authorization. This is unchanged from the pro-
gram that was in place before NWPA made a ma-
jor Federal commitment in law to operating a
repository on a firm date. OTA’s analysis in-
dicates that expanding that program to include
one additional site at those key stages is both
necessary and sufficient to substantially increase
the level of confidence that the new commitment
made by NWPA will be met.

The siting process is the principal source of un-
certainty in the repository program. Because there
is no previous experience with most of the techni-
cal and institutional problems involved, there is no
consensus on how much time will be required to
complete each stage or the likelihood that a given
site will be rejected at any stage. The best way to
increase confidence that major delays will be
avoided, in the face of these uncertainties, is to carry
more than the required number of sites through
each stage. This ensures that backups are available
without delay if needed, so that extended delays
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or failures at any one site will not hold up the en-
tire process.

The OTA Mission Plan includes a siting pro-
gram that exceeds the requirements of NWPA in
two principal areas: characterizing four sites for
each repository, instead of three; and recommend-
ing two sites for each construction authorization,
rather than one. Using an expanded siting strat-
egy significantly increases the likelihood of meeting
the 1998 deadline for initial operation. This strat-
egy is the principal assumption underlying OTA's
conclusion that the first repository could be in full-
scale operation by 2008 despite difficulties with
some sites.

NWPA requires that characterization be com-
pleted at three sites before one can be recom-
mended. Beginning the characterization stage with
four sites allows a site to be recommended as soon
as the fastest three sites are finished; if only three
sites are characterized, the schedule depends on
progress at the slowest site. Similarly, submitting
two sites to NRC for licensing, rather than one,
means that construction could proceed as soon as
either site receives authorization.

It is also possible that NWPA may be interpreted
as requiring three sites that, after characterization,
appear suitable for licensing, before one can be rec-
ommended for licensing. Characterizing four sites
provides insurance against the delay that could re-
sult from a lawsuit to resolve this question. This
approach also increases the credibility of the State
veto provisions of NWPA by increasing the
likelihood that Congress will have a readily avail-
able alternative, if and when it has to decide
whether to overrule a State’s objection to the final
site. (The Act requires DOE to recommend a sec-
ond site within one year in the event that Congress
upholds a State objection. This can only be done
if a second suitable site is available from among the
first set of sites that are characterized. )

The OTA Mission Plan calls for only one addi-
tional site at each stage for reasons of cost effec-
tiveness. Again, the Act requires characterization
of three sites before one can be recommended; even
if there is only a 20 percent risk of delay or rejec-
tion at an individual site during characterization,
there would be nearly a 50 percent risk of delay
in having all three sites ready for the next stage.

Adding a fourth site during characterization reduces
that overall risk to 18 percent, a significant improve-
ment, but adding a fifth site provides a smaller im-
provement, to 6 percent. Similarly, if there is a 20
percent risk that a single recommended site will be
rejected for construction authorization, recom-
mending two sites reduces the risk to 4 percent,
while recommending a third reduces the risk only
to 1 percent.

OTA's analysis suggests that the additional costs
of an expanded implementation program would
produce offsetting benefits that are not readily
quantifiable. First, it increases the credibility of the
process by allaying concerns that key decisions
might be compromised by lack of suitable alterna-
tives. Second, it substantially reduces the risk that
the credibility of the Federal program might be
damaged by major delays in the repository pro-
gram. Because of its troubled history, any major
programmatic failure—real or perceived—could
have grave consequences for both the waste man-
agement program and the continued use of nuclear
power. The greater initial costs of the OTA Mis-
sion Plan may thus be regarded as insurance for
a program that cannot afford any major failures
or delays. NWPA provides authority for such an
approach, as well as a source of funding that can
be adjusted to cover its costs. DOE’s Draft Mis-
sion Han, on the other hand, proposes measures
to speed up the repository development process, at
significant cost, but these measures do not provide
the insurance against major delays offered by con-
sideration of additional sites.

Technology Development Strategy

The OTA Mission Plan calls for development
of the first repository to be accomplished in two
stages: 1) a demonstration phase, to show that a
licensable disposal technology exists; and 2) an
operational phase, to dispose of radioactive waste
on a large scale.

The demonstration phase would use a conserv-
ative system design that emphasizes certainty in
meeting regulatory requirements. A small amount
of waste (e. g., several hundred tonnes) would be
placed in conservatively designed packages during
the packaging and handling RD&D program re-
quired by NWPA. Permission would be requested
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from NRC to emplace this material in the reposi-
tory as soon as possible following construction au-
thorization—before the repository’s packaging fa-
cilities are built instead of after, as indicated in
DOE'’s Draft Mission Plan. (If DOE builds an un-
licensed test and evaluation facility at the reposi-
tory site, as authorized by NWPA, the demonstra-
tion phase could be simply a licensed extension of
the activities conducted in that facility. ) Using a
conservative system design, involving low reposi-
tory temperatures and a waste package whose life-
time exceeds NRC'’s requirements, would reduce
the number of technical issues to be resolved before
initial licensed emplacement is allowed. This ap-
proach would allow early demonstration of both the
technology and the institutional steps required for
licensed disposal. It should thereby maximize the
likelihood of meeting NWPA's 1998 target for ini-
tial repository operation.

The operational phase would use an optimized,
integrated system design, aimed at reducing the
overall risks, costs, and impacts of waste manage-
ment operations, from discharge of spent fuel from
a reactor to final disposal in a repository. For ex-
ample, recent analysis suggests that significant oper-
ational benefits, including substantially reduced
costs, might result from using a universal contain-
er—a package into which spent fuel would be placed
at the reactor and in which it would remain for all
subsequent waste management steps, unless it were
removed for reprocessing. Because this container
and other relatively new technologies will re-
quire additional RD&D, the schedule for the
operational phase would be determined by the
time required to develop and license an opti-
mized system design.

This two-stage approach may increase initial
costs compared to DOE’s Draft Mission Plan, be-
cause it requires development of two disposal sys-
tem designs and may defer full-scale operation for
a few years. At the same time, it may reduce total
costs in the long run because: 1) it removes the con-
struction of the repository’s packaging facility from
the critical path for initial disposal; and 2) it thereby
avoids the risk that attempting to meet the 1998
deadline using those facilities, as proposed by DOE,
might preclude the use of a significantly improved
system design at the first repository. In addition,
it increases confidence in the schedule for full-scale

operation, because the conservative system design
could still be used if problems were encountered
with the optimized design.

Issues in the MRS Proposal

The second document to be submitted to the 99th
Congress is the MRS proposal, containing both de-
signs for such facilities and an analysis of the need
for them and their feasibility. As noted earlier, it
now appears that MRS facilities will not be neces-
sary for safe waste management unless major unex-
pected difficulties with geologic disposal are encoun-
tered. The OTA Mission Plan provides for a de-
layed decision to construct MRS facilities (or al-
ternative disposal facilities) as a long-term backup
to repositories, in the event that major unantici-
pated difficulties are encountered with geologic
disposal.

The major storage issue to be considered in the
Mission Plan and the MRS proposal is whether to
authorize earlier construction of an MRS facility.
To facilitate congressional consideration of MRS
options, both the Mission Plan and the MRS pro-
posal should evaluate at least three alternatives:

1 Early siting, licensing, and construction of
an MRS facility. This could be done for sev-
eral reasons: to provide a cushion against
delays in the repository program; to play an
operational role in an integrated waste man-
agement system; or to allow more time to be
taken in finding repository sites. This option,
which is implicit in DOE’s Draft Mission
Plan, would require congressional authoriza-
tion in the very near future. It involves a ma-
jor additional commitment of manpower and
resources over the next decade, which might
raise concerns that this effort would adversely
affect the repository siting process.

2. Federal at-reactor storage beginning in
1998. Under this option, the Nuclear Waste
Fund would pay the costs of additional stor-
age beyond the contractual delivery date. This
avoids the costs of siting and licensing a large
new facility, and it would spread the costs of
delays in the repository program among all
utilities paying the waste disposal fee. This op-
tion might be accomplished through rulemak-
ing, by modifying contracts with utilities; if



16 . Managing the Nation’'s Commercial High-Level Radioactive Waste

s0, no congressional action would be required.
This approach is compatible with a later deci-
sion to construct a centralized storage facil-
ity, if needed, but it would also allow plan-
ning for at-reactor storage as an integral part
of the waste management system. If it were
taken by DOE soon, it would separate the
equity issue of who should be responsible for
post-1998 interim storage from the technical
guestion of where that storage can best be
provided.

3. Deferral of the decision on a centralized
MRS facility until at least 1990, when DOE
expects to recommend the first geologic re-
pository site to Congress. This allows enough
time to: 1) evaluate the demonstrations of at-
reactor dry storage technologies required by
NWPA; 2) complete the analysis of an opti-
mized integrated waste management system
design that has recently been initiated by
DOE; and 3) determine from the results of
site characterization whether the repository
program can expect significant delays. It also
avoids the risk that an early effort to site a
large-scale storage facility would delay the re-
pository program. If a decision were made in
1990 to construct an MRS facility, it could
begin operation by 2001, DOE’s current tar-
get date for operation of the full-scale loading
facilities for the first repository. Even if the
decision were made as late as 1998, it would
still allow alternative facilities to be available
quickly enough to remove spent fuel from re-
actor sites within 15 years after decommission-
ing. This option would require no congres-
sional action at this time.

Institutional Issues

Finally, DOE will submit to the 99th Congress
a report on alternative institutional mechanisms for
financing and managing the commercial high-level
radioactive waste program. The central component
of NWPA is its commitment to developing a com-
plex technological system, faced with technical and
institutional uncertainties, on a firm schedule ex-
tending over a period of decades. The confidence
in and credibility of this commitment could be

enhanced by establishing an independent waste
management agency with more funding and
management flexibility than is usual with a
typical Federal program. Creating such an agency
may be the best way to ensure that implementa-
tion of NWPA would not be adversely affected by
other fiscal and political priorities of the Federal
Government. In addition, separating this agency
from Federal activities that promote energy pro-
duction could enhance the credibility of the pro-
gram for those who see a conflict of interest between
such activities and the safe planning and develop-
ment of a waste management system.

The degree of financial independence of the waste
management organization n will be of particular im-
portance. NWPA insulates the revenues produced
by the waste management fee by establishing a sep-
arate Nuclear Waste Fund in the Treasury, limited
to carrying out the purposes of the Act. Although
the budget for the program is to be submitted and
expenditure levels authorized on a triennial basis,
the use of the Fund is subject to annual appropria-
tions. Since annual budget control is not entirely
consistent with a commitment to steady progress
on a long-term schedule, any future deliberations
on establishing an independent waste management
agency will have to consider ways of providing such
an agency with greater budgetary independence.
Without such independence, there will be a risk that
considerations of the annual Federal budget (e. g.,
pressures to limit the temporary borrowing from
the Treasury that may be needed to balance the
flow of revenues and expenditures in the Waste
Fund) could lead to deferral or elimination of
planned expenditures. This could in turn jeopard-
ize steady progress on a program whose schedule
has been fixed by contracts with utilities.

Achieving an acceptable balance between in-
dependence and accountability will be one of the
central challenges in designing such a waste
management authority. The more independent
the institution and its funding are, the surer the
guarantee that nuclear waste management activi-
ties will be carried out on schedule. But such an
institution raises a crucial and difficult question:
how to ensure the congressional oversight and pub-
lic accountability that a democratic society de-
mands. There may be considerable reluctance to
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establish a single-purpose agency with even greater
independence than the current institutional struc-
ture, for fear that it might be less responsive to the
concerns of Congress, the administration, and the
public.

The Mission Plan could serve as the principal
mechanism for balancing the need for adequate
congressional oversight with the need for in-
creased flexibility of operation. Using the Mis-
sion Plan for this purpose could be easier and more
effective if there were a process by which Congress
could approve it. Since this is not now required by
NWPA, consideration of mechanisms for such ap-
proval might be included in any congressional de-
liberations on establishment of an independent
waste management agency.

If there were a mechanism for congressional ap-
proval of a Mission Plan, the function of the waste
management agency would be that of carrying out
a specific program, with specific goals that Con-
gress has formally approved, and not that of de-
veloping broad waste management policy. This
might give Congress sufficient ongoing control to

warrant relaxation of normal annual budgetary
controls, thus increasing confidence that the waste
management program will have adequate funds
available when needed regardless of other Federal
budget priorities. Once congressional approval is
obtained, the agency could be authorized to make
expenditures from the Nuclear Waste Fund, as pro-
vided for in a multiyear budget contained in the
Mission Plan, without annual authorizations or ap-
propriations. To ensure continued congressional
control, revision and reapproval of the Mission Plan
could be required at regular intervals (e. g., every
4 to 6 years).

The added independence that could be gained
under this approach might give the waste manage-
ment agency the incentive to develop and carry out
a highly defensible and widely supported Mission
Plan. A regular process of review and reapproval
could increase public understanding of and support
for waste management activities. It would also allow
Congress to reconfirm its commitment, made in
NWPA, that there would be steady progress toward
the permanent disposal of high-level radioactive
waste.



Chapter 2
Radioactive Waste:
Its Nature and Management



Contents

Page
Nature of Radioactive Waste . . . ... ... 21
NUuclear ReaCTIONS . . . . ..o 21
The Nuclear FUel CyCle . . ... oo 23
Amounts of Radioactive Waste . .. ... ... oo it 28
Hazards of Radioactive Waste.. . . . . ...ttt e 29
Institutional Aspects of Waste Management . .. .......... ...t 33
Federal ACtIVITIES . .. ...\ttt 33
Non-Federal INVOIVEMENT . . .. ...t e e e e e e 35
International ACHIVITIES . . . . ... e 36
Chapter NOTE . . .. oo e 36

TABLES
Table No. Page
2-1. Physical Characteristics of LWR Fuel Assemblies . ............. ... ... ... . ... ... ..... 25
2-2. Current and Projected Inventories of Defense and Commercial
High-Level Radioactive Waste . ... ... . e e e 28
FIGURES

Figure No. Page
2-1. FUSSION PrOCESS. . o o o ot ittt e e e e 22
2-2. Natural Background Radiation varies From StatetoState . .. ........................ 23
2-3. Toxicity of Spent Fuel, High-Level Waste, and Its Parent UraniumOre . . ............. 29
2-4. Toxicities of PWR Spent Fuel and Its Parent UraniumOre . ......................... 30

2-5. Toxicities of PWR High-Level Waste and Its Parent UraniumOre . ................... 31



Chapter 2
Radioactive Waste:

Its Nature and Management

Various forms of radioactive waste are produced
during the preparation, use, and management of
reactor fuel for the commercial production of elec-
tricity and for defense-related nuclear activities.
Radioactive waste is also produced in various in-
dustrial and institutional activities, including med-
ical research and treatment. The focus of this assess-
ment is the management of the highly radioactive
waste produced during the generation of commer-
cial nuclear power.

In a nuclear powerplant, heat released when
atomic nuclei in reactor fuel are made to split (fis-
sion) is used to produce steam that powers an elec-

tricity-producing generator. This process creates
not only the heat needed for generating electricity,
but also radioactive byproducts that are present in
the “spent” (used) fuel discharged from the reactor.
The term high-level radioactive waste isused in this
report to refer to either the high-level waste mate-
rial produced if the unused radioactive byproducts
are separated from the spent fuel for disposal or
the spent fuel itself if it is discarded directly as waste.
This chapter will describe the nature of radioactive
waste; its sources, amounts, and hazards; and the
technical and institutional aspects of its man-
agement.

NATURE OF RADIOACTIVE WASTE

Nuclear Reactions

Radioactivity

Some atoms, known as radioisotopes, are unsta-
ble (radioactive) and undergo a spontaneous decay
process, emitting radiation until they reach a stable
form. Called decay, this stabilizing process takes,
depending on the type of atom, from a fraction of
a second to billions of years. The rate of radioactive
decay is measured in half-lives, the time it takes
for half the atoms in a sample to decay to another
form. After 1 half-life, half the atoms in a sample
are unchanged; after 2 half-lives, one-fourth of the
original amount remains unchanged. Thus, after
several half-lives only a small fraction of the sam-
ple’s original atoms remain unchanged; yet the
sample may still be quite radioactive—either be-
cause some atoms have not decayed or because
some atoms have decayed to other radioisotopes.

The intensity of radioactivity in a sample is deter-
mined by the number of emissions, or disintegra-
tions, per second and usually is measured in curies
(1 curie = 37 billion radioactive disintegrations per

second). From this standard, three common meas-
urements are derived: the nanocurie ( 1 billionth of
a curie), the microcurie (1 millionth of a curie), and
the megacurie (1 million curies). Elements with
shorter half-lives-like thorium-234 at 24.1 days—
are more radioactive than those with longer half-
lives—like uranium-238 (U*) at 4.5 billion years—
because the shorter the half-life, the more atoms
in a sample of the element decay and emit radia-
tion each second.

Fission

Some radioisotopes are fissile-i.e., they can split
when neutrons are added to their nuclei or, in some
circumstances, spontaneously. Only one fissile ele-
ment, uranium-235 (U*), exists in nature. Others
are produced artificially when * ‘fertile’ atoms such
as U** absorb neutrons and subsequently decay
to fissile isotopes, like plutonium-239 (Pu®) (see
fig. 2-I).

During fission, the nucleus splits into two smaller
nuclei called fission products, releasing neutrons,
radiation, and heat in the process. The released

21
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Figure 2-1.- Fission Process

Fission
products

SOURCE: Office of Technology Assessment.

neutrons can cause nearby atoms to split, and,
given enough fissionable material, an ongoing chain
reaction can begin. Such a chain reaction gener-
ates heat, primarily from the fission process itself
and secondarily from the subsequent decay of the
radioactive fission products. Uncontrolled, a nu-
clear chain reaction could end in an atomic explo-
sion. In a nuclear reactor, however, the fissile atoms
(U*) are diluted with many non-fissile atoms
(U**and other atoms that absorb neutrons so that
the chain reaction is maintained but cannot pro-
duce an explosion.

Produced in great quantities in a reactor are: 1)
transuranic (TRU) isotopes—atoms that absorb
enough neutrons to become heavier than uranium
atoms, and 2) fission products—isotopes lighter

Pu-239
Transuranic
isotope

than uranium atoms that are formed by the fission
of an atom. Generally, fission products are more
radioactive and have short half-lives, from seconds
to decades. TRU isotopes can have half-lives as long
as millions of years.

Effects of Radiation

Highly energetic radiation can penetrate human
tissue and other matter, triggering molecular and
chemical changes that can result in damage or death
to cells, tissue, or even the entire organism. The
extent of the damage depends on the type of radi-
ation, the length of exposure, the distance from the
radiation source, and the susceptibility of the ex-
posed cells. The principal concern about radioactive
waste is that it might be released into the environ-
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ment and be taken into the body through drinking
water or food supplies, thus placing a source of ra-
diation very close to vulnerable tissues.

Radiation exposure is measured in reins, a unit
that indicates the amount of radiation received and
the biological implications of the exposure. In a
year’'s time, the average person in the United States
is exposed to approximately 160 millirems (thou-
sandths of a rem) of radiation, two-thirds of which
comes from natural background sources such as
mineral ores, cosmic radiation from outer space,
and the radioactive carbon and potassium found
in most living things. Natural background radia-
tion from outer space increases with land elevation
and is about twice as high for a person living in
Denver, Colo., as for a person living at sea level
(see fig. 2-2). Slightly less than one-third of this
annual exposure comes from medical irradiation
(X-rays).

An acute radiation dose—50 reins or more over
a 24-hour period—results in radiation sickness
within 1 hour to several weeks. The chance of death
is nearly 100 percent from a dose above 1,000 reins,
90 to 100 percent from 600 to 1,000 reins, and 50

percent from 400 reins. With a dose of 200 reins
or less, survival is almost certain. Other conse-
qguences range from gastrointestinal and circulatory
system disorders to long-term effects like cancer,
birth abnormalities, genetic defects, and poor gen-
eral health. Long-term effects also result from
chronic exposure to low-level radiation. In radioac-
tive waste disposal, the concern centers on the pos-
sibility of such chronic low-level exposures caused
by escaped waste, rather than acute doses.

The Nuclear Fuel Cycle

Several kinds of radioactive waste are generated
during all stages of the nuclear fuel cycle—from the
preparation of reactor fuel (front-end of the cycle),
through the operation of the reactor, to the stor-
age and possible reprocessing of spent reactor fuel
(back-end of the cycle). The following activities
comprise the nuclear fuel cycle for uranium both
as originally envisioned and as now in use in the
74 operating commercial nuclear powerplants in the
United States.

Figure 2-2.—Natural Background Radiation Varies From State to State (millirem per year)
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Front End of the Fuel Cycle:
Preparation of Reactor Fuel

MINING

Uranium ore, the raw material of reactor fuel,
is extracted from surface and underground mines,
producing low-level radioactive dust and releasing
radioactive gas.

MILLING

At mills the uranium ore is crushed and ground,
then chemically treated to extract uranium oxides
and produce yellowcake (USOB). The process gen-
erates low-level airborne wastes and a large volume
of slightly radioactive mill tailings.

CONVERSION AND ENRICHMENT

Yellowcake is converted to uranium hexafluoride
gas (UFG), leaving low-level waste solids. At enrich-
ment facilities the concentration of U**in the gas
is increased from the 0.7 percent found naturally
in uranium ore to the 3 to 4 percent needed for fuel

for the reactors in use in the United States. In the
process, low-level airborne and liquid waste are
produced.

FUEL FABRICATION

The enriched UFG gas is then converted to solid
uranium dioxide (UQO2), shaped into pencil eraser-
size pellets, and loaded into 12-ft long metal fuel
rods. The rods are then sealed, arrayed in fuel as-
semblies of 50 to 300 rock, and transported to re-
actors. Low-level gas, liquid, and solid radioactive
waste remain.

Reactor Operation

The light-water reactor (LWR) is the principal
reactor type in commercial use in the United
States. 'In the LWR, the fuel assemblies are im-
mersed collectively in a coolant (water), where they
form the reactor core. The control rods interspersed
among the fuel rods control the number of nuclear
reactions in the reactor fuel. Heat from fission and,
to a lesser extent, from the decay of fission prod-
ucts is used to heat water to steam. In one type of
LWR, the boiling-water reactor (BWR), the steam
is produced directly from the cooling water sur-
rounding the reactor core. In the other type, the
pressurized-water reactor (PWR), the cooling water
is pressurized to prevent boiling and is used instead
to transmit heat from the core to boil water in a
separate steam generator. In both types the steam
causes a turbine to rotate, generating the electric
power transmitted to consumers. A typical nuclear
powerplant produces about 1 million kilowatts
(kW), or 1 gigawatt (GWe), of electricity.

After about 3 years, the buildup of fission prod-
ucts and TRU elements in a fuel assembly impedes
the efficiency of the chain reaction. When the con-
centration of U*in the fuel is less than 1 percent,
the assembly, considered “spent” fuel, is removed
and replaced with fresh fuel. A typical I-GW,
PWR discharges about 60 assemblies, or a total of

‘Seventy-three of the seventy-four commercial powerplants are
LWRS. The one high-temperature gas reactor at Fort St. Vrain, Colo.,
operates like an LWR but uses helium gas for its coolant. Another
type of reactor under consideration for future use is the breeder reac-
tor, designed to produce more fissile material than it uses by convert-
ing nonfissile U2 in the fuel into plutonium, which would be extracted
through reprocessin,and recycled as new fuel.
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about 27 metric tons (tonnes)’of spent fuel, each
year, while a 1-GW, BWR discharges about 175
assemblies, or 31 tonnes, annually.’Table 2-1
shows the characteristics of BWR and PWR fuel
assemblies before and after irradiation in a reactor.

Because of the decay of the fission products and
TRU elements, spent fuel is extremely hot and ra-
dioactive when it is initially discharged from the

‘Note that only the mass of the initial uranium is considered in the
measurement of fuel amounts and not the mass of the rest of the
assembly. While this report will use the term “tonnes’ for simplicity,
other terms in common use are MTU (metric tons of uranium),
MTHM (metric tons of heavy metal), and MTIHM (metric tons of
initial heavy metal). A metric ton, or tonne, is equivalent to 1,000
kilograms, or about 2,205 pounds.

3National Research Council, Waste Isolation Systems Panel, A
Study of the Isolation System for Geologic Disposal of Radioactive
Wastes (Washington, D. C.: National Academy Press, 1983), pp. 28-
29. See chapter note 1 for further discussion of the amounts of spent
fuel produced by the generation of 1 GW-year of electricity.

Table 2-1 .—Physical Characteristics
of LWR Fuel Assemblies

BWR PWR

Overall assembly length (m) . 4.470 4.059
Cross section (cm) .. ....... 13,9 x13.9 21.4 x21.4
Fuel pinarray ............. 8 x 8 17 x 17
Fuel pins/assembly . . ... ... 63 264
Nominal volume/

assembly (m*)........... 0.0864 0.186
Assembly total weight (kg) . . 275.7 657.9
Uranium/assembly (kg)

Initial. .................. 183.3 461.4

Discharge ............... 176.5 441.2
Enrichment (wt% U’™)

Initial. .................. 2.75 3.20

Discharge ............... 0.69 0.84
Plutonium/assembly

at discharge (kg) . ........ 1.54 4.18
Other TRU elements/assembly

at discharge (k@) . ........ 0.10 0.43
Fission productslassembly

at discharge (kg) . ........ 5.2 15.7

Average discharge burnup

(MW-d/tonne initial

uranium) . ........ ... 27,500 33,000
Average thermal power

(kW/assembly)

Discharge. .............. 278 1,017
1 year after discharge . . .. 13 4.7
10 years after discharge . . 0.2 0.5

Average radioactivity
(megacuries)assembly)

Discharge. . ., ........... 28,3 102.0
1 year after discharge . . .. 0.35 1.16
10 years after discharge . . 0.06 0.18

SOURCE: Derived from data presented in A. G. Croff and C. W. Alexander, Decay
Characteristics of Once-Through LWR and LMFBR Spent Fuels, High.
Level Wastes, and Fuel Assembly Structural Material Wastes. ORNL/
TM-7431 (Oak Ridge, Term.: Oak-Rige National Laboratory, ‘1980)
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reactor. For this reason it is stored in water basins
to provide the cooling and radiation shielding that
it requires. For example, freshly discharged spent
fuel from a PWR generates up to about 221 mega-
curies of radioactivity and 2.2 megawatts (MW)
of thermal heat per tonne.4 BWR fuel is slightly
less hot and radioactive, since it generally has a
lower “burnup’—a measure of the amount of the
fissile material in the fuel that has been used before
discharge, and thus of the amount of radioactive
waste products it contains.

The heat output and radioactivity of spent fuel
decay rapidly in the first year after discharge, by
factors of 216 and 88, respectively, for PWR fuel.
The approximately 10 kW of heat emitted per tonne
after one year equates to that of one-hundred 100-
watt light bulbs. The heat and radioactivity decay
less rapidly after the first year, by additional fac-
tors of 8 and 6, respectively, by the end of 10 years
after discharge.

Backend of the Fuel Cycle: Spent Fuel
Management and Waste Isolation

At present, many of the activities envisioned to
treat and manage commercial spent fuel exist in
theory, based on extensive experience with defense
spent fuel, but not in practice. Thus, deciding what
to do with commercial spent fuel and the waste
products it contains is often referred to as “clos-
ing the back end of the nuclear fuel cycle. The
following section provides an overview of the ex-
isting and envisioned activities of the back end of
the fuel cycle.

REPROCESSING AND RECYCLE

Spent fuel contains much material of no discern-
ible value, as well as uranium and plutonium, over
99 percent of which can be recovered through re-
processing and then recycled for reactor fuel. In
the reprocessing operation, spent fuel rods are
chopped into pieces and dissolved. From the solu-
tion all but 0.5 percent of the uranium and pluto-
nium is extracted. If the recovered uranium were
recycled, it would be converted to uranium hexa-
fluoride (UF,) gas for reuse in producing fresh nu-

4A. G. Croff and C. W. Alexander, Decay Characteristics of Once-
ThroughLWR and LMFBR Spent Fuels, High-Level Wastes, and
Fuel-Assembly Structural Material Wastes, ORNL/TM-7431 (Oak
Ridge, Term.: Oak Ridge National Laboratory, November 1980).
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clear fuel. If the recovered plutonium were re-
cycled, it would be converted to plutonium oxide
(PuO,) and combined with uranium to make mixed

oxide (MOX) fuel.

The leftover solution from reprocessing, highly
radioactive at 10,000 curies per gallon, contains pri-
marily fission products and is defined as high-level
waste. It must, by regulation, be solidified before
disposal. Any recovered uranium or plutonium that
is not recycled must also be disposed of. Both re-
processing and MOX fuel fabrication generate sub-
stantial quantities of TRU wastes—materials con-
taminated with enough long-lived TRU elements
to require long-term isolation like high-level waste.

Defense spent fuel—from reactors designed to
produce plutonium for weapons and from the pow-
erplants of nuclear naval vessels—routinely is re-
processed to recover plutonium and unused en-
riched uranium. The nuclear fuel cycle was
originally envisioned to include such reprocessing
for all commercial spent fuel. However, for eco-
nomic and political reasons discussed in chapters
3 and 4, no commercial spent fuel is now being re-
processed in the United States. Of the three com-
mercial reprocessing plants originally planned, only
the facility at West Valley, N. Y., actually operated
(from 1966 to 1972). It closed for modifications and
never reopened. The facility at Morris, Ill., had
design problems and never opened, and the facili-
ty at Barnwell, S. C., has never been completed.
Without commercial reprocessing there can be no
commercial recycling of uranium or plutonium.

WASTE MANAGEMENT

Nearly all the highly radioactive byproducts pro-
duced thus far by commercial nuclear power gen-
eration in the United States are contained in the
spent fuel that has been discharged by operating
reactors. The original expectation that all spent fuel
would be reprocessed to recover usable uranium
and plutonium, and that the radioactive byproducts
would be separated as high-level waste, has not been
realized. It now appears possible that at least some
spent fuel would be treated as waste and discarded
directly without reprocessing, which is often re-
ferred to as a “once-through” fuel cycle. Thus, the
term high-level radioactive waste is used in this re-
port to refer to either the high-level waste from re-
processing or the spent fuel itself, if discarded as

waste. Because of the uncertain future of reproc-
essing, high-level radioactive waste management
at present can be seen as including: 1) management
of spent fuel until a decision is made about whether
to reprocess it, and 2) final isolation of the fission
products and unused TRU elements that are now
in the spent fuel and that may or may not be sepa~
rated later.

The high-level radioactive waste management
system is a network of facilities for storing spent
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fuel and any high-level waste from reprocessing,
facilities for final isolation of whichever material
is ultimately discarded, and transportation links
connecting those facilities with one another and with
any reprocessing and recycling activities that ulti-
mately occur. Each of these activities will be de-
scribed briefly here and discussed at greater length
in chapter 3.

Interim Storage. —When the reactors that now
are operating or under construction were designed,
it was assumed that spent fuel discharged from the
reactor would first be stored in water-filled storage
basins at the reactor for about 6 months to dissipate
the thermal heat and allow the decay of some of
the short-lived fission products. It was expected that
the spent fuel then would be reprocessed and the
resultant high-level liquid waste solidified and
shipped to a Federal repository for final isolation.
Since no commercial reprocessing is being done,
and no final waste repository exists that could allow
spent fuel to be discarded directly, practically all
spent fuel remains in storage basins at reactor sites.
Modifications are being made where possible to in-
crease the amount of spent fuel that can be stored
in these basins, which originally were designed with
a capacity for only 3 to 5 annual discharges of spent
fuel. Transshipment (shipping spent fuel from one
reactor site for storage in a basin at another site)
and new storage technologies now under develop-
ment promise additional relief (see ch. 3).

Because of the delays that have already occurred
in the availability of both reprocessing and final re-
positories, it appears likely that most (more than
90 percent) of the spent fuel generated in this cen-
tury will still be in temporary storage facilities at
the end of the century—even if reprocessing or di-
rect final isolation of spent fuel begins in the
1990's.5 Thus, for the next several decades, waste
management will consist primarily of interim spent
fuel storage. Any reprocessing that occurs would
simply convert some of the stored spent fuel into
separated uranium and plutonium and waste of var-
ious types, all of which would require interim stor-
age until final isolation of the waste and recycling
(or perhaps direct final isolation) of the plutonium
and uranium.

*U. S. Department of Energy, Spent Fuel and Radioactive Waste
Inventories, Projections, and Characteristics, DOE/RW-0006, Sep-
tember 1984, fig. C .2, p, 284, and fig. C .3, p. 285.

Final Isolation.—Final isolation, the last step
in radioactive waste management, is intended to
limit or prevent the release of highly radioactive
byproducts of nuclear fission into the environment
for the thousands of years it takes for these byprod-
ucts to decay to low levels. There is no licensed final
isolation facility for high-level radioactive waste in
the world.

There are two conceptually distinct technological
approaches to waste isolation that could be used for
final isolation: storage and disposal. Briefly, dis-
posal is isolation that relies primarily on natural
(environmental) and manmade barriers, does not
permit easy human access to the waste after its final
emplacement, and does not require continued hu-
man control and maintenance. Storage is isolation
that permits easy access to the waste after emplace-
ment and requires continued human control and
maintenance to guarantee isolation. Thus, disposal
is always designed to provide final isolation, while
storage may be intended for either interim or final
isolation. ©

Although some have viewed long-term storage
as a viable final measure for managing high-level
radioactive waste, 'Federal Government policy
since the 1950's has been directed primarily toward
the development of disposal facilities for final isola-
tion. However, storage will of necessity be the only
form of waste management until the capacity for
disposal is available and may continue to be a ma-
jor part thereafter—either because it is desirable
to defer disposal even after facilities are available
(e.g., to maintain easy access to spent fuel for pos-
sible reprocessing) or simply because an extended
period would be required to eliminate the backlogs
of waste built up in storage by the time disposal
operations begin.

In the United States, Government efforts are fo-
cused on the development of mined, geologic re-

SMuch of the debate about radioactive waste management has been
clouded by blurred and shifting distinctions between storage and dis-
posal. In particular, storage is often defined as emplacement with the
intent to recover the material, while disposal is defined as emplace-
ment with no intent to recover, a distinction which is based on a sub-
jective criterion—the intention of the person emplacing the waste—
that cannot be directly observed from inspection of the facility receiving
the waste. In contrast, the definitions used in this report are based
on the observable design characteristics of the system under consid-
erat ion.

’Sec app. A, p. 206.
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positories for disposal, although other disposal alter-
natives, such as emplacement in the seabed, have
been and probably will continue to be considered.
The Nuclear Waste Policy Act of 1982 (NWPA)
commits the Federal Government to begin opera-
tion of a geologic repository by the beginning of
1998. Until the mid-1990's, the activities associ-
ated with disposal will involve locating and evalu-
ating suitable repository sites and developing dis-
posal technology (see ch. 3).

Transportation. —Linking the stages of the nu-
clear fuel cycle are transportation activities that also
generate wastes, primarily from the contamination
of transport containers by the transported materials.
Because most commercial spent fuel is now stored
at reactor sites, very little transportation of com-
mercial spent fuel occurs in this country at this time,
although some transshipment does take place.

Amounts of Radioactive Waste

High-Level Waste From Reprocessing

The principal source of high-level waste at pre-
sent is the reprocessing of spent fuel from defense
nuclear activities. Such waste is stored as liquid,
salt cake, and sludge in near-surface tanks or as
calcined solids in underground bins at Federal in-
stallations at the Hanford Reservation (Washing-
ton), the Savannah River Plant (South Carolina),

and the Idaho National Engineering Laboratory.
A small amount of high-level waste, from reproc-
essing about 234 tonnes of commercial spent fuel,
is stored at the Nuclear Fuel Services facility in
West Valley, N.Y. Table 2-2 shows the existing and
projected amounts of high-level radioactive waste,
in terms of volume, radioactivity, and thermal pow-
er (the rate of heat output). Note that if reprocess-
ing of spent fuel from commercial power reactors
is undertaken, it could rapidly become the domi-
nant source of high-level waste.

Spent Fuel

By the end of 1983, about 10,000 tonnes of spent
fuel was in storage in water basins at nuclear power
reactors in the United States. Commercial spent
fuel was being generated at a rate of about 1,400
tonnes/yr in 1983, and the Department of Energy
(DOE) estimates the rate will reach about 2,300
tonnes/yr by 2000. This increase would result in
a total of about 21,000 tonnes by the end of 1990
and 43,000 tonnes by the end of 2000.°The cur-
rently operating reactors can be expected to pro-
duce about 55,000 tonnes of spent fuel, or about
196,000 fuel assemblies, over their operating
lifetimes. ®

*U. S. Department of Energy, op. cit.
‘Projections supplied by the U.S. Department of Energy. See app. F.

Table 2.2.-Current and Projected Inventories of Defense and Commercial High. Level Radioactive Waste

End of calendar year 1983

End of calendar year 2000

Volume*®

Radioactivity Thermal power

Volume*® Radioactivity Thermal power

Material (cubic meters) (megacuries) (kilowatts) (cubic meters) (megacuries) (kilowatts)
High-Level waste:
Defense:
Savannah River. . . ... 111,000 776 2,280 83,000 699 2,040
Idaho .............. 10,000 65 190 14,000 241 726
Hanford ............ 203,000 474 1,380 217,000 430 1,256
Defense total .. .. ... 324,000 1,315 3,850 314,000 1,370 4,022
Commercial:
West Valley . ........ 2,000 35 104 - 23 68
............. 0 0 0 300 324 1,106
Spent fuel:
Cumulative . .......... 4,600 12,900 48,000 19,400 35,700 131,000
(10,000 tonnes) (42,800 tonnes)
Annual ............. 620 7,400 29,400 1,050 13,700 55,300

(1,400 tonnes)

(2,320 tonnes)

agpent fuel volumes calculated Using anominalvolume of 0.0864 m® for a BWR assembly and 0.186 m® for a PWR assembly. (DOE/NE-0017/2, table 1.9,P- 32)
bassumes a first reprocessing plant starts operation in 1995 at 500 tonnelyr through 2004.

SOURCE U S Department of Energy, Spent Fuel and Radioactive Waste /inventories, Projections, and Characteristics, DOE/FIW-0006, Washington, D.C., 1984.
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The total volume of existing and projected com-
mercial spent fuel discharges is shown in table 2-
2. Because most of the high-level defense waste is
relatively dilute, and has not been concentrated and
solidified, the current inventory of commercial
spent fuel represents only about 1 percent of the
volume of such defense waste. However, the cur-
rent inventory of spent fuel already has a consid-
erably higher level of radioactivity and heat out-
put than the defense waste, and the annual
discharge from the currently operating reactors ex-
ceeds the total defense waste inventory in those two
measures. This is very significant for waste man-
agement, since the heat output is a more impor-
tant factor than the physical volume of the waste
in determining the amount of repository space
needed for disposal.

Hazards of Radioactive Waste

Comparison of Nuclear Waste to Uranium

While the original uranium in reactor fuel is itself
a low-level health hazard, many of the radioisotopes
produced by the fission of uranium or the conver-
sion of uranium into transuranic elements are more
toxic. First, most of these radioisotopes have shorter
half-lives than that of uranium. Some of the fission
products are so short-lived that about 80 percent
are gone by the time the spent fuel is removed from
the reactor.  This means that they undergo more
radiation-producing decays per second than the
original ore; hence, their radioactivity per gram of
material is much higher. Second, some of the waste
products are more biologically dangerous than the
original uranium because of the intensity of radia-
tion emitted and because they stay in the body long-
er, once ingested, or concentrate in particularly
vulnerable organs. For example, 1 curie of the
transuranic isotope americium-241 (Am**) is es-
timgted o be about 10 times as hazardous as 1 curie
of .

The hazard posed by radioactive waste is often
discussed in terms of an overall measure, or index,
of the toxicity of the waste. A commonly used meas-

“Bernard L. Cohen, “High-Level Radioactive Waste From Light-
Water Reactors, ” Reviews of Modern Physics, vol. 49, No. 1, Janu-
ary 1977, pp. 1-19.

11 International Commission on Radiation Protection, Limits for In-
takes of Radionuclides by Workers, ICRP-30 (New York: Pergamon
Press, 1979).

ure of toxicity is the water dilution volume (WDV),
defined as the volume of water (usually measured
in cubic meters) that would be required to dilute
the waste to acceptable drinking standards. Figure
2-3 shows the WDV for 1 tonne of spent fuel, for
the high-level waste that would result if the spent
fuel were reprocessed both 160 days and 15 years
after discharge from the reactor, and for the ura-
nium ore needed to produce 1 tonne of fuel. Those
WDVS are calculated using standards based on re-
cent data for toxicity of various radioisotopes. Fig-
ure 2-2 shows that it would take about 1 million
years for high-level waste from reprocessing 15-
year-old spent fuel to fall below the toxicity of the

*1bid.

Figure 2-3.-Toxicity of Spent Fuel High-Level Waste,
and its Parent Uranium Ore
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SOURCE: Data supplied by Oak Ridge National Laboratory.
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original ore. The toxicity of the unreprocessed spent
fuel would fall below that of the original ore after
about 3 million years. The figure also shows that
following the decay of most of the fission products
in the first few hundred years, the toxicity of spent
fuel would exceed that of the waste from reproc-
essing 15-year-old fuel by a factor of from 2 to 5.

Such comparisons of spent fuel and high-level
waste with each other and with uranium ore in
terms of a simple toxicity index should be used only
with great caution, for several important reasons.
First, these comparisons may be somewhat mislead-
ing since a toxicity index such as the WDV is only
a crude measure of the potential hazard to humans.
It will greatly overestimate the actual hazard posed
by the waste, which must take into account how
likely it is that the waste will be released into the
biosphere and eventually be ingested by humans.
A discussion of the hazard from radioactive waste
that considers the barriers between the waste and
human beings is contained in chapter 3.

Second, there are substantial uncertainties in the
estimates of the risk of cancer per curie of any ra-
dioisotope ingested into the body, resulting from
uncertainties about: 1) the fate of the radioisotope
in the body (what fraction is taken into the system,
where it goes, and how long it stays there), and 2)
how much damage is done by the radiation the ra-
dioisotope emits. ~As new data and extrapolation
methods become available, estimates of the toxicity
of various radioisotopes change over time. These
uncertainties about the toxicity of the waste and
the likelihood of additional revisions in toxicity esti-
mates in the future™strongly suggest that waste
management regulations and policies be designed
to be relatively immune to such changes.

The impact of such changes can be seen by con-
sidering the effects of the recently revised estimates
published by the International Commission on Ra-
diation Protection (ICRP), which are reflected in

“Bernard L. Cohen, “Effects of ICRP Publication 30 and the 1980
BEIR Report on Hazard Assessments of High-Level Waste, * Health
Physics, vol. 42, No. 2, February 1982, PP. 133-143; and National
Research Council, op. cit., app. B. See also Charles E. Land, “Esti-
mating Cancer Risks From Low Doses of lonizing Radiation, Sci-
ence, vol. 209, September 12, 1980, pp. 1197-1203.

*A discussion of the possible need for further revisions of the ICRp-
30 estimates of the toxicity of Np?* is found in Bernard Cohen, “Ef-
fects of Recent Neptunium Studies on High-Level Waste Hazard
Assessments, ” Health Physics, vol. 44, No. 5, May 1983, pp. 567-569.

figure 2-2. Except for a few recent studies,* most
published analyses use older estimates such as those
underlying Nuclear Regulatory Commission
(NRC) standards for protection of the general pub-
lic, contained in the Cede of Federal Regulations
(CFR).” The effect of the recent changes is shown
in figures 2-4 and 2-5, which display the toxicities
of spent fuel and high-level waste from reprocess-
ing that spent fuel 160 days after discharge from
the reactor, calculated using both the ICRP and
the CFR standards. These figures show that the

ls'C'ohe'n, “Effects of ICRP 3(; ” National Research Council, op.
cit.,; A. G. Croff, “Potential Impact of ICRP-30 on the Calculated
Risk From Waste Repositories, Transactions of the American Nu-

clear Society, vol. 39 (1981), pp. 74-75.
1610 CFR 20, app. B, table Il.

Figure 2-4.—Toxicitias of PWR Spent Fuel
and Its Parent Uranium Ore
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SOURCE: National Research Council, A Study of the Isolation System for Geo-
logic Disposal of Radioactive Wastes, 1983.
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Figure 2=5.-Toxicities of PWR High-Levei Waste
and its Parent Uranium-Ore
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ICRP estimates decrease the toxicity of both spent
fuel and high-level waste for the first few hundred
years, but increase it in the long-run, with a greater
increase for high-level waste than for spent fuel. For
example, the amount of time it takes for each to
decay to the toxicity of uranium ore is increased—
from about 7,000 years to about 3 million years for
spent fuel, and from about 400 years to about
20,000 years for high-level waste.

Third, comparisons between the toxicity of spent
fuel and high-level waste from reprocessing are also
sensitive to the underlying assumptions regarding
reprocessing and recycle of the separated plutonium
that affect the actual radionuclide content of the
high-level waste. For example, the toxicity of high-
level waste is highly dependent on the assumed de-

lay in reprocessing spent fuel after it is discharged
from the reactor. The longer the delay, the less the
difference between the toxicity of the resulting high-
level waste and the original spent fuel. Delay allows
14-year-half-life plutonium-241 (Pu*) in the spent
fuel to decay into Am**, which will be separated
into the high-level waste. Am* and its decay prod-
uct neptunium-237 (Np*’) are the principal con-
tributors to the long-term toxicity of both spent fuel
and high-level waste.

This effect can be seen by comparing the two
curves for high-level waste shown in figure 2-3.
These figures show that increasing the delay before
reprocessing from 160 days to 15 years increases
the time required for the toxicity of the high-level
waste to decrease to that of the original ore from
about 20,000 years to about 1,000,000 years. Most
published comparisons of the toxicity of spent fuel
and high-level waste assume that reprocessing oc-
curs a short time (from 150 days to about 1.5 years)
after discharge from the reactor, which was origi-
nally expected to be the normal case for operation
of commercial reactors with recycle. This tends to
maximize the difference in toxicity between the
spent fuel and the resulting high-level waste. How-
ever, the delays that have already occurred in the
initiation of large-scale commercial reprocessing
make it unlikely that fuel younger than 15 years
old would be routinely reprocessed in the United
States for decades after reprocessing began. Thus,
the curve for high-level waste from 15-year-old
spent fuel in figure 2-3 represents a more realistic
estimate of the toxicity of the high-level waste that
might actually be produced by reprocessing com-
mercial spent fuel in the United States during this
century.

Finally, the radionuclide content, and thus the
toxicity, of high-level waste will depend heavily on
the extent to which the plutonium that is separated
from the spent fuel during reprocessing is recycled
in MOX fuel. The reason that high-level waste is

7Earlier repressing alone, unaccompanied by early recycle of the
plutonium, would not avoid this effect, since the plutonium-241 in
the separated plutonium would continue to decay into americium-241
which would have to be disposed of in high-level waste sooner or later.
While rapid recycle of the plutonium could fission the plutonium-241
before it could decay, recycle itself complicates the waste disposal task
in ways that could offset this advantage. This is discussed further in

chapter 3. ) .
¥National Research Council, op. cit.,p.34.
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less toxic than the spent fuel from which it is derived
is that reprocessing removes practically all of the
plutonium, which not only is highly toxic itself, but
also decays to form other toxic radioisotopes. How-
ever, unless that plutonium is recycled and de-
stroyed by fission in a reactor, it would eventually
have to be disposed of in addition to the high-level
waste. In other words, reprocessing by itself simply
separates the plutonium from the fission products
and other TRU elements in the spent fuel, but does
not eliminate it. The additional step of recycling
the plutonium would be required to reduce the
amount of plutonium that must ultimately be dis-
posed of. However, plutonium recycle increases the
toxicity of the resulting high-level waste compared
to that produced from reprocessing fuel contain-
ing only uranium, since it increases the amounts
of important transuranic elements in the waste. *
As a result, the net reduction in waste toxicity that
will result from reprocessing and recycling will be
less than that implied by comparisons (e. g., those
shown in fig. 2-3) which consider only the high-
level waste resulting from fuel that contains only
uranium.

Comparison of Radioactive and
Other Toxic Waste

Comparing radioactive waste to other hazard-
ous industrial waste provides some perspective on
the problem of radioactive waste management. *
Hazardous wastes include organic materials (e. g.,
chlorinated hydrocarbons) and inorganic chemical
components —almost all of which, like radioactive
waste, are manmade and do not exist in the natu-
ral environment—and metals, such as barium and
arsenic, which occur naturally, but usually in chem-
ically bound forms. Both radioactive and other toxic

19 For example, Ami,which is a major contributor to long-term
toxicity both directly and through daughter Np?*’, would be increased
about threefold by plutonium recycle in light-water reactors. See Na-
tional Research Council, op. cit.,, pp. 289-290. See the analysis of
reprocessing in ch.3, for further discussion of the effects of reproc-
essing time and plutonium recycle on the overall high-level waste man-
agement problem.

20Fora detailed analysis of the problems of hazardous waste man-
agement, see Technologies and Strategies for Hazardous Waste Con-
trol (Washington, DC.: U.S. Congress, Office of Technology Assess-
ment, OTA-M - 196, March 1983). For a more extensive comparison
between nuclear and nonnuclear hazardous wastes, see James P. Mur-
ray, Joseph J. Barrington, and Richard Wilson, “Risks of Hazard-
ous Chemical and Nuclear Waste: A Comparison, Discussion Pa-
per E-82- 11, Energy and Environmental Policy Center, Harvard
University, November 1982.

wastes can cause cancer, birth defects, and genet-
ic mutations, although the causal relationships for
such effects may be better understood in the case
of radioactive materials *

Unlike many toxic organic and inorganic com-
pounds, radioactive waste cannot readily be detox-
ified or destroyed .22 As a result, it must be isolated
from the environment until it decays spontaneously
to low levels of radioactivity. Because radioactive
waste eventually decays, it is unlike some organic
and inorganic compounds, which persist indefi-
nitely unless some treatment is applied to them, and
unlike the toxic metals, ‘which persist forever, al-
though they too can be stabilized or immobilized
to render them relatively harmless. This sponta-
neous decay, however, produces the radiation that
makes the material toxic and releases heat. Both
the radiation and the heat complicate the task of
disposal (see ch. 3).

The amount of high-level radioactive waste gen-
erated each year is much less than the amount of
other hazardous wastes. In 1983 about 1,400 tonnes
of spent fuel were generated compared to 255 mil-
lion to 275 million tonnes annually of other haz-
ardous wastes .23 On the other hand, the cost of
disposing of the small amount of radioactive waste
is much higher than for other hazardous waste, be-
cause of the differences in disposal techniques that
must be used. The current cost estimate for dis-
posal of spent fuel or equivalent reprocessed waste

in a deep geologic repository is about $125,000 per
tonne* compared to estimates of up to $240 Per

tonne for shallow landfill disposal of other hazard-
ous wastes and up to $791 per tonne for treatment
of such wastes .25 Considering that the generation

i Land, op. cit. . and Thomas H. Maugh, 11, “Chemical “'c'no
gens: How Dangerous Are Low Doses? Science, vol. 202, Oct. 6,
1978, pp. 37-41.

2By bombarding radioactive waste with neutrons, some of the long-
lived, highly toxic transuranic elements can be split, leaving fission
products with short half-lives that d::cay much more rapidly. How-
ever, this docs not now appear to be a practical method for reducing
the long-term toxicity of radioaci ive waste. See discussion of
‘ ‘transmutation’ in ch. 3. See also, A. G. Croff, J. O. Blomeke, and
B. C. Finney, Actinide Partitioning Transmutation Program Final
Report, I: Overall Assessment, ORN .-5566 (Oak Ridge, Term.: Oak
Ridge National Laboratory, June 1'180),

BOffice of Technology Assessment, op. cit., p. 3.

241J, s, Department Of Energ,, Revort on Financin,the Disposal
of Commercial Spent Nuclear Fuel anc' Processed High -Level Radioac -
tive Waste, DOE/S-0020, June 1983, p. 14.

20ffice of Technology Assessment, op. cit., table 34, p. 196.
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of about $10 million worth of electricity produces
only 1 tonne of spent fuel,”it is possible to spend
such a large amount per tonne to dispose safely of
spent fuel, or high-level waste from that spent fuel,
without materially affecting the overall cost of nu-
clear electricity.

Because radioactive waste is more tightly con-
trolled and regulated than other hazardous wastes,
the location and characteristics of virtually all radio-

26The Department of Energy estimates that generation of about 28
trillion kilowatt-hours (kWh) of electricity by nuclear reactors will pro-
duce 144,000 tonnes of spent fuel, or an average of about 194 million
kWh/tonne. DOE, Report on Financing the Disposal, p. 10. With
an average charge for residential customers of electricity of 54 mills/
kWh in calendar year 1980 (Congressional Budget Office, Financing
Radioactive Waste Disposal, September 1982, p. xviii), this comes
to total revenues of $10,480,000 per tonne of spent fuel generated.

active waste are known, 27andthere;s little chance

of illegal or uncontrolled dumping of significant
guantities, as sometimes occurs with other toxic
waste, Radioactive materials are also relatively easy
to detect in small concentrations using readily avail-
able instruments such as the Geiger counter; thus,
the potential threat of any escaped waste can be
checked more easily. In contrast, detection of the
many more diverse nonradioactive hazardous ma-
terials is more difficult; no universal method anal-
ogous to a Geiger counter exists to detect easily and
economically the many potentially toxic chemicals
that might be released, or that have already been
released, by hazardous wastes.

2’See DOE Spent Fuel and Radioactive Waste Inventories, for a
complete inventory of radioactive waste in the United States.

INSTITUTIONAL ASPECTS OF WASTE MANAGEMENT

Waste management includes not only the tech-
nical activities for treating and isolating nuclear
waste but also a range of institutional activities re-
quired to guide and support them .28 These are de-
scribed briefly below and are discussed at greater
length in chapters 7 and 8.

Federal Activities

Policymaking

Policymaking or decisionmaking activities at var-
ious administrative levels control the overall struc-
ture and goals of the system, the integration of the
activities, and, to a certain extent, the degree to
which the activities are accomplished successfully.
Because final isolation of high-level radioactive
waste is a Federal responsibility, policymaking in
this area is principally a Federal activity, although
there is much involvement by non-Federal actors.
Even waste management activities under private
control, such as interim spent fuel storage, are sub-
ject to Federal regulation. The Federal Govern-
ment’s authority for commercial radioactive waste

A more detailed description of the institutional aspects of the Fed-
cral rad ioact ive waste management program is found in information
Base for Commercial Radioactive Waste Management, U.S. Depart-
ment of Energy, DOEIET/40110-1, July 1982.

management rests with Congress and the executive
branch. Congress establishes general policy through
legislation and controls program implementation
by reviewing, authorizing, and appropriating re-
sources. The laws passed by Congress authorize
Federal agencies to carry out their responsibilities,
clarify Federal and State roles in making decisions
and implementing programs, and give States legal
authority over certain waste management activi-
ties. The President and the executive branch fur-
ther develop and implement the waste management
programs.

Regulation
ESTABLISHMENT OF SAFETY REQUIREMENTS

The Environmental Protection Agency (EPA) is
responsible for developing generally applicable
standards that set limits on the allowable release
of radioactivity from the disposal of radioactive
waste. Proposed numerical standards for high-level
waste disposal in geologic repositories were pub-
lished for comment in December 1982, and final
criteria are expected to be promulgated in 1985.
NRC is responsible for developing regulations
based on EPA standards for managing high-level
radioactive waste. Final NRC regulations for dis-
posal in geologic repositories were issued in 1983.
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licensed activities and defense programs. NRC has
already developed procedures and regulations
(based on anticipated EPA standards) that must be
satisfied before a mined geologic repository can be
licensed. During the various steps of repository de-
velopment, NRC may conduct hearings so that
other interested parties may participate in licens-
ing activities.

During the development of a repository, NRC
will formally evaluate the suitability of potential sites
at three stages. If the site appears suitable after in
situ testing, NRC will issue a construction auth-
orization for repository development. If the initial
phases of repository construction pass NRC re-
guirements, NRC will issue an operating license,
and waste emplacement in the repository will com-
mence. If the final predictions of repository per-
formance after waste emplacement meet NRC re-
quirements, NRC will authorize closure of the
repository.

Development and Operation of Repositories

DOE is the Federal agency with lead responsi-
bility for carrying out the high-level radioactive
waste management policies adopted by Congress
and the administration. The principal activity of
DOE and its predecessors (the Atomic Energy
Commission and the Energy Research and Devel-
opment Administration) in this area has been re-
search directed toward siting and constructing one
or more geologic repositories for waste disposal.
Other Federal agencies, in particular the Depart-
ment of the Interior, also have some responsibilities
in developing repositories.

Funding

Until 1983, funds for developing final isolation
facilities came from annual Federal appropriations,
with the assumption that the utilities using those
facilities would ultimately repay the costs when they
delivered waste to a Federal repository. Legislation
enacted by Congress at the end of 1982 provides
funds through user fees paid by utilities at the time
the waste is generated.

Coordination and Management

Although DOE is the lead agency for waste man-
agement and Federal interagency cooperation on
some waste management activities does exist, there
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can license uranium milling operations, decommis-
sioned facilities, or commercial burial sites for low-
level waste within their State boundaries. State of-
ficials have had a major impact on repository siting
activities in the past, and the Nuclear Waste Poli-
cy Act of 1982 gives a major formal role to States
and affected Indian tribes in those activities in the
future. The role of State and tribal governments
is discussed in chapter 8.

Public Involvement

Interest groups and the general public partici-
pate in waste management activities in many ways,
including attendance at public hearings sponsored
by Federal agencies, direct appeal to Members of
Congress and other Federal and State officials, par-
ticipation on citizen advisory panels and quasi-over-
sight panels, litigation, and submission of written
comments on proposed activities as part of the Na-
tional Environmental Policy Act process. Techni-
cal groups conduct independent studies and reviews
and provide advice, either formally as contractors
or informally through independent publications, Al-
though there is much controversy over the role of
the public in the decisionmaking process, some
funds are available to State and local organizations

is no single Federal agency with overall responsi-
bility for coordinating and managing the activities
of all the Federal agencies involved in waste man-
agement. Interagency coordination is discussed fur-
ther in chapter 7.

Non-Federal Involvement

Intergovernmental Interaction

Among the most important non-Federal actors
in waste management are the governments of the
States, Indian tribes, and localities that may be af-
fected by waste management activities. State, local,
and Indian tribal governments informally review
policy and programs and express concerns by di-
rect appeal to Federal officials, by intervention in
site selection processes, and, in the case of States,
by passing legislation restricting waste management
activities. Twenty-six States, in accordance with
formal agreements with the Federal Government,
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(from the Federal Government) and to intervener
groups (from private sources) to facilitate non-
Federal participation in waste management. Pub-
lic involvement is discussed further in chapter 8.

International Activities

There are approximately 290 commercial nuclear
powerplants in operation worldwide and another
215 plants under construction in 31 countries, in-
cluding the United States. *g Five countries have
operating facilities for reprocessing spent fuel from
LWRs. Major commercial waste management
R&D is being undertaken by the United States,
France, West Germany, Great Britain, Sweden,

2These figures were valid at the end of 1982. International Atomic
Energy Agency Bulletin, vol. 25, No. 1, March 1983, p. 38.

Canada, and Japan.”In the United States, DOE
is primarily responsible for conducting cooperative
R&D efforts with foreign countries. The Depart-
ment of State is involved in waste management
activities that involve U.S. nonproliferation policies
or cooperative activities with other countries.” The
Nuclear Waste Policy Act of 1982 includes provi-
sions (sec. 223) to promote additional cooperation
with nonnuclear weapon states in the field of spent
fuel storage and disposal.

“See K. M. Harmon, “Survey ¢f Foreign Terminal Radioactive

Waste Storage Programs, “ in U.S. Department of Energy, Proceed-
ings of the 1983 Civilian Radioactive Waste Management Informa-
tion Meeting, CONF-831217, February 1984, pp. 199-205.

gle, the subject of nonproliferation in general, see Office of Tech-
nology Assessment, Nuclear Proliferation and Safeguards (New York:
Praeger Publishers, 1977). Detailed analysis of the relation between
nuclear nonproliferation and spent fuel management is found in Fred-
erick C. Williams and David A. Dzese, Nuclear Nonproliferation:
The Spent Fuel Problem (New York: Pergamon Press, 1979).

CHAPTER NOTE

The precise amount of spent fuel discharged by a reac-
tor each year will depend primarily on two factors: the
total amount of electricity generated by the reactor that
year and the burnup of the fuel (measured in megawatt-
days per tonne [MWd/t]), which is a measure of the
amount of electricity obtained from each tonne of fuel
(and thus of the amount of fissile material in the fuel
that is used before the fuel is discharged from the re-
actor). The higher the burnup, the more complete the
utilization of U**and the less the discharge of spent
fuel per gigawatt-year (GW-yr) of electricity generated.
Since BWRs use lower burnups than PWRs, they dis-
charge more spent fuel per GW-yr of generated elec-
tricity.

The 1984 DOE spent fuel projections shown in table
2-2 assume that spent fuel burnup will increase at an
annual rate of 2.5 percent from 1985 to 1996, and will
be 42,000 MWd/t for PWRs and 37,000 MWd/t for
BWRs from 1996 on.” It is possible that burnups will
increase even further in the future, perhaps up to 50,000

MWd/t, if the price of uranium, and thus of fresth fiJeL
goes up. ® Inthiscase,the amounts Of spent tuelres

321J S Department of Energy, Spent Fuel and Radioactive Waste

Inventories, P. 11.
3 §. Department of Energy, Nuclear Proliferation and Civilian

Nuclear Power, vol. 9, June 1980, pp. 24-27.

suiting from the projected levels of generation could be
reduced somewhat. However, even though higher burn-
ups would reduce the amount of spent fuel, they would
not reduce the amount of fission products and transur-
anic elements contained in the spent fuel, since the
amount of those isotopes created is approximately pro-
portional to the amount of electricity generated. Use of
higher burnups simply means that there will be more
fission products and transuranics in each of the smaller
number of fuel assemblies discharged for each gigawatt-
year of electricity produced. In other words, the waste
produced by generation of a given amount of electri-
city would be concentrated in a smaller amount of spent
fuel if a higher burnup were used. Thus, the total heat
output from the waste produced in generating a giga-
watt-year of electricity, and the total repository space
needed for disposal, would be relatively unaffected by
increasing the burnup. However, handling and packag-
ing at the repository might be simplified somewhat by
the smaller number of spent fuel assemblies involved
if they were disposed of directly without reprocessing.
For this reason, there may be waste management in-
centives for increasing burnups beyond the levels that
would be justified by the increased efficiency of fuel use
alone.
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Chapter 3

Technology of Waste Management

WASTE DISPOSAL

Over the last three decades, the Federal Govern-
ment has considered disposing of radioactive waste
permanently in geologic formations on land, in ice
sheets, beneath the ocean floor, and in outer space.
Although total containment of radioactive material
in any of these environments may be impassible
to guarantee, or even expect, these disposal envi-
ronments are attractive because their remoteness
from the Earth’s surface minimizes the biological
impacts of any potential releases of radioactivity.

Methods of disposal are in various stages of con-
ceptual development. Disposal in mined geologic
repositories is the concept most studied, and sub-
seabed disposal is the next. In general, past Fed-
eral programs for waste disposal have concentrated
almost exclusively on the development of mined
geologic repositories. In 1981 this technology was
formally selected as the focus of the Federal high-
level waste management strategy by the U.S. De-
partment of Energy (DOE), based on its Final En-
vironmental Impact Statement (FEIS) on the Man-
agement of Commercially Generated Radioactive
Waste, published in 1980."However, very little
work has been done on any of the other concepts
except subseabed disposal. The uncertainties asso-
ciated with many of the alternative disposal con-
cepts reflect either the level of conceptual develop-
ment of the technology or the complexity of the
envisioned disposal system. In some cases, uncer-
tainties can be resolved through additional research
and development (R&D); in other cases, uncertain-
ties may be unresolvable for all practical purposes.

Mined Geologic Repositories

Technology

The disposal of radioactive waste in mined geo-
logic repositories at depths from 1,000 to several

'U. S. Department of Energy (DOE), Final Environmental Impact
Statement, Management of Commercially Generated Radioactive
Waste, DOE/EIS-0046F (Washington, D. C.: October 1980), hereafter
referred to as FEIS.

thousand feet below the Earth’s surface is the final
isolation technology most widely studied and fa-
vored by the worldwide scientific community.
Three decades of study have revealed no insur-
mountable technical obstacles to the development
of mined geologic repositories, provided suitable
sites are found.?

The technology of the mined geologic repository
is composed of a system of both natural and engi-
neered barriers selected to prevent or limit the
escape of waste from the repository so that the ra-
diation exposure to humans from escaped waste is
held to very low levels. In addition, geologic dis-
posal also involves a “technology of prediction’ ‘—a
set of procedures and techniques for predicting the
performance of a repository over the very long time
period that the waste remains hazardous. Each ele-
ment of the technology of geologic repositories will
be discussed briefly below.

NATURAL BARRIERS: THE SITE

The site of a mined geologic repository is an in-
tegral part of the technology of geologic disposal
since it plays a crucial role in isolating the buried
waste from the biosphere. For this reason, sites for
such repositories must be selected with great care.

2Ibid; American Physical Society (APS), “Report to the Ameri-
can Physical Society by the Study Group on Nuclear Fuel Cycles and
Waste Management, ” Reviews of Modern Physics, vol. 50, No. 1,
pt. 11, January 1978; Interagency Review Group on Nuclear Waste
Management (IRG), Subgroup Report on Alternative Technology
Strategies for the Isolation of Nuclear Waste, TID-28818 (draft),
(Washington, D. C.: October 1978); International Nuclear Fuel Cy-
cle Evaluation (INFCE), Waste Management and Disposal: Report
of INFCE Working Group 7, International Atomic Energy Agency
(Vienna: 1980); U.S. Environmental Protection Agency (EPA), Draft
Environmental Impact Statement on 40 CFR Part 191, Environmental
Standards for Management and Disposal of Spent Nuclear Fuel, High-
Level and Transuranic Wastes, EPA 520/1-82-025, December 1982,
hereafter referred to as DEZS on 40 CFR 191; National Research
Council, A Review of the Swedish KBS-II Plan for Disposal of Spent
Nuclear Fuel (Washington, D. C,: National Academy of Sciences,
1980); National Research Council, A Study of the Isolation System
for Geologic Disposal of Radioactive Wastes (Washington, D. C.: Na-
tional Academy Press, 1983); U.S. Nuclear Regulatory Commission,
Waste Confidence Decision, Federal Register, vol. 49, No. 171, Aug.
31, 1984, pp. 34658-34688.
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The natural features of the site that contribute
to isolation are the host rock (which can be selected
to prevent or minimize contact between the waste
and flowing ground water, the principal potential
mechanism for bringing buried waste into contact
with human beings),’the chemical characteristics
of the site and its environment (which can limit the
rate at which the waste dissolves in ground water
and is transported to the biosphere), and the time
required for contaminated ground water to flow
from the repository to the biosphere (which, along
with the chemical characteristics of the media sur-
rounding the repository, can delay the release of
dissolved waste until many of the hazardous radio-
nuclides have decayed). In addition, the location
of the site can be selected to reduce the possibility
of human intrusion (e. g., by avoiding proximity
to valuable natural resources) and to provide for
dilution of any contaminated ground water by large
quantities of surface water before the ground water
is used by human beings.

Until the late 1970's, the natural features of the
geologic repository site were seen as the principal
means for providing waste isolation. Initially, the
emphasis was on a particular host rock, salt, which
has features that were felt to provide adequate as-
surance that the waste would be isolated from con-
tact with flowing ground water.'Later studies con-
cluded that the characteristics of the environment
surrounding the host rock could provide adequate
isolation even if ground water were contaminated
by contact with the waste and that there was no
clearly superior host rock for mined repositories.®
Other rocks under consideration include tuff (com-
pacted volcanic ash), basalt (coarse-grained solid-
ified lava), and granite.

Because the site plays such a central role in geo-
logic disposal in mined repositories, the final valida-
tion of the concept will depend on construction and
operation of a repository at an actual site. ®*No site
has been approved for such a repository anywhere
in the world, although some reviews have concluded
that it will not be difficult to find suitable sites. ’

3APS, op. cit.

‘See discussion of the evolution of the role of the waste form in app.
A.

*1bid.; IRG, op. cit. ; National Research Council, Isolation System.

°1 NFCE, op. cit.,, p. 119.

'APS, op. cit. The National Research Council review of a Swedish
waste disposal plan also concluded that suitable disposal sites could
be found in Sweden. National Research Council, Review of the
Swedish KBS-II Plan.

It is generally agreed that identification of specific
sites for detailed geologic investigation is necessary
to resolve the remaining technical questions about
geologic disposal. *

In the United States, the process of finding suit-
able sites involves the screening and progressive
elimination of sites in different regions of the coun-
try. It is likely that only a small percentage of the
sites screened will survive the site selection proc-
ess. Because of the high degree of variability among
sites, each potential site must be evaluated individ-
ually through surface exploration and by geologi-
cal mapping, geophysical (nondestructive) survey-
ing, drilling, and in situ testing within candidate
rock formations. The technology for identifying and
“characterizing’ potential sites is available or
under development. °

The suitability and total waste capacity of each
potential site must be evaluated on a case-by-case
basis because of the great variability among sites.
In some cases, for example, a fault (a fracture in
the Earth’s crust, along which there has been rela-
tive displacement of adjacent rock formations) may
reduce the suitability of a particular site; in other
cases, the fault could actually provide an additional
natural barrier.

Because all potentially usable rock types have not
been evaluated for repository sites, the total num-
ber and capacity of potential repository sites in the
United States is unknown at this time. However,
general knowledge about geologic formations
throughout the United States suggests that at least
several suitable repositories could be located, al-
though it is probable that suitable sites cannot be
found in all States.

ENGINEERED FEATURES

The principal engineered features are the over-
all design of the repository, the waste form (e. g.,
solidified high-level waste or unprocessed spent
fuel), and the waste package, which may include
an overpack (e. g., a titanium container) designed
to provide containment for up to 1,000 years and

8IRG, op. cit.; U.S. Department >f Energy and U.S. Geological
Survey (USGS), Earth Science Technizal PJan for Disposal of Radioac-
tive Waste in a Mined Repository, Draft, DOE/TIC-1 1033 (draft),
April 1980, p. 1.

°Ibid.; Cyrus Klingsberg and James Duguid, Status of Technolo-
gy for Isolating High-Level Radioactive,: Wastes in Mined Repositories,
DOE/TIC 11'207 (draft) (U.S. Depart nent of Energy: October 1980).
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apacking material (e. g., bentonite) designed to pre- As noted above, until the late 1970's, it was gen-
vent water from reaching the overpack and to limit ~ erally assumed that the natural geologic features
the escape of any water that does come into con- of a salt repository alone would provide an adequate
tact with the waste (see fig. 3-). degree of isolation. The solid waste form (required

Figure 3-1.—Emplaced Waste Package
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by Federal regulation) and waste package were in-
tended only to prevent accidental release of waste
during transportation and handling until retrieval
of the waste from the repository was no longer con-
templated. They were not seen as playing a crucial
role in ensuring long-term isolation of the waste
within the repository after it was sealed. *°

In the mid-1970’s to late 1970’s, recognition of
the uncertainties associated with the prediction of
the behavior of the repository and surrounding geol-
ogy over a period of many thousands of years led
to a growing interest in a “multiple barrier” ap-
proach in which a combination of manmade and
natural barriers would act together to provide con-
fidence in long-term isolation, despite uncertain-
ties about each barrier separately. The result has
been a growing emphasis on the role of the waste
form and the waste package,”which is reflected
in Nuclear Regulatory Commission (NRC) regu-
lations for geologic disposal.”

The current reference waste form for solidified
high-level waste from reprocessing is borosilicate
glass, which was selected when a solid waste form
was seen as being needed primarily for safe trans-
portation and handling. When the waste form took
on an important role in long-term isolation, ques-
tions arose about how well borosilicate glass could
perform this more demanding task under the con-
ditions anticipated in a repository after closure. Of
particular concern was the question of the rate at
which waste might dissolve from the glass into
ground water at the high temperatures that could
be produced by the heat emitted by the waste.”
Several technical reviews have concluded, however,
that borosilicate glass could be an adequate waste
form (although perhaps not the best one possible)
if the repository were designed so that the temper-
ature of the glass remained relatively low (around

'%See app. A.

11See, for example, the proposed Swedish KBS waste disposal sys
tem in which major reliance is placed on a long-lived waste package,
analyzed in National Research Council, Review of the Swedish KBS-IT
Plan, and in National Research Council, A Review of the Swedish
KBS-3 Plan for Final Storage of Spent Nuclear Fuel (Washington,
D. C.: National Academy Press, 1984).

1210 CFR 60.

138ee, for example, G. J. McCarthy et al., * Interactions Between
Nuclear Waste and Surrounding Rock, ” Nature, vol. 273, May 18,
1978, pp. 216-217.

100° C).*Recent studies have also concluded: 1)
that development of a waste form that would re-
lease waste into ground water much more slowly
than forms that are currently available could re-
duce substantially the expected long-term effects of
geologic disposal, and 2) that improvements in the
waste form would be much more effective than im-
provements in the rest of the waste package in
achieving that result. *Further discussion of the
value of continued R&D on alternative waste forms
is found in chapter 6.

If reprocessing to recover plutonium and urani-
um does not occur, it is assumed currently that
spent fuel would be disposed of directly, so that the
waste form would be the uranium dioxide fuel pel-
lets (still in the fuel assemblies) that contain the
waste products. Recent analyses have concluded
that adequate isolation can be achieved in this way,
although the fuel pellets would be more soluble than
borosilicate glass. * If necessary the spent fuel could
be dissolved and resolidified in a better waste
form.” However, a careful systems analysis would
be necessary to determine if the increase in worker
exposures and accident risks resulting from more
complex waste-processin{: operations would offset
the possible decrease in long-term risks from the
waste after disposal. **

Some have argued that use of sophisticated engi-
neered barriers, ‘such as a [ow-volubility waste form
or long-lived package, could decrease the reliance
on natural barriers to the extent that many more
sites would be usable for repositories. *(The role
of long-lived waste packages in a conservative re-

1National Research Council, Iso'ation System, p. 7; U.S. Depart-
ment of Energy, The Evaluation and Review of Alternative Waste
Forms for Immobilization of High-l.evel Radioactive Wastes, Report
No. 3 by the Alternative Waste Form Peer Review Panel, DOE/TIC-
11472, July 1, 1981.

13National Research Council, Isolation System, p.280;EPA, DEIS
on 40 CFR 191, p. 208.

16National Research Council, Isclation System; INFCE, op. cit.;
IRG, op. cit;; EPA, DEIS on 40 (CFR 191,

"DOE, FEIS, pp- 4.20-4.22.

'8National Research Council, Isolation System, p-14.

15Gee, for example, National Res:arch Council, Isolation System,
p. 45. However, this and other recent studies have concluded that
it is very important to select a site with chemical characteristics that
will limit the rate at which particularly toxic and long-lived radionu-
clides such as Np?**’ can dissolve into ground water. EPA, DEIS on
40 CFR 191, p. 109.
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pository system design is discussed further in ch.
6.) While there is no consensus about the degree
to which engineered barriers might substitute for
natural ones, there is growing agreement that they
may usefully complement natural ones to provide
a high degree of isolation through a multiple-barrier
system in which each barrier helps compensate for
the uncertainties about the others .20

TECHNOLOGY OF PREDICTION

Development and operation of mined geologic
repositories will require not only location of spe-
cific sites and design of engineered facilities appro-
priate for those sites but also decisions by the li-
censing authority, NRC, that those combinations
of sites and engineered features can be expected to
provide the required degree of waste isolation for
a required period of time. In addition to the phys-
ical technology, therefore, a “technology of predic-
tion’ is needed to show in a formal licensing process
that a proposed repository is likely to meet estab-
lished standards.

The repository development and licensing proc-
ess is uncharted territory. The ability of a geologic
repository to isolate radioactive waste for millenia
cannot be demonstrated directly in the same sense
that a new aircraft can be demonstrated to perform
according to its design specifications. For this rea-
son, there must be heavy reliance on predictions
of the long-term isolation provided by the reposi-
tory based on the use of mathematical models that
embody scientific understanding of the behavior of
the repository and its environment .21 Techniques
for predicting repository performance are needed
as a basis for detailed design of a repository, as well
as for the licensing process .22 Such long-term pre-
diction has never been done in a formal regulatory
process, and no widely reviewed and generally ac-

20Both proposed EPA criteria for geologic disposal, and final NRC
regulations place emphasis on use of a multiple-barrier approach. See
proposed EPA standards in the Federal Register, vol. 47, No. 250,
Dec. 29, 1982, pp. 58196-58206. Final NRC technical criteria, 10
CFR, pt. 60, are found in Federal Register, vol. 48, No. 120, June
21, 1983, pp. 28_194-28229. and are summarized in app. D.

21{RG,OP- Cit. ; APS, OP- S gy osherg and Duguid, op. cit.;
National Research Council, Isolation System; EPA, DEIS on 40 CFR
191.

22 Thomas H. pigford, «The National Research Council Study of
the Isolation System for Geologic Disposal of Radioactive Wastes,
presented at the meeting of the Materials Research Society, Boston
MA, November 1983.

cepted method for predicting repository perform-
ance exists. Many analytic procedures to be used
in the licensing process must be developed, includ-
ing data collection and validation techniques, meth-
ods for verifying and validating scientific models,
and the formal procedures for using such models
to predict repository performance .23 The impor-
tance of an explicit program to develop the tech-
nology of prediction is discussed in chapter 6.

OVERALL STATE OF TECHNOLOGY

No licensed mined repository for high-level ra-
dioactive waste exists in the United States or else-
where in the world. The failure to develop and li-
cense mined repositories in the United States stems
to a large extent from nontechnical factors such as
inadequate and intermittent Federal support and
reluctance to address major institutional problems.
The main areas of technical disagreement concern
not the ultimate feasibility of developing mined re-
positories, but the degree of conservatism in de-
sign (e. g., temperature limits and the design re-
guirements for engineered barriers) and the pace
and scope of the R&D program needed to develop
a repository safely. 4 Technical reviews have con-
cluded that the major remaining technical uncer-
tainties about geologic disposal could be sufficiently
resolved in time to allow the first repository to be
constructed and licensed for operation by the late
1990's, if no unforeseen technical or institutional
problems arise .25

2See National Research Council, Implementation Of Long-Term
Environment/ Radiation Standards: The Issue of Verification(Wash-
ington, D. C.: National Academy of Sciences, 1979), for detailed dis-
cussion of steps needed in demonstrating compliance with criteria

2For example, the authors of a USGS report that is cited some-
times as raising fundamental questions about the overall concept of
geologic disposal believe that acceptable geologic repositories can be
constructed. J. D. Bredehoeft et al., “Geologic Disposal of High- Lev-
el Radioactive Wastes—Earth Science Perspectives, Geological Sur-
vey Circular 779, U.S. Geological Survey, undated, p. 111. Also, as
noted above, the questions about the suitability of borosil icatc glass
as a waste form relate to its performance at very high temperatures
and can be dealt with by keeping the temperature in the repository
low. The extensive debates about waste management policy during
the Carter administration dealt not with whether to develop geologic
repositories, but instead with how many sites and geologic media should
be examined before selecting a site. IRG, op. cit.

DOE and USGS, Op. cit, , p. 1, concludes that 10 years (from
1980) should be needed to resolve the major technical uncertainties.
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TECHNOLOGY DEPLOYMENT

Disposal in mined geologic repositories will in-
volve the following activities (as well as others listed
in ch. 2):

Disposal Technology Development and Sit-
ing. —DOE'’S present R&D efforts are focused on
spent fuel transportation and storage; data collec-
tion on geohydrologic environments and waste/rock
interactions; the development and evaluation of
waste forms, canisters, and other engineered bar-
riers; the development of equipment and facility
designs for waste handling, processing, and dispo-
sal; and the development of predictive mathematical
models for evaluating the suitability of potential re-
pository sites. Information from in situ testing and
impact evaluation activities at potential sites will
be used by DOE to develop full-scale repository de-
signs to be submitted to NRC for approval. Ac-
cording to current regulatory procedures,”if a po-
tential repository site and design met appropriate
NRC requirements, NRC would authorize con-
struction. After some or all of the repository and
supporting surface facilities were constructed, NRC
would thoroughly evaluate the suitability of the site
and determine whether to approve emplacement
of waste in the repository.

Repository Development and Operation.—Re-
pository development would involve excavating
rock from the repository, preparing (canning) the
waste in surface facilities at the repository site,
lowering the canisters of waste into the repository,
and emplacing the canisters of waste and the sur-
rounding overpack material into holes drilled in the
rock formation (see fig. 3-2). Each repository would
remain in operation from 10 to 40 years, depend-
ing on its size and the rate of waste emplacement.
During this operational phase, additional informa-
tion on the behavior of the repository would be col-
lected and used to refine further the predictions of
the long-term behavior of the repository. Individ-
ual rooms or modules of the repository could be
backfilled or kept open for a certain period of time
to permit further cooling of the waste or to main-
tain ready access to the waste.

After the repository is filled, DOE could request
that its license be amended to permit decommis-

2619 CFR 60, Subparts B and C, published in 46 FR 13971, Feb.
25, 1981.

sioning or closure of the facility. NRC would make
a decision about the request after considering the
plan and the public comments about it in light of
NRC requirements. The tunnels connecting indi-
vidual rooms or modules of the repository would
then be backfilled and the vertical access shafts to
the repository, permanently sealed. After closure,
monitoring could be used to detect unexpected re-
leases from the repository.

Safety

The expected efficacy of geologic disposal is not
based on the conclusion that the waste can be con-
tained completely until it decays to harmlessness.
Instead, it is assumed that some releases may oc-
cur and that engineered and natural barriers can
limit the size of such releases to very low levels. The
two principal modes of possible release of radioac-
tivity from a well-designed and well-sited mined re-
pository would be small, concentrated releases from
human intrusion (e. g., from digging a well near
or into a repository), which could expose a few in-
dividuals to relatively large doses of radiation, or
the gradual release of radioactivity from the repos-
itory into ground water (and, ultimately, into drink-
ing water or food supplies), exposing a potentially
large population to very small doses (compared to
background radiation) .27 The release of a large frac-
tion of the waste in a repository would be extremely
unlikely, and the chance that any individual would
receive a very high dose of radiation would be
small. 28

The U.S. Environmental Protection Agency
(EPA) has calculated that releases from a geologic
repository containing 100,000 metric tons (tonnes)
of spent fuel (the lifetime output of about 100 one-
gigawatt [GWe] reactors) could be expected to pro-
duce fewer than an average of one fatal cancer every
10 years over a 10,000-year period. Table 3-1 shows
that this level of health effects is smaller than the
health effects that could result from other sources
of ionizing radiation. For example, it is much less
than 1 percent of the fatal cancers that would be
produced in the same exposed population from
normal levels of background radiation .29 The results

27EPA, DEIS on 40 CFR 191; National Research Council, Isola-

tion System.
BEPA, DEIS on 40 CFR 191, pp. 107-108.

1 bid., p. 43.
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Figure 3-2.-Artist’s Conception of the Surface Support Buildings and Underground Facilities
of a Radioactive Waste Repository
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of EPA’s calculations for various geologic media
are shown in table 3-2. More recent analysis, which
takes into account the revised estimates of radio-
nuclide toxicity discussed in chapter 2, supports
EPA's conclusions that the expected effects from
a well-designed and well-sited repository would be
small compared to the effects from background ra-
diation.”

Figures 3-3 and 3-4 show recent estimates of the
possible performance of a repository in basalt con-
taining 100,000 tonnes of spent fuel or equivalent
high-level waste (solidified in borosilicate glass).
Performance is measured in terms of the maximum
radiation doses, in millirems per year, that would

30National Research Council, Isolation System, ch.9.

CASK
STORAGE

EXCAVATED

be received by an individual from water contami-
nated by waste that has escaped from the repository.
The calculations reflect the recent International
Commission on Radiation Protection revisions of
the estimated toxicity of critical radionuclides that
were discussed in chapter 2. Both figures show that
the longer it takes for water to travel from the re-
pository to the environment where it can be in-
gested by humans, the lower the predicted dose,
because of radioactive decay during that time. They
also show that the dose from spent fuel is expected
to be higher than that from high-level waste. How-
ever, even for spent fuel, the predicted dose from
using contaminated surface water is at most around
10 millirems per year, compared to a normal dose
of around 110 millirems per year from normal back-
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Table 3-1.—Number of Possible Cancer Cases Due to ionizing Radiation’

Number of cases Number of cases

Origin per year’ per 10,000 years®
High-level radioactive waste disposal®. ........... up to 0.1 up to 1,000
(Proposed EPA standards)
Uranium mill tailings®:
Unprotected* . ......... ... 3 30,000’
Protected (covered,etc.) .. .................... 0.03 300*
Indoor air pollution:
Residential exposure®. ....................... 1,000 to 20,000 ‘10,000,000 to
200,000,000*
Residential weatherization (added cases)’
(Nero estimate) . . . ... i 250t05,000 2,500,000 to
50,000,000*
Residential weatherization (added cases)......... 10,000 to 20,000 1go,ooo,ooo to
00,~,000
Background radiating . .. ......... .. .. o . 3,000 to 4,000 30,000,000 to
40,000,000
Cancer deaths (U.S.)"(all causes) ................ 430,000 NA

a These numbers are all caiculated on the Same basis using a linear non-threshold dose response model. The linear non-threshold
model involves a high degree of speculation, and the resulting values have little merit a8 absolute indicators of the numbers
of blological effects that may occur. It has been used here to provide a framework within which relative risks from various
radiation exposure situations can be compared.

b Assuming constant .S, population and culture—numbers with (*) are extrapolated from annual values.

C gpA proposed rule 413 CFR Part 191 (December 1982) number per 100,IXXI tonne high-level radioactive waste repository.

d NRC, October 1980. “Uranium Mill Licensing Requirements: Final Rules,” Federal Register, 45,No. 194, 135521%5538. Radon
inhalation exposures. =

e Nero, A, v., “Indoor Radiation Exposures From 2221Rn and Its Daughters: A View of the Issue, ” Health Physics, 45, No. 2 (August
1983), 277-288.

f era Report EPA 520/4-78-013 (revised printing, July 1978).

9 NAS/NRC, The Effects on populations of Exposure to Low Levsé of ionizing Radiation, November 1972 1972 BEIR Report.

h American Cancer Society, Cancer Facts and Figures—1982, 1981,

.Does not include health effects from water pathways.

SOURCE: High-Level Radioactive Waste Disposal Subcommittee, Science Advisory Board, U.S. Environmental Protection Agency,
“Report on the Review of Proposed Environmental Standards for the Management and Disposal of Spent Nuclear
Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191),” January 1984, table A, PD- 12-13.

Table 3=2.—Projected Population Risks From High= Level Waste Disposal EPA Reference Cases

Projected health effects over 10,000 years

Repository Routine Drilling number Breccia Volcano;

type release Faulting (No hit) (Hit) pipe meteorite Total
Granite . . . .. 10 + 750 + - + 760
Bedded salt . 0 160 8 + + 190
Basalt...... 1,400 : 3,000 2 + 4,400

Number = “No hit” means the drilldoes not hit solid waste but only repository water, while “hit" indicates the drilt does hitsolid waste.
+ . Less than 1 projected fatal cancer.
— . Not applicable.

SOURCE: U.S. Environmental Protection Agency, Draft Environmental impact Statement for 40 CFR 191: Environmental Standards for Management arrd Disposal of
Spent Nuclear Fuel, High-Level and Transuranic Radioactive Waste, EPA 52011-824125, December 1982, p. 205.

ground radiation. (Further analysis of the difference
between high-level waste and spent fuel is found
in the discussion of reprocessing below. ) It should
be noted, however, that these figures show that di-
rect use of contaminated ground water that has not
been diluted in a large volume of surface water
could lead to doses to some individuals that are well
above background levels .31

91 Epa cites similar conclusions. EPA, DEIS on 40 CFR 191,p-106.

The acceptability of such expected effects is a
value judgment, rather than a technical determina-
tion, and is the responsibility of the Environmental
Protection Agency. EPA has proposed that the
amounts of certain critical radionuclides that can
be released from a repository in the first 10,000
years after emplacement be limited to specified lev-
els that are calculated to produce no more than
about 1,000 deaths (for a 100,000-tonne repository)
during that period. The proposed limits are shown
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Figure 3-3.—Individual Radiation Dose as a Function of Water Travel Time
From a Repository in Basalt Containing 100,000 Tonnes of Unreprocessed
Spent Uranium Fuel
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Figure 3-4.—Individual Radiation Dose as a Function of Water Travel Time
From a Repository in Basalt Containing Reprocessing Waste From 100,000 Tonnes
of Spent Uranium Fuel
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in table 3-3. The NRC performance requirements
for geologic repositories-are summarized in appen-
dix D.

It should be noted that there are disagreements
in the technical community about the philosophical
approaches reflected in both EPA’s proposed stand-
ards and NRC final regulations. The issues in dis-
pute include whether to base the safety standards
on what is theoretically achievable by a well engi-
neered and sited repository, or on an independently
determined standard of acceptable risk; whether to
state the standard in the form of limits for the
amounts of radionuclides that can be released by
a repository over a fixed period, or in terms of ac-

ceptable levels of radiation exposure to, or health
effects in, exposed population; or individuals; and
whether to set performance standards for individ-
ual components of a repository system (such as the
waste package), or only for the system as a whole .32

32A discussion and critique of the NRC regulations and proposed
EPA standards is found in National Research Council, Isolation Sys-
tem, ch. 8. Suggestions for revisions of the proposed EPA standards
are found in the “Report on the Review of Proposed Environmental
Standards for the Management and Disposal of Spent Nuclear Fuel,
High-Level and Transuranic Radioactive Wastes (40 CFR191)"’ by
the High-Level Radioactive Waste Disposal Subcommittee of the
Science Advisory Board of the U.S. Environmental Protection Agency,
January 1984. This group suggested that the release limits be ten times
higher than proposed by EPA.
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Table 3-3.—EPA Proposed Release Limits for
Containment Requirements (cumulative
releases to the accessible environment
for 10,000 years after disposal)

Release limit

Radionuclide (curies per 1,000 tonnes)

Americium-241 . . . .. ... L 10
Americium-243. . . .. ... L. 4
Carbon-14 .. ......... ... ... 200
Cesium-135.................. 2,000
Cesium-137 .................. 500
Neptunium-237 ............... 20
Plutonium-238................ 400
Plutonium-239................ 100
Plutonium-240................ 100
Plutonium-242 . ............... 100
Radium-226 . ................. 3
Strontium-90................. 80
Technetium-99................ 10,000
TiN-126 . ... 80
Any other alpha-emitting

radionuclide .. .............. 10
Any other radio nuclide which does

not emit alpha particles. . . . .. 500

SOURCE US Environmental Protection Agency.

Figures 3-3 and 3-4 can also provide perspective
on the point emphasized in chapter 2: that simple
toxicity indices, such as water dilution volumes, are
a misleading measure of the hazard posed by radio-
active waste. Figure 3-5 shows the contribution
made to the toxicity of spent fuel by each of the
most significant radionuclides. Comparing that fig-
ure with figures 3-3 and 3-4 shows that, with the
exception of neptunium-237 (Np*') in the very long
term, none of the radionuclides that are the prin-
cipal contributors to the predicted dose from waste
in a repository are major contributors to the total
toxicity of the waste. The major contributors to the
toxicity are in general expected to decay before they
can reach the environment. Some, like stronti-
um-90 and cesium-137, have short half-lives so that
they will decay to negligible levels even within rela-
tively short water travel times. Others with longer
half-lives, like americium and plutonium, are ex-
pected to be retarded severely by chemical reac-
tions with the surrounding rock so that they will
move much more slowly than the ground water and
thus will take a very long time to escape, even if
the water travel time is not long compared to the
half-life.

Figure 3-5.—Water Dilution Volume of PWR
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SOURCE: National Research Council, A Study of the Isolation System for Geo-
logic Disposal of Radioactive Wastes (Washington, DC: National Acad-
emy Press, 19S3),

cost

DOE estimates that the cost of designing, con-
structing, operating, and decommissioning a geo-
logic repository having a capacity of 70,000 tonnes
of spent fuel will range from $5 billion to $7 bil-
lion (in 1983 dollars), depending on a range of fac-
tors, including the nature of the site and medium.*
Two repositories of this capacity should accommo-
date all of the radioactive waste generated over the
40-year expected operating lifetime of the nuclear

13y § Department of Energy, Mission Plan for the Civilian Radi-

oactive Waste Management Program, draft, DOE/RW-0005 (Wash-
ington, D. C.: April 1984), vol. Il, table 10-6, p. 10-14.
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powerplants in existence or under construction in
the United States. The actual number required will
depend on a number of factors, including the phys-
ical capacity of the sites that are found, the reposi-
tory designs that are finally adopted, the size of the
nuclear power system that must be served, and the
relative amounts of spent fuel and solidified high-
level waste that are disposed of.*

Other Disposal Technologies™

Subseabed Disposal

Next to mined geologic repositories, the disposal
concept that has been the focus of the most study
is subseabed disposal. Subseabed disposal involves
the emplacement of high-level radioactive waste be-
neath the ocean floor within the thick (200 to 500
feet [ft]) clay sediments that cover large expanses
of the relatively deep (3 to 4 miles) midoceanic re-
gions. These flat-lying, homogeneous sediments
could provide sufficient disposal for all the high-
level radioactive waste produced worldwide. Be-
cause these remote, deep-ocean areas lack signifi-
cant levels of mineral and biological resources, the
likelihood of human intrusion is very low. The mid-
oceanic regions are among the most stable and pre-
dictable geologic environments on Earth. More-
over, the ocean itself provides an additional
isolating barrier between the sediment surface and
land-based ecosystems. On the other hand, subsea-
bed disposal presents added safety risks from ocean
transportation accidents. Although waste retrieval
would be possible with existing technology, its cost
would probably be prohibitive for all but safety
reasons.

Additional work is needed before the scientific
feasibility of seabed disposal can be determined. For
example, further research is needed to determine
whether the waste canister and the sediments will

+DOE analysis that took such factors into account concluded that
a maximum of five or six repositories would be needed for a nuclear
power system that reaches a maximum of 250 GW,_ of installed gen-
erating capacity. DOE, FEIS, table 7.3.10, p. 7.29. |

35The conclusions about these other disposal technologies are drawn
primarily from three sources in which these alternatives are analyzed:
DOE, FEIS, 1980; IRG, op. cit.; and U.S. Department of Energy,
Statement of Position of the United States Department of Energy in
the Matter of the Proposed Rulemaking on the Storage and Disposal
of Nuclear Waste, DOE/NE-0007 (Washington, D. C.: Apr. 15, 1980).
For brevity, specific references to these sources will be omitted.

adequately contain the wastes, and models to pre-
dict the physical and biological transport of radio-
nuclides in the ocean must be developed.®

In its relatively small subseabed research pro-
gram (funded at $6 million in fiscal year 1982),
DOE is studying not only the potential migration
of radioactive material within the oceanic sediments
and ecosystem, but also transport, emplacement,
and isolation systems. Large regions of the ocean
have been screened and many areas explored in
more detail; several prospective sites have been se-
lected for in situ testing. Resolving technical ques-
tions about the impacts from the international
dumping of low-level radioactive waste onto the
ocean floor may be required before the emplace-
ment of high-level radioactive waste could be ini-
tiated.

With subseabed disposal, the domestic political
difficulties associated with siting land-based mined
repositories might be replaced with similar diffi-
culties in siting the shipping facilities .37 In addi-
tion, significant national and international legal
problems might require resolution before this con-
cept could be implemented. The Ocean Dumping
Act (Public Law 92-532~ can be interpreted to ban
subseabed disposal of high-level waste. At the in-
ternational level, the 1972 London Dumping Con-
vention prohibits high-level radioactive waste from
being dumped into the oceans or placed on the sur-
face of the seabed. However, since subseabed dis-
posal involves emplacing the waste beneath the sedi-
ment surface, the legal status of this option relative
to existing international laws and the ongoing Law
of the Sea negotiations is presently ill-defined, and
there is currently no official U.S. position on the
matter.” Implementation of this disposal alterna-

36Robert D. Klett, Subseabed Disposal Program Annual Report:
Systems, October 1981 Througt September 1982, SAND83-1835
(Albuquerque, N. Mex.: Sandia National Laboratories, February
1984), p. 8.

37A full discussio,of th,domestic and international issues in sub-
seabed disposal is found in Edward Miles, Kai N. Lee, and Elaine
Carlin, Sub-Seabed Disposal of High-Level Nuclear Waste: An Assess-
ment of Policy Issues for the United States (Seattle, Wash.: Univer-
sity of Washington Institute for Marine Studies, July 21, 1982).

38K R.Hingaand D R .Anderson, “the Institutional prOgram
for an International Subseabed Repository, ” in U.S. Department of
Energy, Proceedings of the 1982 National Waste Terminal Storage
Program Information Meeting (Washington, D. C.: December 1982),
pp. 68-70.See also Seabed Programs Division, The Seabed Disposal
Program: 1983 Status Report, SAND 83-1387 (Albuquerque, N.
Mex.: Sandia National Laboratories, October 1983).
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tive would probably require an international agree-
ment as well as specific U.S. congressional action.

To enhance the level of international coopera-
tion in the evaluation of subseabed disposal, an in-
ternational seabed working group has been created
with a membership that currently includes the
United States, the United Kingdom, France, Can-
ada, Japan, the Netherlands, the Federal Republic
of Germany, Switzerland, and the Commission of
European Communities. In addition, Italy and Bel-
gium have participated as observers in the cooper-
ative R&D efforts of this group. This high level of
international interest and cooperation indicates that
subseabed disposal is widely regarded as the most
promising alternative disposal technology to mined
geologic repositories. In addition to the potential
value of subseabed disposal for the United States,
it may be useful to maintain a viable seabed R&D
program for both low- and high-level radioactive
waste to ensure the safe and equitable use of the
seabed by the international community and to pro-
vide an alternative for those countries that cannot
dispose of radioactive waste on land.

Deep Holes

Deep-hole disposal involves the disposal of waste-
filled canisters at the bottom of holes 12 to 15 inches
in diameter, drilled to a depth of 20,000 to 50,000
ft, well below the maximum depth of ground water
movement. At these extreme depths, the potential
for disturbance by natural surface forces or human
intrusion or for transport by ground water to the
biosphere would theoretically be minimized. How-
ever, significant uncertainties remain about the
character of the hydrogeologic environment and
about waste/rock interactions at these depths. Sim-
ply determining the suitability of alternative sites
at such depths is extremely difficult.

This concept requires larger holes and heavier
drilling equipment than are currently available, al-
though these technical requirements are probably
manageable by extensions of existing technology.
The difficulty of keeping holes of this depth open
may complicate waste emplacement. Moreover, the
logistics of deploying a full-scale, deep-hole system
may be significant; as many as 2,000 holes may be
required if the commercial spent fuel from existing
reactors and those under construction are to be ac-

commodated. This number could conceivably be
reduced by a factor of 10 for high-level waste from
reprocessing operations if the heat produced by the
waste did not cause significant problems. Each hole
would probably require 3 to 6 years to drill. Once
emplaced, it might be practically impossible to re-
trieve the waste and extremely difficult to verify the
degree of isolation obtained.

Rock Melting

Rock melting involves pumping newly generated
high-level liquid waste into a conventionally mined
cavity at depths of 5,000 to 6,000 ft. The high levels
of heat produced by the waste would theoretically
melt the surrounding rock within several decades;
the resultant resolidification of the rock/waste mix-
ture into a presumably insoluble matrix would re-
guire many hundreds of years. Rock melting can
only be used for disposing of newly generated high-
level waste from the reprocessing of unaged spent
fuel. Therefore, any high-level waste generated
from reprocessing older spent fuel, as well as the
transuranic waste from reprocessing, will have to
be disposed of in another manner.

Since the rock-melting concept has not been stud-
ied to any great extent, it contains numerous and
potentially significant uncertainties about waste
handling and emplacement techniques, about the
physical and chemical interaction of the melted ma-
terial with the host rock, and about the potential
migration of the radioactive material after emplace-
ment. Retrieval of the waste is not possible with
rock melting, and verification of isolation after
emplacement, even over the short term, may be
difficult. The number of rock-melting disposal sites,
of course, would depend on the size of the cavities
used. For example, a mined cavity 80 ft in diameter
would be capable of containing the high-level lig-
uid waste generated by reprocessing 50,000 tonnes
of spent fuel. Rock melting could offer substantial
cost advantages over the development of mined re-
positories because the mining activity for rock
melting is considerably less than that for the de-
velopment of mined repositories.

Well Injection

From an operational point of view, a relatively
simple means of permanently isolating liquid high-
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level waste from reprocessing would be to pump
it to depths of 500 to 5,000 ft into a well in a suitable
hydrogeological environment at or near a reproc-
essing plant. Two such injection wells would prob-
ably be required for a reprocessing plant with a ca-
pacity of 2,000 tonnes/year (yr). Retrieval of wastes
injected into deep wells would be limited, if not en-
tirely impractical.

In grout injection, certain suitable rock forma-
tions, such as shale, at depths of 300 to 500 ft would
first be hydrofractured by injecting a fluid under
high pressure down a borehole. A mixture of lig-
uid radioactive waste and self-hardening grout, such
as cement, would then be injected into the fractured
rock, leaving the waste in a relatively immobile and
essentially irretrievable form. Hydrofracturing has
been used at the Oak Ridge National Laboratory
to dispose of 1.8 million gallons of liquid defense
waste at a single well site, and monitoring has
shown no indication of any postinjection migration
of radioactive material away from the grout sheets.
Approximately 40 grout injection wells would prob-
ably be required at a reprocessing plant having a
capacity of 2,000 tonnes/yr.

Well-injection techniques have already been used
to dispose of various types of industrial wastes. In
fact, there are approximately 300 industrial waste-
disposal wells that have been or are in operation
in the United States. However, at this time, there
are only limited field data on the long-term con-
tainment of these wastes. In addition, deep-well in-
jection of any waste is prohibited in 12 States and
discouraged in another 7. Nine other States have
regulations controlling its use.

Ice Sheets

The ice sheets of Greenland and Antarctica,
where ice thickness reaches several thousand feet,
could conceivably provide a remote, low-temper-
ature environment for containing radioactive waste.
The waste could be allowed to melt down through
several thousand feet of ice to the bedrock under
the ice, to be suspended in the ice to a depth of a
few hundred feet from cables anchored at the ice
surface, or to be stored in surface facilities that
would gradually sink toward the bedrock under the
weight of naturally accumulating snow and ice. In
the first and second cases, refreezing of the water

above the waste as it melts through the ice would
theoretically seal the err placement hole. Cases two
and three could theoretically provide a certain de-
gree of retrievability for a few hundred years. How-
ever, once inside the ice sheet, the waste would mi-
grate slowly (over an estimated period of tens to
hundreds of thousands of years) with the ice toward
the perimeter of the ice sheet where the ice breaks
off as icebergs.

Although there are apparent advantages to this
disposal concept, an international group of glaci-
ologists recommended in 1974 that the Antarctic
ice sheet not be used for waste disposal because of
the many uncertainties about its general nature,
evolution, and behavior, as well as the unknown
relationship between ice sheet dynamics and as yet
unpredictable climatic changes. The principal un-
certainties concern the stability of the ice masses
for very long periods (10,000 years or more) and
the possibility that the waste, once in contact with
the basement rock, would be broken up mechani-
cally and escape along unknown pathways. As in
subseabed disposal, international negotiations and
the signing of treaties would be necessary before
this concept could be implemented.

Space

Placing encapsulated radioactive waste into or-
bit around the Sun would eliminate the waste ir-
retrievably from the Earth itself. According to con-
cepts studied by DOE, spent fuel would first be
reprocessed and the high-level liquid waste from
reprocessing would be solidified into an acceptable
waste form. After transporting the solidified waste
to the launch site, an upgraded space shuttle would
carry the waste into orbit around the Earth. An or-
bital transfer vehicle would then be used to carry
the waste from the shuttle to the position of solar
orbit between Earth and Venus. (Shooting the
waste directly into the Sun would require too much
fuel to be practical.) After the orbital transfer vehicle
had been recovered, the shuttle would return to
Earth for reuse.

Although conceptually attractive and probably
technically feasible, space disposal is not considered
an immediate and viable disposal option because
of undeveloped technology, the large number of
space shuttle launches required (a thousand or more
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per year for spent fuel or 4 to 6 dozen per year for
high-level waste), and the uncertain, yet potentially
serious, consequences of an accident during launch
that might release significant quantities of radioac-
tive waste into the atmosphere. Since space disposal
appears to be economically feasible only for selected
long-lived elements, or perhaps for the total amount
of high-level reprocessed waste, reprocessing of
commercial spent fuel would be required first. An
alternative disposal system would then be needed
for the remaining radioactive waste not destined
for space.

Assuming adequate funding and the resolution
of existing technical problems, this disposal con-
cept could possibly be ready for use by the year
2000. However, resolution of numerous and po-
tentially significant political and international issues
as well as a large number of legal complexities could
lengthen the time needed to implement this disposal
option.

Transmutation

Transmutation is a treatment (not disposal) tech-
nique that theoretically could be used to convert
(transmute) the long-lived radionuclides in radioac-
tive waste (in particular, the transuranic radionu-
clides such as Np*) into stable or short-lived radio-
isotopes by neutron bombardment in nuclear
reactors. The process requires reprocessing spent
fuel, with the addition of a step that would sepa-
rate (partition) the long-lived radionuclides from
the liquid high-level waste so that they could be in-
corporated into new fuel rods and recycled through
nuclear reactors. Although this process should theo-
retically reduce the long-term hazards associated
with the waste, recent work has indicated that the
process may result in an increased radiation hazard
during the short term because of the additional
complex operations that are involved, along with
a very small decrease in long-term hazards .39 In
fact, partitioning and transmutation involve such
an increase in operational complexity that the proc-
ess can be seen as a new fuel cycle rather than sim-
ply as an incremental modification of the reproc-
essing fuel cycle. 40

A G.Croff J. O Blomeke, and B. C. Finney, Actinide Parti-
tioning-Transmu tation Program Final Report. I. Overall Assessment,
OR NL-5566 (Oak Ridge, Term.: Oak Ridge National Laboratory},
June 1980).

“Ibid.

Since only 5 to 7 percent of the recycled elements
are transmuted while the fuel is in the reactor, nu-
merous recycles would be required to transmute all
the long-lived radioisotopes. Although specially de-
signed reactors could conceivably increase the rate
of the transmutation process, most of these ad-
vanced technologies would require 20 to 30 years
to develop. Transmutation would substantially in-
crease both the handling requirements and the vol-
ume of secondary wastes generated, thereby more
than doubling the total costs of waste management.
In addition, since fission products have to be dis-
posed of after transmutation, the need for other
waste disposal technologies would not be elim-
inated.

Comparison of Disposal Alternatives

The general attractiveness of a particular disposal
option as a basis for the Federal waste management
program is affected by the following factors: 1) the
relative degree of safety it offers, 2) the type of waste
it can accommodate, 3) its provision for retrieving
waste, 4) the potential international complications
from developing or deploying the option, and 5)
cost .

Technology Status

Disposal in mined geologic repositories has re-
ceived far more attention on a worldwide basis, and
hence is far more advanced in development, than
any of the other disposal technologies. As discussed
above, subseabed disposal is also now the focus of
an international research effort, and its scientific
and engineering feasibility could conceivably be
tested by the end of this century. The other tech-
nologies have received far less attention, and it
would require considerable effort to develop the
same level of understanding about their advantages
and disadvantages that now exists about mined re-
positories and subseabed disposal.

Relative Degree of Safety

It is difficult to compare different waste emplace-
ment and disposal options in terms of safety, not
only because some have not been analyzed in much
detail, but also because such comparisons involve
a complicated balancing between differences in
long-term isolation on the one hand and offsetting
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differences in near-term operational risks on the
other. In general, the more remote the environment
into which the waste is emplaced (e. g., outer space),
the greater the isolation that can be achieved. At
the same time, remote environments involve in-
creased difficulty and risks during emplacement
(e.g., the risk of accidental reentry of waste into
the atmosphere in space disposal) and greater dif-
ficulty of monitoring the waste to detect unantici-
pated problems (and of taking corrective actions
such as retrieval) if such problems arise.

An additional safety consideration arises in the
case of those disposal alternatives, such as rock
melting, that require that spent fuel be reprocessed.
If reprocessing were undertaken specifically to allow
use of such an alternative, the additional operational
risks and worker exposures resulting from reproc-
essing would have to be balanced against any long-
term safety advantages afforded by the disposal
technology.

Type of Waste

Because of significant uncertainties about the fu-
ture of commercial reprocessing in this country and
the large quantities of spent fuel expected to be gen-
erated by the reactors that now are operating or
are under construction, it appears possible that at
least some spent fuel might be discarded directly
as waste. Thus, the ability to accommodate spent
fuel as well as high-level waste from reprocessing
could be an important consideration in choosing
a disposal system. Only some disposal technolo-
gies—e. g., mined repositories, deep holes, subsea-
bed, and space—would have that ability, and in
some of those cases (in particular, space disposal),
technical considerations could make their use for
spent fuel impracticable.

Ability to Retrieve Waste

Because of the uncertainties about the degree of
long-term isolation that any disposal system would
provide, it maybe desirable to maintain some abil-
ity to recover the waste after emplacement if the
development of scientific understanding shows that
the risks were greater than anticipated at the time
of emplacement. In fact, EPA’s proposed criteria
for high-level waste disposal would require that re-

moval of most of the waste be possible for a rea-
sonable period after disposal.

Because disposal systems rely heavily on natu-
ral barriers to prevent radioactive waste from be-
ing released into the environment, these same nat-
ural barriers make human access to, and retrieval
of, the waste quite difficult after final emplacement.
In some cases, retrieval could be practically impos-
sible. Thus, for example, the proposed EPA retriev-
ability requirements might preclude use of such
technologies as deep-hole emplacement and rock
melting.

In addition to such safety considerations, retriev-
ability might also be desirable in order to keep the
option of reprocessing spent fuel. The mined geo-
logic repository appears to be the only disposal tech-
nology that could allow economic retrieval of spent
fuel after emplacement, although this may only be
possible before the repository has been backfilled
and sealed.

Potential International Complications

Legal and institutional difficulties at the inter-
national level could be encountered in any attempt
to use space, subseabed, or ice sheet disposal. How-
ever, the extent to which these problems could con-
strain the development of these disposal alterna-
tives is uncertain. The potential for such
complications could make some technologies rela-
tively unattractive as a choice for the primary focus
of the United States’ radioactive waste-manage-
ment program.

cost

Preliminary cost estimates by DOE indicate that
mined geologic disposal and subseabed disposal
could be the least expensive options (on the order
of 0.1 C/kilowatt-hour [kWh] of nuclear-generated
electricity), while deep-hole disposal could cost sev-
eral times as much (around 0.3¢/kWh).* Estimates
of the costs of other options are too incomplete to
permit a similar calculation of the unit cost of dis-
posal. All such estimates are uncertain at this point,
in part because the final safety standards and reg-

“EPA, DEIS on 40 CFR 191, p.127.
“DOE, FEIS, table 6.2.7, p. €. 192,
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ulations for high-level waste disposal have not been
adopted yet, and thus the final performance re-
quirements for disposal systems are not certain. In
addition, the cost of those disposal options that re-
quire reprocessing is unknown because it is not clear
if the cost of such reprocessing would be offset com-
pletely by the sale of the recovered uranium and
plutonium or if part or all of the cost would have
to be included as part of the cost of waste disposal.
Nonetheless, since these estimated costs (excluding
reprocessing costs) are a small fraction (a few per-
cent) of the typical current new construction cost
of generating nuclear electricity with a new facili-
ty,” it appears unlikely that the ultimate disposal
costs would significantly affect the economics of nu-
clear power even if they are increased substantially
over current estimates.

Conclusions

Based on analyses of the above factors, the de-
velopment of mined repositories in the continen-
tal United States appears to provide the most im-
mediately available disposal technology suitable for
both spent fuel and high-level waste from reproc-
essing that could be developed by the United States.
Despite potential international problems, subseabed
disposal presently provides the most promising al-
ternative to the use of mined repositories. If com-
mercial reprocessing is ever developed fully, it may
be advantageous to consider other options, such as
deep holes or rock melting, for disposing of the
high-level waste from reprocessing. However, even
if all spent fuel were reprocessed and the high-level
waste were disposed of using another disposal alter-

“ibid. , pp. 7.50-7.51.

native, there would still be other waste products
generated by the reprocessing operation (in par-
ticular, large volumes of transuranic-contaminated
waste) that may have to be disposed of in mined
repositories.

Although the development of mined repositories
could be deferred until more information about al-
ternative disposal technologies is available, it is not
clear what benefits would be gained by such defer-
ral.“In fact, there is considerable consensusuwithin
the technical community that the development of
mined repositories should not be deferred, and the
Nuclear Waste Policy Act of 1982 (NWPA) made
a commitment in law to operation of «geologic re-
pository by 1998 (see ch.5).

There is disagreement about the desirability of
developing other disposal options as insurance
against the remote possibility that mined reposi-
tories cannot be developed because of unforeseen
technical or institutional problems. The annual
budgets for the commercial waste management pro-
gram have increased gradually from $1.7 million
in fiscal year 1972 to approximately $317 million
in fiscal year 1982. Of this latter amount, approx-
imately 97 percent is devoted to the development
of mined repositories. Subseabed, deep-hole, and
space disposal options may be investigated further
as technologies to back up or complement the de-
velopment of mined repositories, but are not now
planned for full development. NWPA also provides
for accelerated investigations of such alternative dis-
posal technologies.

#See discussion in issue 1,app.B

WASTE STORAGE

Unlike disposal technologies, storage technologies
are designed to allow easy retrieval of the emplaced
material. Thus, they cannot rely as heavily on re-
moteness and impenetrable natural barriers to pre-
vent accidental releases and human intrusion, but
instead must use engineered features and continued
human control. In effect, the price of easy retriev-
ability is the need for continued care, maintenance,
and monitoring of the storage facility.

As noted in chapter 2, large amounts of new stor-
age capacity will be needed at least for the next sev-
eral decades simply to hold the spent fuel gener-
ated by commercial reactors until adequate disposal
or reprocessing capacity becomes available. Stor-
age for considerably longer periods may also be
used either to maintain access to spent fuel for pos-
sible future reprocessing or to allow waste (either
spent fuel or high-level waste) to cool before emplac-



56 . Managing the Nation’s Commercial High-Level Radioactive Waste

ing it in a repository for permanent disposal. Some
also view permanent storage as an acceptable way,
in itself, to provide final isolation of the waste. (For
further discussion, see issue 1 in app. B.) Thus,
storage technology may be required to function for
periods ranging from 10 years or less to 100 years
or more.

Discussions about storage technology are some-
times clouded by the use of different terms (e. g.,
‘ ‘away-from-reactor’ [AFR] and “monitored, re-
trievable storage’ [MRS]) that have been associ-
ated with particular policy debates (see issue 4 in
app. B). For example, the term “AFR’ came into
general use in the debate about whether the Fed-
eral Government should provide centralized (thus,
away-from-reactor) storage facilities to enable the
Government to accept spent fuel from utilities dur-
ing a relatively short interim period until a geologic
repository would be available, which was assumed
to be as quickly as possible. In contrast, the term
“MRS” was introduced in the context of a debate
about whether the Federal Government should pro-
vide storage facilities designed for spent fuel and
high-level waste that could provide an alternative
to geologic repositories for an extended period—
perhaps 100 years or longer. However, some also
see an MRS facility as providing a cushion against
relatively short slippages in the geologic repository
program. In that event, there would be little prac-
tical difference between the two concepts.

In general, a system that can store spent fuel sat-
isfactorily can also be designed to store high-level
waste from reprocessing. Therefore, although the
discussion of storage in this section focuses on spent
fuel storage, for which there is the greatest imme-
diate need, it also pertains to storage of solidified
high-level waste from reprocessing.

Interim Storage Technology

Water-Filled Basins

Practically all the existing commercial spent fuel
is currently stored at reactor sites in water-filled
basins that were originally designed to store freshly
discharged spent fuel for a short period (6 months)
until it could be reprocessed. Such basins are an
effective way to provide the high level of radiation
shielding and thermal cooling needed during such
initial storage periods.

Photo credit: Department of Energy

Spent fuel storage basin at a commercial
nuclear powerplant

Since reactor basins were originally not intended
to provide storage for an accumulating inventory
of spent fuel, their potential capacity was not max-
imized. The capacity of those reactor basins, or of
new independent water basins, may be increased
in two ways: reracking and rod consolidation.

Reracking allows closer spacing of spent fuel ele-
ments by replacing the original, inefficient, but rela-
tively inexpensive aluminum storage racks that h