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Preface

In the Conference Report (100–724) accompanying the fiscal 1989
appropriations bill for Energy and Water Development (H.R. 4567, Public Law
100–371), the U.S. Congress requested that the National Academy of Sciences
conduct ". . . a critical comparative analysis . . . of the practical technological
and institutional options for future nuclear power development and for the
formulation of coherent policy alternatives to guide the Nation's nuclear power
development." The Senate Appropriations Committee Report 100–381 entitled
Energy and Water Development Appropriation Bill, 1989, which also
accompanied the bill, noted:

The [Senate Committee on Appropriations] believes that nuclear fission
remains an important option for meeting our electric energy requirements and
maintaining a balanced national energy policy. The Committee continues to
strongly support the need for a responsive nuclear fission program, but finds
the current civilian nuclear power reactor program to be a deficient aggregate
of numerous reactor types and conceptual variations being developed without
the guidance of well-defined strategic objectives. The Committee finds further
that the future development and institutionalization of nuclear power
development should be rethought, newly defined, and directed to be responsive
to current and projected conditions.

In response to the congressional request, the National Academy of
Sciences formed the Committee on Future Nuclear Power Development under
the Energy Engineering Board of the National Research Council. The
Committee's formal Statement of Task appears below:

The committee will conduct a critical comparative analysis of the practical
technological and institutional options for future nuclear power development
and formulate coherent policy alternatives to guide the nation's nuclear power
development. The Congressional intent in directing this study was that the
future development and institutionalization of nuclear power development be
rethought, newly defined, and directed to be responsive to current and
projected conditions.
In conducting this critical comparative analysis, the committee will undertake
the following tasks:

1.  The committee will identify the full range of practical technological
options for the next generation of civilian nuclear power reactors.

2.  The committee will develop criteria to evaluate these options. These
criteria should reflect the extent to which the technologies are

PREFACE vii
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likely to lend themselves to nuclear power plants that will exhibit
characteristics such as the following:
•   Safety in operation;
•   Economy of operation;
•   Suitability for the operational, institutional, financial, regulatory, and

policy environments that are likely to prevail at the time such plants
might be constructed;

•   Amenability to efficient and predictable licensing;
•   Environmental acceptability, both in day-to-day operations and with

respect to the fuel cycles they employ; and
•   Resistance to diversion of sensitive nuclear materials.

3.  The committee will evaluate the technological options in terms of these
criteria.

4.  The committee will review and assess development approaches for the
next generation of reactors, taking into account likely federal funding
limitations. Particular emphasis will be put on approaches to establishing
the level of safety that can be achieved by these reactors, to defining
regulatory requirements likely to be imposed on these reactors, and to
establishing, during the research, development, and demonstration
program, the extent to which such regulatory requirements have been met.
The committee will also consider the appropriate role for and level of
private sector involvement in the development program.

5.  The committee will assess, in light of the technological options and
development approaches under consideration, the relevance of existing
facilities of the Department of Energy that support civil power reactor
development. The committee will also consider the need for any new
facilities.

6.  The committee will address other aspects of the future civilian power
development program necessary for completion of the broad purposes of
this study.

7.  Based on the results of the foregoing tasks, the committee will develop a
set of coherent policy alternatives to guide the nation's future civilian
nuclear power development program. The committee will formulate
recommendations in terms of these alternatives.

8.  The committee will document its conclusions and recommendations, and
the reasoning therefore, in a final report.

The Committee was constituted to reflect a wide range of expertise and
views in order to ensure that the study's conclusions and recommendations
would take into account all relevant considerations and demonstrate the greatest
balance possible.
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The full Committee met on eight occasions from May 1989 through March
1991. Subcommittees and working groups also convened during this period to
review the literature and other relevant materials provided by government,
industry, academic, and public interest organizations, and to prepare working
drafts. During the study, the Committee was briefed by representatives from
many organizations, including the Executive Branch (the Department of Energy
and the national laboratories); the Congress (the Senate Committee on Energy
and Natural Resources and the Office of Technology Assessment); the Nuclear
Regulatory Commission; domestic and foreign vendors of reactor systems; the
academic community; and the Electric Power Research Institute. (Information
regarding the Committee's meetings is provided in Appendix A.)

The Committee agreed not to examine the desirability of further
developing and deploying nuclear power. Instead, the Committee sought to
answer the following question: If nuclear power is to be retained as an option
for meeting U.S. electric energy requirements, what reactor technological
options, associated Department of Energy research and development programs,
and institutional changes would best serve that end? This study's purpose was
not to advocate a new generation of nuclear power plants nor to assess the
desirability of nuclear power relative to alternative energy sources. The
Committee assumed that, at a later time, others would decide whether and under
what conditions further development of nuclear power in the United States is
warranted.

The Committee performed each of the tasks in its formal Statement of
Task as follows:

1.  The Committee identified the technological options for the next
generation of reactors. In addition, after examining the range of reactor
types that have active proponents, longer term options were identified
(Chapter 3).

2.  The Committee listed the criteria followed to address these options
(Appendix B).

3.  The Committee evaluated the options using these criteria as a framework
(Chapter 3).

4.  The Committee assessed the development effort required (Chapter 3) and
prioritized what programs, in the Committee's judgment, should be
funded (Chapter 4).

5.  The Committee addressed which DOE facilities should be retained,
depending on which alternative program is selected (Chapter 4).

6.  The Committee addressed a variety of other aspects, primarily
institutional, deemed necessary for retching the nuclear option (Chapter 2).
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7.  The Committee developed policy alternatives in terms of near term and
long-term nuclear programs (Chapter 4).

8.  The Committee provided its conclusions and recommendations
(Chapter 5).

This report is the product of long hours of concentrated effort by the
Committee members and the staff. The report benefited from the extensive
comments provided by more than a dozen peer reviewers. Theresa Fisher
devoted prodigious time to the many drafts. Norman Hailer was extraordinary
in his data searches and talent for accurate summarizing. His truly herculean
efforts enabled this report finally to be produced. Archie Wood provided
seasoned advice at critical times. Time and other constraints led several
members of the original committee to resign. They nevertheless made important
contributions, particularly Albert Babb.

JOHN F. AHEARNE
CHAIRMAN
COMMITTEE ON FUTURE NUCLEAR POWER DEVELOPMENT
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Summary

From its beginnings in the early 1950s, the nuclear power industry and the
government institutions that support and regulate it have brought nuclear
generation to a position second only to coal as a source of electricity in the
United States. By the end of 1990, the United States had 111 commercial
nuclear power plants licensed to operate, with a combined capacity of about
99,000 megawatts electric.

However, expansion of commercial nuclear energy has virtually halted in
the United States. No new nuclear plant has been ordered since 1978, scores of
plants ordered earlier have been canceled, and construction of at least seven
partially completed plants has been deferred. Concern for retaining an option
for nuclear power led the Senate Appropriations Committee in 1988 to request
the National Academy of Sciences to analyze the technological and institutional
alternatives that would preserve the nuclear fission option in the United States.

The Committee on Future Nuclear Power Development was formed to
conduct this study.

A premise of the Senate report directing this study is ''that nuclear fission
remains an important option for meeting our electric energy requirements and
maintaining a balanced national energy policy.'' The Committee was not asked
to examine this premise, and it did not do so. The Committee consisted of
members with widely ranging views on the desirability of nuclear power.
Nevertheless, all members approached the Committee's charge from the
perspective of what would be necessary if we are to retain nuclear power as an
option for meeting U.S. electric energy requirements, without attempting to
achieve consensus on whether or not it should be retained. The Committee's
conclusions and recommendations should be read in this context. The
Committee's recommendations are identified by bold italicized type.

GENERAL CONCLUSIONS

The reasons that expansion of commercial nuclear energy has virtually
halted in the United States include reduced growth in demand for electricity,
high costs, regulatory uncertainty, and public opinion. Concern for safety, the
economics of nuclear power, and waste disposal issues adversely affect the
general acceptance of nuclear power.
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Electricity Demand

Estimated growth in summer peak demand for electricity in the United
States has fallen from the 1974 projection of more than 7 percent per year to a
relatively steady level of about 2 percent per year. Ten year projections suggest
a need for new opacity in the 1990s and beyond. To meet near-term anticipated
demand, bidding by non-utility generators and energy efficiency providers is
establishing a trend for utilities acquiring a substantial portion of this new
generating capacity from others.

Nuclear power plants emit neither precursors to acid rain nor gases that
contribute to global warming, like carbon dioxide. New regulations to address
these environmental issues will lead to increases in the costs of electricity
produced by combustion of coal, one of nuclear power's main competitors.
Increased costs for coal-generated electricity will also benefit alternate energy
sources that do not emit these pollutants.

Construction Costs and Times

Major deterrents for new U.S. nuclear plant orders include high capital
carrying charges, driven by high construction costs and extended construction
times, as well as the risk of not recovering all construction costs.

Data show a wide range of construction costs for U.S. nuclear plants, with
the most expensive costing three times more (in dollars per kilowatt electric)
than the least expensive in the same year of commercial operation. In the post-
Three Mile Island era, the cost increases have been much larger. Considerable
design modification and retrofitting to meet new regulations contributed to cost
increases. The highest cost for a nuclear plant beginning commercial operation
in the United States was twice as expensive (in constant dollars) from 1981 to
1984 as it was from 1977 to 1980. The average time to construct a U.S. nuclear
plant went from about 5 years prior to 1975 to about 12 years from 1985 to
1989. U.S. construction times are much longer than those in most other major
nuclear countries. Billions of dollars in disallowances of recovery of costs from
utility ratepayers have made utilities and the financial community leery of
further investments in nuclear power plants. During the 1980s, rate base
disallowances by state regulators totaled about $14 billion for nuclear plants.
Over the decade of the 1980s, operation and maintenance costs plus fuel costs
for U.S. nuclear plants grew from nearly half to about the same as those for
fossil fueled plants.
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Performance

On average, U.S. nuclear plants have poorer capacity factors compared to
those of plants in other Or Organization for Economic Cooperation and
Development countries. On a lifetime basis, the United States is barely above
60 percent capacity factor, while France and Japan are at 68 percent, and West
Germany is at 74 percent. U.S. plants averaged 65 percent in 1988, 63 percent
in 1989, and 68 percent in 1990.

Except for capacity factors, the performance indicators of U.S. nuclear
plants have improved significantly over the past several years. If the industry is
to achieve parity with the operating performance in other countries, it must
carefully examine its failure to achieve its own goal in this area and develop
improved strategies, including better management practices. Such practices are
important if the generators are to develop confidence that the new generation of
plants can achieve the higher load factors estimated by the vendors.

Public Attitudes

Several factors seem to influence the public to have a less than positive
attitude toward new nuclear plants: no perceived urgency for new capacity;
nuclear power is believed to be more costly than alternatives; concerns that
nuclear power is not safe enough; little trust in government or industry
advocates of nuclear power; concerns about the health effects of low-level
radiation; concerns that there is no safe way to dispose of high-level waste; and
concerns about proliferation of nuclear weapons.

The following would improve public opinion of nuclear power:
•   a recognized need for a greater electrical supply that can best be met by

large plants;
•   economic sanctions or public policies imposed to reduce fossil fuel

burning
•   maintaining the safe operation of existing nuclear plants and informing

the public;
•   providing the opportunity for meaningful public participation in

nuclear power issues, including generation planning, Siting, and
oversight;

•   better communication on the risk of low-level radiation;
•   resolving the high-level waste disposal issue; and
•   assurance that a revival of nuclear power would not increase

proliferation of nuclear weapons.

SUMMARY 3

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


Safety

The risk to the health of the public from the operation of current reactors in
the United States is very small. In this fundamental sense, current reactors are
safe. However, a significant segment of the public has a different perception
and also believes that the level of safety can and should be increased.

Institutional Changes

Large-scale deployment of new nuclear power plants will require
significant changes by both industry and government.

Industry

One of the most important factors affecting the future of nuclear power in
the United States is its cost in relation to alternatives and the recovery of these
capital and operating charges through rates that are charged for the electricity
produced. The industry must develop better methods for managing the design
and construction of nuclear plants. Arrangements among the participants that
would assure timely, economical, and high-quality construction of new nuclear
plants will be prerequisites to an adequate degree of assurance of capital cost
recovery from state regulatory authorities in advance of construction.

The financial community and the generators must both be satisfied that
significant improvements can be achieved before new plants can be ordered.
Greater confidence in the control of costs can be realized with plant designs that
are more nearly complete before construction begins, plants that are easier to
construct, use of better construction and management methods, and business
arrangements among the participants that provide stronger incentives for cost-
effective, timely completion of projects.

The principal participants in the nuclear industry—utilities, architect-
engineers, and suppliers—should begin now to work out the full range of
contractual arrangements for advanced nuclear power plants. Such
arrangements would increase the confidence of state regulatory bodies and
others that the principal participants in advanced nuclear power plant projects
will be financially accountable for the quality, timeliness, and economy of their
products and services.

Inadequate management practices have been identified at some U.S.
utilities, large and small, public and private. A consistently higher level of
demonstrated utility management practices is essential before the U.S. public's
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attitude about nuclear power is likely to improve. Over the past decade, utilities
have steadily strengthened their ability to be responsible for the safety of their
plants. Industry serf-improvement, accountability, and self-regulation efforts
improve the ability to retain nuclear power as an option for meeting U.S.
electric energy requirements. The Committee encourages industry efforts to
reduce reliance on the adversarial approach to issue resolution.

The nuclear industry should continue to take the initiative to bring the
standards of every American nuclear plant up to those of the best plants in the
United States and the world. Chronic poor performers should be identified
publicly and should face the threat of insurance cancellations. Every U.S.
nuclear utility should continue its full-fledged participation in the Institute of
Nuclear Power Operations; any new operators should be required to become
members through insurance prerequisites or other institutional mechanisms.

A high degree of standardization will be very important for the retention of
nuclear power as an option. There is not a uniformly accepted definition of
standardization, although the industry has developed definitions of the various
phases of standardization. A strong and sustained commitment by the principal
participants will be required to realize the potential benefits of standardization
(of families of plants) in the diverse U.S. economy. The following will be
necessary:

•   Families of standardized plants will be important for ensuring the
highest levels of safety, realizing the potential economic benefits, and
allowing standardized approaches to plant modification, maintenance,
operation, and training.

•   Customers must insist on standardization before an order is placed,
during construction, and throughout the life of the plant.

•   Suppliers must take standardization into account early in planning and
marketing.

•   Antitrust considerations will have to be taken into account.

Nuclear Regulatory Commission

An obstacle to continued nuclear power development has been the
uncertainties in the Nuclear Regulatory Commission's (NRC) licensing process.
Because the current regulatory framework was mainly intended for light water
reactors (LWR) with active safety systems and because regulatory standards
were developed piecemeal over many years, without review and consolidation,
the regulations should be critically reviewed and modified (or replaced with a
more coherent body of regulations) for advanced reactors of other types. The
Committee recommends that NRC comprehensively review its
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regulations to prepare for advanced reactors, in particular, LWRs with
passive safety features. The review should proceed from first principles to
develop a coherent, consistent set of regulations.

NRC should improve the quality of its regulation of existing and future
nuclear power plants, including tighter management controls over all of its
interactions with licensees and consistency of regional activities. In addition,
NRC should reduce reliance on the adversarial approach to issue resolution.
The Committee recommends that NRC encourage industry self-improvement,
accountability, and self-regulation initiatives . While federal regulation plays
an important safety role, it must not be allowed to detract from or undermine
the accountability of utilities and their line management organizations for the
safety of their plants.

Economic incentive programs instituted by state regulatory bodies will
continue for nuclear power plant operators. Properly formulated and
administered, these programs should improve the economic performance of
nuclear plants, and they may also enhance safety. However, they do have the
potential to provide incentives counter to safety. Such programs should focus on
economic incentives and avoid incentives that can directly affect plant safety. A
joint industry/state study of economic incentive programs could help assure that
such programs do not interfere with the safe operation of nuclear power plants.
NRC should continue to exercise its federally mandated preemptive authority
over the regulation of commercial nuclear power plant safety if the activities of
state government agencies (or other public or private agencies) run counter to
nuclear safety. Such activities would include those that individually or in the
aggregate interfere with the ability of the organization with direct responsibility
for nuclear plant safety (the organization licensed by NRC to operate the plant)
to meet this responsibility. The Committee urges closer industry-state
cooperation in the safety area.

The industry must have confidence in the stability of NRC's licensing
process. Suppliers and utilities need assurance that licensing has become and
will remain a manageable process that appropriately limits the late introduction
of new issues.

It is likely that, if the possibility of a second hearing before a nuclear plant
can be authorized to operate is to be reduced or eliminated, legislation will be
necessary. The nuclear industry is convinced that such legislation will be
required to increase utility and investor confidence to retain nuclear power as an
option for meeting U.S. electric energy requirements. The Committee concurs.
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Industry and the Nuclear Regulatory Commission

The U.S. system of nuclear regulation is inherently adversarial, but
mitigation of unnecessary tension in the relations between NRC and its nuclear
power licensees would, in the Committee's opinion, improve the regulatory
environment and enhance public health and safety. Thus, the Committee
commends the efforts by both NRC and the industry to work more
cooperatively together and encourages both to continue and strengthen these
efforts.

Department of Energy

Lack of resolution of the high-level waste problem jeopardizes future
nuclear power development. The legal status of the Yucca Mountain site for a
geologic repository should be resolved soon, and the Department of Energy's
(DOE) program to investigate this site should be continued. A contingency plan
must be developed to store high-level radioactive waste in surface storage
facilities pending the availability of the geologic repository.

Environmental Protection Agency

Before operation of a high-level waste repository begins, DOE must
demonstrate to NRC that the repository will perform to standards established by
the Environmental Protection Agency (EPA). The EPA standard for disposal of
high-level waste will have to be reevaluated to ensure that a standard that is
both adequate and feasible is applied to the geologic waste repository.

Administration and Congress

The clear impression the Committee received from industry representatives
was that protection such as the Price-Anderson Act would continue to be
needed for advanced reactors, although some Committee members believe that
this was an expression of desire rather than of need. At the very least, renewal
of Price-Anderson in 2002 would be viewed by the industry as a supportive
action by Congress and would eliminate the potential disruptive effect of
developing alternative liability arrangements with the insurance industry.
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Other

The Committee believes that the National Transportation Safety Board
approach to safety investigations, as a substitute for the present NRC approach,
has merit. In view of the infrequent nature of the activities of such a committee,
it may be feasible for it to be established on an ad hoc basis and report directly
to the NRC chairman. Therefore, the Committee recommends that such a
small safety review entity be established. Before the establishment of such an
activity, its charter should be carefully defined, along with a clear delineation of
the classes of accidents it would investigate. Its location in the government and
its reporting channels should also be specified.

Responsible arrangements must be negotiated between sponsors and
economic regulators to provide reasonable assurances of complete cost recovery
for nuclear power plant sponsors. Without such assurances, private investment
capital is not likely to flow to this technology. Periodic reviews of construction
progress and costs could remove much of the investor risk and uncertainty
currently associated with state regulatory treatment of new power plant
construction.

The institutional challenges are clearly substantial. If they are to be met,
the Federal government must decide, as a matter of national policy, whether a
strong and growing nuclear power program is vital to the economic,
environmental, and strategic interests of the American people. Only with such a
clearly stated policy, enunciated by the President and backed by the Congress
through appropriate statutory changes and appropriations, will it be possible to
effect the institutional changes necessary to return the flow of capital and
human resources required to properly employ this technology.

Alternative Reactor Technologies

Advanced reactors are now in design or development. They are being
designed to be simpler, and, if design goals are realized, these plants will be
safer than existing reactors. The design requirements for the advanced reactors
are more stringent than the NRC safety goal policy. An attractive feature of
advanced reactors should be the significant reduction in system complexity and
corresponding improvement in operability. While difficult to quantify, the
benefit of improvements in the operator's ability to monitor the plant and
respond to system degradations may well equal or exceed that of other proposed
safety improvements.
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The reactor concepts assessed by the Committee were the large
evolutionary LWRs, the mid-sized LWRs with passive safety features,1 the
Canadian deuterium uranium (CANDU) heavy water reactor, the modular high-
temperature gas-cooled reactor (MHTGR), the safe integral reactor (SIR), the
process inherent ultimate safety (PLUS) reactor, and the liquid metal reactor
(LMR). The Committee developed the following criteria for comparing these
reactor concepts:

•   safety in operation;
•   economy of construction and operation;
•   suitability for future deployment in the U.S. market;
•   fuel cycle and environmental considerations;
•   safeguards for resistance to diversion and sabotage;
•   technology risk and development schedule; and
•   amenability to efficient and predictable licensing.

Net Assessment

The Committee could not make any meaningful quantitative comparison of
the relative safety of the various advanced reactor designs. The Committee
believes that each of the concepts considered can be designed and operated to
meet or closely approach the safety objectives currently proposed for future,
advanced LWRs. The different advanced reactor designs employ different
mixes of active and passive safety features. The Committee believes that there
currently is no single optimal approach to improved safety. Dependence on
passive safety features does not, of itself, ensure greater safety. The Committee
believes that a prudent design course retains the historical defense-in-depth
approach.

The economic projections are highly uncertain first, because past
experience suggests higher costa, longer construction times, and lower
availabilities than projected and, second, because of different assumptions and
levels of maturity among the designs. The Committee believes that the large
evolutionary LWRs are likely to be the least costly to build and operate on a
cost per kilowatt electric or kilowatt hour basis, while the high-temperature gas-
cooled reactors and LMRs are likely to be the most expensive. The mid-sized
LWRs with passive safety features lie between the two extremes.

SIR, MHTGR, PIUS, and LMR are not likely to be deployed for
commercial use in the United States, at least within the next 20 years. The

1 The term "passive safety features" refers to the use of gravity, natural circulation,
and stored energy to provide essential safety functions in such LWRs.
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development required for commercialization of any of these concepts is
substantial.

It is the Committee's overall assessment that the large evolutionary LWRs
and the mid-sized LWRs with passive safety features rank highest relative to the
Committee's evaluation criteria. The evolutionary reactors could be ready for
deployment by 2000, and the mid-sized could be ready for initial plant
construction soon after 2000. The Committee's evaluations and overall
assessment are summarized in Figure S-1.

The Committee has concluded the following:
1.  Safety and cost are the most important characteristics for future nuclear

power plants.
2.  LWRs of the large evolutionary and the mid-sized advanced designs offer

the best potential for competitive costs (in that order).
3.  Safety benefits among all reactor types appear to be about equal at this

stage in the design process. Safety must be achieved by attention to all
failure modes and levels of design by a multiplicity of safety barriers and
features. Consequently, in the absence of detailed engineering design and
because of the lack of construction and operating experience with the
actual concepts, vendor claims of safety superiority among conceptual
designs cannot be substantiated.

4.  LWRs can be deployed to meet electricity production needs for the first
quarter of the next century.

a.  The evolutionary LWRs are further developed and, because of
international projects, are most complete in design. They are likely to be
the first plants certified by NRC. They are expected to be the first of the
advanced reactors available for commercial use and could operate in the
2000 to 2005 time frame. Compared to current reactors, significant
improvements in safety appear likely. Compared to recently completed
high-cost reactors, significant improvements also appear possible in cost
if institutional barriers are resolved. While little or no federal funding is
deemed necessary to complete the process, such funding could accelerate
the process.

b.  Because of the large size and capital investment of evolutionary reactors,
utilities that might order nuclear plants may be reluctant to do so. If
nuclear power plants are to be available to a broader range of potential
U.S. generators, the development of the mid-sized plants with passive
safety features is important. These reactors are progressing in their
designs, through DOE and industry funding, toward certification in the
1995 to 2000 time frame. The Committee believes such funding will be
necessary to complete the process. While a prototype in the traditional
sense will not be required, federal funding will likely be required for the
first mid-sized LWR with passive safety features to be ordered.
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c.  Government incentives, in the form of seared funding or financial
guarantees, would likely accelerate the next order for a light water plant.
The Committee has not addressed what type of government assistance
should be provided nor whether the first advanced light water plant
should be a large evolutionary LWR or a mid-sized passive LWR.

5.  The CANDU-3 reactor is relatively advanced in design but represents
technology that has not been licensed in the United States. The
Committee did not find compelling reasons for federal funding to the
vendor to support the licensing.

6.  SIR and PLUS, while offering potentially attractive safety features, are
unlikely to be ready for commercial use until after 2010. This alone may
limit their market potential. Funding priority for research on these reactor
systems is considered by the Committee to be low.

7.  MHTGRs also offer potential safety features and possible process heat
applications that could be attractive in the market place. However, based
on the extensive experience base with light water technology in the
United States, the lack of success with commercial use of gas technology,
the likely higher costs of this technology compared with the alternatives,
and the substantial development costs that are still required before
certification,2 the Committee concluded that the MHTGR had a low
market potential The Committee considered the possibility that the
MHTGR might be selected as the new tritium production reactor for
defense purposes and noted the vendor association's estimated reduction
in development costs for a commercial version of the MHTGR. However,
the Committee concluded, for the reasons summarized above, that the
commercial MHTGR should be given low priority for federal funding.

8.  LMR technology also provides enhanced safety features, but its
uniqueness lies in the potential for extending fuel resources through
breeding. While the market potential is low in the near term (before the
second quarter of the next century), it could be an important long-term
technology, especially if it can be demonstrated to be economic. The
Committee believes that the LMR should have the highest priority for
long-term nuclear technology development.

9.  The problems of proliferation and physical security posed by the various
technologies are different and require continued attention. Special
attention will need to be paid to the LMR.

2 The Gas Cooled Reactor Associates estimates that if the MHTGR is selected as the
new tritium production reactor, development costs for a commercial MHTGR could be
reduced from about $1 billion to $0.3 – 0.6 billion.[DOE, 1990 in Chapter 3]
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Alternative Research and Development Programs

The Committee developed three alternative research and development
(R&D) programs, each of which contains three common research elements: (1)
reactor research using federal facilities. The experimental breeder reactor-II, hot
fuel examination facility/south, and fuel manufacturing facility are retained for
the LMR; (2) university research programs; and (3) improved performance and
life extension programs for existing U.S. nuclear power plants.

The Committee concluded that federal support for development of a
commercial version of the MHTGR should be a low priority. However, the
fundamental design strategy of the MHTGR is based upon the integrity of the
fuel (≤1600°C) under operation and accident conditions. There are other
potentially significant uses for such fuel, in particular, space propulsion.
Consequently, the Committee believes that DOE should consider maintaining a
coated fuel particle research program within that part of DOE focused on space
reactors.

Alternative 1 adds funding to assist development of the mid-sized LWRs
with passive safety features. Alternative 2 adds a LMR development program
and associated facilities—the transient reactor test facility, the zero power
physics reactor, the Energy Technology Engineering Center, and either the hot
fuel examination facility/north in Idaho or the Hanford hot fuel examination
facility. This alternative would also include limited research to examine the
feasibility of recycling actinides from LWR spent fuel, utilizing the LMR.
Finally, Alternative 3 adds the fast flux test facility and increases LMR funding
to accelerate reactor and integral fast reactor fuel cycle development and
examination of actinide recycle of LWR spent fuel.

None of the three alternatives contain funding for development of the
MHTGR, SIR, PIUS, or CANDU-3.

Significant analysis and research is required to assess both the technical
and economic feasibility of recycling actinides from LWR spent fuel. The
Committee notes that a study of separations technology and transmutation
systems was initiated in 1991 by DOE through the National Research Council's
Board on Radioactive Waste Management.

It is the Committee's judgment that Alternative 2 should be followed
because it:

•   provides adequate support for the most promising near-term reactor
technologies;

•   provides sufficient support for LMR development to maintain the
technical capabilities of the LMR R&D community;
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•   would support deployment of LMRs to breed fuel by the second
quarter of the next century should that be needed; and

•   would maintain a research program in support of both existing and
advanced reactors.
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1

Introduction

From its beginnings in the early 1950s, the nuclear power industry1 and the
government institutions that support and regulate it have brought nuclear
generation to a position second only to coal as a source of electricity in the
United States. By the end of 1990, the United States had 111 commercial
nuclear power plants licensed to operate2, with a combined capacity of about
99,000 megawatts electric.[NRC, 1991] In 1989 nuclear plants produced about
19 percent of the nation's electric power: 529 billion kilowatt hours, much more
energy than nuclear power provided in France and Japan combined.[IAEA,
1990] Three more U.S. plants are now under construction.3[NRC, 1991] U.S.
nuclear power technology has provided the basis for nuclear power plants
worldwide.[Gavrilas et al., 1990] In 1989, nuclear plants produced 77 percent
of France's electricity, 26 percent of Japan's electricity, and 33 percent of West
Germany's electricity.[DOE, 1991]

However, expansion of commercial nuclear energy has virtually halted in
the United States. No new nuclear plant has been ordered since 1978, scores of
plants ordered earlier have been canceled, and construction of at least seven
partially completed plants has been deferred. In other countries, too, growth of
nuclear generation has slowed or stopped.

1 Terms such as ''the nuclear power industry,'' "the nuclear industry," and "the
industry" are used throughout this report. In the broadest sense, these terms include the
utilities that operate nuclear plants; the architect-engineers, nuclear steam supply system
vendors, and other suppliers that help the utilities design and construct nuclear plants or
develop and manufacture the nuclear and non-nuclear components that are installed in
nuclear plants to generate electricity; and the various organizations that support these
entities (e.g., "industry"-sponsored organizations that perform research or interface with
regulatory agencies on nuclear matters).

2 This number excludes the Rancho Seco plant in California that was shut down as a
result of a referendum vote in mid 1989 (see Chapter 2). It also excludes the Shoreham
plant in New York that was shut down before receiving a full power license.

3 Watts Bar Units 1 and 2 in Tennessee, and Comanche Peak Unit 2 in Texas.
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The reasons for this interruption in growth are varied. In the United States,
growth in demand for electricity has slowed from about 7 percent annually in
the early 1970s to about 2 percent today. In addition, extended construction
schedules and high costs of building nuclear power plants have been of great
concern, and the costs of operating and maintaining nuclear power plants have
risen more rapidly than those of a principal competitor—coal plants.[DOE,
1988] The cost of base load generated electricity is strongly affected by capital
costs, and therefore it is relatively sensitive to factors such as inflation, high
interest rates, delays, and backfit requirements that increase the cost of
construction. This is particularly so for nuclear plants, compared to electricity
from fossil plants that are more sensitive to inflation in fuel costs. Also, state
public utility commissions have disallowed billions of dollars of construction
costs from inclusion in rate bases (and thus from recovery from utility
customers). These disallowances have made utility executives and the financial
community leery of further investments in nuclear power. Public concerns
about reactor safety, fed by the accidents at Three Mile Island in 1979 and
Chernobyl in 1986, have led to organized local and statewide opposition to new
nuclear power plants. Finally, the federal government's failure to meet
schedules in assuring the safe disposition of spent reactor fuel has further
tarnished nuclear energy in public opinion.

In the 1980s, reactor vendors in the United States and other countries
initiated development of new reactor technologies with features intended to
provide lower cost construction and operation, improved reactor safety, and in
some cases greater flexibility in adding capacity. This report assesses these
designs and outlines several alternative research and development programs that
would ready new nuclear power technology for use in the future. It also
addresses issues of future electricity demand, cost, utility management, public
opinion, safety, and licensing and regulation that bear on the future of nuclear
power.

THE COMMITTEE'S CHARGE

In requesting this study, Congress asked the National Academy of
Sciences to analyze the technological and institutional alternatives that would
preserve the nuclear fission option in the United States. The Senate
Appropriations Committee report accompanying the 1989 Energy and Water
Development Appropriation bill said:

[The Senate Committee on Appropriations] believes that nuclear fission
remains an important option for meeting our electric energy requirements and
maintaining a balanced national energy policy. The Committee continues to
strongly support the need for a responsive nuclear fission program, but finds
the current civilian nuclear power reactor program to be a deficient aggregate
of numerous reactor

INTRODUCTION 16

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


types and conceptual variations being developed without the guidance of well-
defined strategic objectives. The Committee finds further that the future
development and institutionalization of nuclear power development should be
rethought, newly defined, and directed to be responsive to current and
projected conditions. Therefore, the Committee specifically provides ... for a
critical comparative analysis by the National Academy of Sciences of the
practical technological and institutional options for future nuclear power
development and for the formulation of coherent policy alternatives to guide
the Nation's nuclear power development.[U.S. Congress, 1988]

The Committee on Future Nuclear Power Development was formed to
conduct this study.

The Committee consisted of members with widely ranging views on the
desirability of nuclear power. Nevertheless, all members approached the
Committee's charge from the perspective of what would be necessary if we are
to retain nuclear power as an option for meeting U.S. electric energy
requirements, without attempting to achieve consensus on whether or not it
should be retained. The Committee's conclusions and recommendations should
be read in this context.
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2

The Institutional Framework

This study examines the key institutional issues that have affected U.S.
nuclear power development for the past 20 years. These issues will also
strongly shape nuclear power's future and must be adequately accommodated to
retain nuclear power as an option for meeting U.S. electric energy requirements.

The major issues that are examined here are not new—they have been
widely recognized and discussed since at least the early 1980s. For example,
one study in 1983 tried to identify what it is that prevents nuclear power from
going forward in the United States by looking at "The Utility Director's
Dilemma."

... What is the risk to the company that after it invests $2–3 billion in a 12- to
14-year process of constructing a new nuclear power plant, the plant will not
be able to operate? What is the risk to the utility that the return on the $2–3
billion invested will be zero? What is the risk that events beyond the control of
the company, and beyond its analysts' best forecasts, will delay by several
years the date on which the plant comes on line, will double the cost, or will
otherwise affect its operation in a manner that could destroy the stockholders'
equity and the utility?
If the decision to order the new nuclear power plant were made today [i.e., in
1983], the plant could begin producing power between 1995 and 1997. What
could happen in the interim? Could some future president or Congress,
governor or state legislature, Nuclear Regulatory Commission (NRC) or public
utilities commission (PUC) be antinuclear? ... Is there reasonable likelihood of
an accident of Three Mile Island (TMI) proportions or worse during the
ensuing 12–14 years at one or more of the 200 nuclear power plants operating
in the world? How could that affect public opinion, political referenda, and,
thus, the prospects for the utility's new nuclear plant?[Allison and Carnesale,
1983]
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In the mid-1980s the Congressional Office of Technology Assessment
found, after a major study, that

Without significant changes in the technology, management, and level of
public acceptance, nuclear power in the United States is unlikely to be
expanded in this century beyond the reactors already under construction
Currently, nuclear power plants present too many financial risks as a result of
uncertainties in electric demand growth, very high capital costs, operating
problems, increasing regulatory requirements, and growing public opposition.

If all these risks were inherent to nuclear power, there would be little
concern over its demise. However, enough utilities have built nuclear reactors
within acceptable cost limits, and operated them safely and reliably to
demonstrate that the difficulties with this technology are not insurmountable.
[U.S. Congress, 1984]

At about the same time, a study by researchers at the Massachusetts
Institute of Technology reached the following conclusion.

Despite the best efforts at institutional reform and innovation in LWR [light
water reactor] technology, the difficulties presently confronting the U.S.
nuclear power industry are sufficiently serious and persistent that the utilities
may not overcome their present unwillingness to order new LWRs during the
1990s, even if faced with a need to build large amounts of new central station
baseload capacity at that time.[Lester et al., 1985]
One senior electric utility executive put it another way in 1985.
Apart from everything else, expansion of the nuclear power option in the
United States is not likely to occur unless and until there is broad public and
political support for it.[Willrich, 1985]

In 1989, another study examined the question, "Will nuclear power recover
in a greenhouse?" It contained the following summary:

The major problems in the United States which led to removing nuclear power
as a choice for new generating capacity were lack of growing demand for
electricity, rising costs per plant, and bad management, as well as growing
public opposition. Unless these issues are recognized and addressed,
greenhouse warming will not lead to nuclear power being chosen when utility
executives select technologies to pursue for meeting new demands. Actions by
Congress, the public, and the industry are needed.[Ahearne, 1989]
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The issues addressed by this Committee stem in large part from
observations such as those cited above as well as from personal experience.1
Often interrelated in complicated ways, these issues include future electricity
demand and supply, costs (and disallowances of costs), utility management,
public opinion, safety, waste management, proliferation, and licensing and
regulation.

FUTURE ELECTRICITY GENERATION

Future Demand

Estimated growth in summer peak demand for electricity in the United
States has fallen from the 1974 projection of more than 7 percent per year to a
relatively steady level of about 2 percent per year. Table 2-1 shows the
projected average annual rates of summer peak demand growth over various 10-
year periods, according to the North American Electric Reliability Council The
table also shows actual average annual growth rates in summer peak demand.
The data indicate that projections made in the mid-to-late 1970s were too high.
Enough time has not passed to know whether projections made in the 1980s
will be correct.

For the period 1990 to 1999, the North American Electric Reliability
Council projects that summer peak demand will increase from about 539,000
megawatts electric (MWe) to about 646,000 MWe, an average annual growth
rate of 2.0 percent per year. The Council estimates that there is an 80 percent
probability that the actual average annual growth over the period will not
exceed 2.7 percent per year or fall below 1.2 percent per year.[North American
Electric Reliability Council, 1990]

1 There were, of course, other studies not mentioned here. See, for example, Nuclear
Power in America, by William Lanouette [Laaouette, 1985], the Report of the Edison
Electric Institute on Nuclear Power [EEI Task Force on Nuclear Power, 1985], An
Acceptable Future Nuclear Energy System, Condensed Workshop Proceedings
[Firebaugh et al., 1980], the Energy Research Advisory Board's Report to the
Department of Energy, Review of the Proposed Strategic National Plan for Civilian
Nuclear Reactor Development [DOE, 1986a], and other references in this report.
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TABLE 2-1 Projected and Actual Summer Peak Demand Growth Rates by Year of
the Estimate
Year of the Estimate Ten-Year Average Annual

Projected Growth Rates
(percent)

Actual Average Annual
Growth Rates (percent)

1974 7.6 2.9 (through 1983)
1978 5.2 2.3 (through 1987)
1982 3.0 3.5 (through 1990)
1986 22 *3.5 (through 1990)
1988 1.9
1990 2.0

*NOTE: This is only 4 years of data.
SOURCES: [U.S. Congress, 1984; North American Electric Reliability Council, 1991, 1990, 1989,
1988, 1987, and 1986; DOE, 1986c]

The Energy Information Administration has prepared long-range estimates
of growth in U.S. electricity demand. The Energy Information Administration
also compared its estimates to four other forecasts. Table 2-2 summarizes the
results, which range from a low of 1.6 percent per year to a high of 2.6 percent
per year average annual growth from 1988 to 2010.2

Finally, the Edison Electric Institute (E has prepared a forecast to the year
2015. The EEl estimates an average annual growth rate in electricity demand of
about 2.6 percent per year for 1987 to 2000, dropping to 1.5 percent per year for
2000 to 2015.[EEI, 1989]

Future Supply

In 1989, the United States had an installed summer generating capacity of
about 673,000 MWe. During the 1990 to 1999 period, the North American
Electric Reliability Council estimates U.S. additions of about 86,000 MWe and
retirements of about 4,000 MWe. Average projected annual growth in installed
generating capacity equals about 8,000 MWe per year. The Council

2 DOE's National Energy Strategy, published in February 1991, provides the following
growth rate projections for U.S. electricity consumption under the National Energy
Strategy Scenario: 1990 to 2000-2.5 percent per year; 2000 to 2010-1.5 percent per year;
2010 to 2020-1.6 percent per year; and 2020 to 2030-1.3 percent per year.[DOE, 1991]
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indicates that, in 1999, total U.S. installed summer and winter generating
capacity will be about 761,000 MWe and 779,000 MWe, respectively.[North
American Electric Reliability Council, 1990]

TABLE 2-2 Projections of Growth in U.S. Electricity Demand, 1988 to 2010
Source of Forecast Average Annual Growth Rates (percent)
Energy Information Administration 2.1 to 2.6a

Gas Research Institute 2.0
American Gas Association 1.9
WEFA Group 1.9
DRI/McGraw Hill 1.6

a The Energy Information Administration's Base Case forecast is 2.3 percent. Ranges extend
from 2.1 percent per year to 2.6 percent per year depending on assumptions about oil prices and
economic growth rates.
SOURCE: [DOE, 1990a]

Long-range forecasting has many uncertainties. Nevertheless, beyond the
year 1999, a plausible scenario for supply growth rates might lie between 1.5
and 2.6 percent per year, the long-range demand forecasts given earlier. Starting
from the larger estimated winter value of 779,000 MWe at the end of 1999,
such growth rates would then produce supply growths of about 12,000 MWe
per year to 20,000 MWe per year. If retirements of, for example, 1,000 MWe
per year were assumed, new additions would need to be about 13,000 MWe per
year to 21,000 MWe per year for the first several years of the next century.3

3 During the 1990s, the North American Electric Reliability Council estimated that the
largest number of U.S. retirements would be about 700 MWe in the year 1996.[North
American Electric Reliability Council, 1990] The use of such figures, especially after the
year 1999, assumes that aging, clean air standards, or strong pressures to reduce carbon
dioxide generation do not force large scale retirement of nuclear or fossil plants.
Significantly larger numbers of retirements could, of course, directly affect the need for
new capacity. For example, if the licenses of currently operating nuclear plants are not
extended, nuclear retirements would be about 6,000 MWe per year during the period
2005 to 2010.[NRC, 1991a]
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The new capacity would consist of both baseload and peaking units, which
would be provided both by traditional utility rate-based sources and by "non-
utility generators," or independent power producers and companies with
generating facilities that qualify under the Public Utility Regulatory Policies
Act of 1978 (PURPA). Such facilities would include cogeneration and small
hydroelectric plants, for example.

Finally, some additional supply capacity is likely to be satisfied by a
combination of further energy-efficiency improvements, renewable energy
technologies, gas, coal, and repowering.4 Thus, the annual need for new nuclear
capacity, at least during the first several years of the next century, is likely to be
only a portion of the new additions (which are estimated to be 13,000 MWe to
21,000 MWe per year). This prospect is in contrast to that of the peak years of
nuclear plant orders when, from 1970 to 1974, new orders for nuclear units
averaged about 31,000 MWe per year [DOE, 1989a], although many of these
were later cancelled.5

Growth in Competition

Due to high facility development and construction costs and state
regulatory practices, utilities today are more often contracting with third party
power producers through competitive bidding procedures designed to acquire
new generating capacity.6 According to a recent national survey, since 1984,

4 Accompanying a warning of electricity shortages in this decade, the report of a
recent conference stated "A full mix of options and enough lead time to make sound
choices on both demand and supply sides is far safer than short-term decisions and catch-
up Policies. Choices need to reflect local, regional and global environmental priorities, as
well as the economics and reliability of the entire electric supply and delivery
system.-"[Fowler and Rossin, 1990]

5 The Atlantic Council of the United States indicated that no nuclear power plants that
have been ordered since 1973 have been put into construction for the simple reason that
"about twice as many units were on order as were needed with the abrupt decline in the
rate of growth of electric Power demand.... "[Atlantic Council of the United States, 1990]

6 One review of responses to bidding requests for proposals indicates that, in 16 states,
responses exceeded requests by a factor of 8 (38,674 megawatts in response to requests
for 4,781 megawatts).[Blair, 1990]
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27 states have adopted or are developing competitive procurement systems that,
together with access already granted by PURPA, will affect the nation's electric
power markets.7 [National Independent Energy Producers, 1990] Experience so
far suggests that a substantial portion of new generating capacity can be
purchased in this fashion.[DOE, 1989b]

Because several years are often required to construct generating sources,
utilities have little operating experience with competitively purchased
electricity. Thus, the effects of competitive power purchases on the long-term
reliability of electric service—which is affected by the reliability of all sources
and transmission and distribution facilities—are not yet certain and difficult to
assess.[U.S. General Accounting Office, 1990]

According to the electricity supply estimates for 1990 through 1999 made
by the North American Electric Reliability Council, about 18,000 MWe of non-
utility generator additions are planned compared to about 68,000 MWe of utility
generating unit additions.[North American Electric Reliability Council, 1990]
In 1990, 6,000 MWe of non-utility generation went into service, bringing the
total to 32,700 MWe.[National Independent Energy Producers, 1991]

7 The Congressional findings underlying PURPA are '' ... that the protection of the
public health, safety, and welfare, the preservation of national security, and the proper
exercise of congressional authority under the Constitution to regulate interstate
commerce require—

(1)  a program providing for increased conservation of electric energy,
increased efficiency in the use of facilities and resources by electric
utilities, and equitable retail rates for electric consumers;

(2)  a program to improve the wholesale distribution of electric energy, the
reliability of electric service, the procedures concerning consideration of
wholesale rate applications before the Federal Energy Regulatory
Commission, the participation of the public in matters before the
Commission, and to provide other measures with respect to the regulation
of the wholesale sale of electric energy;

(3)  a program to provide for the expeditious development of hydroelectric
potential at existing small dams to provide needed hydroelectric power;

(4)  a program for the conservation of natural gas while insuring that rates to
natural gas consumers are equitable;

(5)  a program to encourage the development of crude oil transportation
systems; and

(6)  the establishment of certain other authorities as provided in title VI of this
Act. ''[U.S. Congress, 1978]
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Others estimate the likely non-utility share at 50 percent or more.[National
Independent Energy Producers, 1990]

The entities currently entering the independent power production bidding
process are offering cost-competitive generating plants that use well-established
gas-fired or renewable generating technologies with short construction lead
times. In general, fixed-price contracts are used for construction. These
circumstances do not now favor large-scale baseload technologies.

Integrated Resource Planning

The goal of integrated resource planning is to minimize the societal costs
of the reliable energy services needed to sustain a healthy economy. Many
utilities have installed or are installing new planning systems to assure that all
options to supply electricity are considered and the least-cost options are chosen.
[National Association of Regulatory Utility Commissioners, 1988; EPRI, 1988]
Untapped electricity savings from end-use efficiency improvements are treated
explicitly as a resource option, functionally comparable to energy deliveries to
consumers from power plants. Comparisons among resource options are made
on the basis of life cycle costs, and efforts are often made to incorporate
environmental costs in some fashion.[Cohen et al., 1990]

These systems usually make the planning process more open and more
competitive. Such systems have been pioneered in California and in the Pacific
Northwest under the aegis of the California Energy Commission and the
Northwest Power Planning Council. Integrated resource planning activities are
also under way in many other states, including Arizona, Illinois, Maryland,
Nevada, New York, Wisconsin, and the New England States. The National
Association of Regulatory Utility Commissioners has formally endorsed this
planning concept. These systems are intended to ensure that energy-efficiency
improvements and supply-side technologies of all types, including future
nuclear power generation, are compared on an equal basis. It remains to be seen
whether these systems will favor, be neutral toward, or be negative regarding
nuclear power.

Environmental Factors

Nuclear power plants emit neither precursors to acid rain nor gases that
contribute to global warming like carbon dioxide. Both of these environmental
issues are currently of great concern. New regulations to address these issues
will lead to increases in the costs of electricity produced by combustion of coal,
one of nuclear power's main competitors.
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Technology is already available to limit emissions of sulfur and nitrogen
oxides from coal-based plants, the principal acid rain precursors, and new
technology is being developed in the clean coal technology program at the
Department of Energy (DOE) and elsewhere. However, even with this new
technology, emissions of these pollutants will be much greater than those
associated with the nuclear cycle. These technologies will add to the cost of
electricity generated in coal-fired plants and will affect the future competition
between coal and nuclear plants. Increased costs for coal-generated electricity
will also benefit alternate energy sources that do not emit these pollutants.

No practical way to capture and contain carbon dioxide emissions is now
available. Depending on the growth in concern about global climate change,
controls on the combustion of fossil fuels to reduce such erosions could
severely limit the use of coal, oil, and to a lesser extent natural gas-fired
generation and could make nuclear power more attractive. Energy efficiency
and renewable generating technologies would realize similar benefits.

ELECTRICITY GENERATION COSTS

In order to deliver electricity, it must first be generated, then transported
and distributed to individual users. This report considers only the costs of
electricity generation, which consist of the sum of capital carrying charges,
operation and maintenance costs, and fuel costs. Capital carrying charges are, in
essence, the cost of capital and the depreciation and amortization of the costs of
building and financing the plant.8 Such charges are the predominant cost of
generating electricity with nuclear power. Furthermore, capital carrying costs
are constantly changing as additional investments are required over the life of
the plant.

In this section, each of the components of costs of nuclear generated
electricity is examined in order to understand its importance. Construction times
for nuclear plants are discussed as well because of their significance to capital
carrying charges. Some cost comparisons with coal are also presented.
International data are provided where appropriate.

8 See Electric Plant Cost and Power Production Expenses 1988 [DOE, 1990c] for a
more complete discussion of the costs included in capital carrying charges.
Decommissioning costs can also be included.[DOE, 1982; Jones and Woite, 1990]
Operation and maintenance expenses and fuel expenses will be defined later.
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Capital Carrying Charges

The Energy Information Administration (EIA) analyzed the cost
components in 1988 for major U.S. privately owned nuclear and coal-fired
plants. There is wide variation among the highest and lowest total generation
costs and among the components of that cost, as seen in Table 2-3. For
example, nuclear plants have both the lowest and highest total generation costs
in the table. The difference between the high and low ends is due almost
entirely to large differences in the capital carrying charges (approximately a
factor of 20 for both nuclear and coal). On the average, the data show that
nuclear plant capital carrying charges are about three times that of coal plants,
accounting for the major net difference between their total generation expenses.
[DOE, 1990c]

TABLE 2-3 Components of Highest, Lowest, and Average Total Generating Costs in
1988 for Nuclear and Coal-Fired Plants Owned by Major Private Utilities (Cents per
Kilowatt Hour)a

Highest Total
Generation Costs

Lowest Total
Generation Costs

Average Total
Generation Costs

Nuclear Coal Nuclear Coal Nuclear Coal
Total Costsb 11.3 8.5 1.6 2.2 5.6 3.1
Componentsc

Capital
Carrying

9.4 5.4 0.4 0.3 3.4 1.1

Operation &
Maintenance

1.2 0.7 0.8 0.5 1.5 0.4

Fuel 0.7 2.5 0.5 1.4 0.8 1.7

There were 179 major privately owned electric utilities in the United States in 1988.
Specific definition of the term "major" is contained in the report entitled Electric Plant
Cost and Power Production Expenses 1988.[DOE, 1990c]
a These data can be interpreted as the price of electricity generated in 1988 from nuclear and
coal-fired plants and do not represent the cost of producing electricity over the entire life of the
plants.
b Numbers may not add due to rounding
c In the first four columns, these are the costs for each component for the plants whose total
costs were highest and lowest. The last two columns represent the average plant (e.g., the
average total nuclear costs are 5.6, made up of 3.4, 1.5, and 0.8).
SOURCE: [DOE, 1990c]
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Existing nuclear plants have higher capital carrying charges, on average,
for several reasons: (1) their equipment and buildings have been more
expensive to acquire than those for coal-fired plants, (2) they have taken longer
to build, thus accumulating more interest during construction (which is, in many
cases, capitalized), and (3) in most cases, nuclear plant decommissioning costs
are taken into account in the capital carrying charges. These are all reflected in
capital carrying charges in Table 2-3.

The large amounts of capital required to build and finance some U.S.
nuclear power plants are a major cause of disenchantment with the technology.
The Committee was unable to find a complete and consistent set of data on such
costs. Therefore, to analyze the fundamental reasons for large differences in the
costs among U.S. unclear plants, the Committee makes use of the best data
found.

One measure of capital investment is called historical plant cost. 9 Another
measure is construction cost in mixed-current dollars.10 Although such
measures mix dollars over many years, they do suggest that both nuclear and
large (>300 MWe) fossil-fueled plants have exhibited cost increases over time.
For example, large fossil-fueled plants that entered commercial service from
1976 to 1978 had average historical costs of about $300 per kilowatt electric,
whereas those entering commercial service in 1987 had average historical costs
of about $1,000 per kilowatt electric. Nuclear units beginning commercial
operation from 1976 to 1978 had average construction costs (mixed-current
dollars) of about $600 per kilowatt electric, whereas those beginning
commercial operation in 1987 had average construction costs of about $4,000
per kilowatt electric.[DOE, 1990c and 1989d]

Because historical plant cost and mixed-current dollar construction cost
data are difficult to use for cost comparisons, analysts have devised ways of

9 Historical plant costs are the net cumulative-to-date actual outlays or expenditures
for a facility. These costs are effectively those that enter the rate base and are recovered
from ratepayers. Historical costs contain dollar values of the year in which the
expenditure occurred; thus they are a mixture of dollars in different time periods.
Differences in accounting practices also affect such costs, for example, the inclusion or
exclusion of time-related costs such as allowance for funds used during construction
(AFUDC). For more explanation see the report entitled Electric Plant Cost and Power
Production Expenses 1988.[DOE, 1990c]

10 These costs are referred to variously as final reported completion costs and final
estimates of total construction cost for nuclear units. The costs are in current dollars of a
number of different years (e.g., expenditures in 1971 are in 1971 dollars).[DOE, 1989d]
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separating out the time-related costs and converting the resulting costs to
constant dollars. Such costs are called overnight costs (i.e., the cost of a plant if
it could be built instantaneously, or overnight).11 It is difficult to produce such
numbers, but they are important. As will be seen in Chapter 3, one element of
the prospective merit of new nuclear plants is their predicted overnight capital
cost.

Table 2-4 summarizes the overnight construction costs in constant 1988
dollars that have been calculated for 76 U.S. nuclear power plants. The table
shows that there is a wide range between the highest and lowest values of
overnight cost for each time period. From 1977 to 1988, for example, the
highest cost plants were three times as expensive as the lowest cost plants
entering commercial operation in the same time periods. Furthermore, the data
show continued escalation in overnight costs for plants beginning commercial
operation during the 1970s and 1980s, with a sharp increase from the years
before 1981 to 1981 and beyond (e.g., the highest cost plant from 1981 to 1984
was twice as expensive as the highest cost plant from 1977 to 1980). The cost
increases do not appear to be affected strongly by the introduction of larger
plants.12

The higher standards of quality and quality assurance required for nuclear
plants were not initially sufficiently appreciated by the nuclear industry nor its
regulators. This lack of appreciation contributed in many cases to inadequate
quality, and even occasionally to mistakes, in construction, with attendant
higher costs.

Time-related costs (i.e., those costs that result because the nuclear plant
cannot be constructed overnight, such as financing charges) accounted for
approximately 25 percent of the inflation-adjusted increase in total construction
costs.[DOE, 1986b] Thus, the time-related costs are significant,

11 For more discussion, see the reports entitled An Analysis of Nuclear Power Plant
Construction Costs [DOE, 1986b] and The Economics of Nuclear Power, Further
Evidence on Learning, Economies of Scale, and Regulatory Effects.[Cantor and Hewlett,
1988]

12 However, one study points out that, because of the indirect effect of size on costs,
there seems to be some evidence supporting claims that attempts were made to build
plants too large to be efficiently managed by the constructors.[Cantor and Hewlett, 1988]
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TABLE 2-4 Overnight Construction Costs for Selected U.S. Nuclear Power Plants,
by Year of Commercial Operationb

Year of
Commercial
Operation

1988 Dollars per kWea Number of
Plants

Average
Size (MWe)

Highest Lowest Average
1971–1974 1,234 480 817 13 855
1975–1976 1,284 562 1,035 12 885
1977–1980 1,608 562 1,118 11 905
1981–1984 3,326 1,003 1,733 15 1,064
1985–1986 4,204 1,342 2,620 15 1,129
1987–1988 4,596 1,383 3,133 10 1,070

SOURCE: [DOE, 1986b], supplemented by revised overnight cost data base provided by Energy
Information Administration staff on December 14, 1990 (See Note below)
a 1982 Dollars in source material were convened to 1988 Dollars by using factor of 1.213
[DOE, 1989c]
b Nuclear Regulatory Commission data were used for dates of commercial operation and for
individual plant capacities [NRC, 1990a,b]
NOTE: The data base that was provided contained 79 plants. Seabrook, Shoreham, and Three
Mile Island 2 were excluded from the above calculations because the Seabrook costs only went
to 1986, the Shoreham plant never reached commercial operation and costs only went to 1985,
and Three Mile Island 2, which had $1.173 billion in overnight costs (1988 dollars) through
1978, was destroyed in early 1979. Plants not included in the data base were turnkey plants (for
which the reported costs were not believed representative of the realized costs) and plants for
which data were not available. The procedure used to compute the overnight costs consisted of
starting with the historical plant costs (i.e., those that entered the rate base), and then removing
the time related costs (i.e., interest and inflation). The results were the actual cash outlays for
construction. The accounting procedures used by the utilities for reporting these cash outlays
are governed by the Uniform System of Accounts (a set of federal regulations). Thus, the
accounting variations that remain are very small.[J. Hewlett, Energy Information
Administration, personal communication]
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although not as significant as the overnight costs.13 For this reason, it is
useful to examine the time it takes to construct nuclear power plants.

Construction times are an important issue because long construction times
increase capital carrying charges, directly through finance charges and
indirectly through growth in the costs of labor and materials. Long construction
times also increase the possibility of regulatory changes that may require
expensive plant modifications.

Table 2-5 shows nuclear power plant construction times for 110 U.S.
plants entering commercial service through 1989. The table indicates
continually growing construction times from when the first U.S. nuclear plants
entered commercial service through the 1980s. The minimum times doubled
from about 3 years to 6–7 years, and the maximum times went from about 8
years to 13–19 years. The average times grew from 5 years to 10–12 years.

Table 2-6 shows how U.S. construction times compare to those
experienced by other countries, particularly France (see the article entitled
Nuclear Units Under Construction [Bacher and Chapron, 1989] for discussion
of French nuclear plant construction), West Germany, Japan, and the United
Kingdom. For units beginning operation prior to 1978, all countries took about
the same time to construct a nuclear plant—4 to 6 years on the average.
Afterwards, however, the United Kingdom's and the United States' average
times doubled (to about 11 to 13 years). There were also increases in the
construction times experienced by France,14 West Germany, and Japan, but they
were not so pronounced.

The high costs of recently completed nuclear plants have been subjected to
intense review by state public utility commissions, and in some cases

13 See An Analysis of Nuclear Power Plant Construction Costs [DOE, 1986b] for a
more complete discussion of the relative importance of overnight costs versus time-
related costs. In particular, that report contains the following statement: "In short, in real,
inflation-adjusted terms, escalation in overnight costs, rather than time-related costs, is
the principal factor causing the cost increases. Thus, attempts to reduce costs should
focus on the managerial and regulatory factors that affect plant design and construction,
as well as on the factors that just affect the time required for licensing of the plants."

14 The increase of the construction times in France is mainly due to the fact that the
power of the French pressurized water reactors was raised in successive steps, from 900
MWe initially to 1,300 MWe and lately to 1,450 MWe.
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utilities have not been allowed to fully recapture the capital costs of plants in
rates. The aggregate value of these disallowances and the reasons for them will
be discussed after the next section. Mid-construction cancellations have created
an additional source of financial risk. Between 1972 and 1984, more than $20
billion in capital flowed into 115 nuclear projects that their sponsors later
cancelled.[Cavanagh, 1986] When a plant is cancelled, some costs are
recovered by the utility from customers and others are not, depending on rulings
of the applicable regulatory commissions.

TABLE 2-5 Construction Times For 110 U.S. Nuclear Power Plants. Construction
Times in Yearsa for Plants Beginning Commercial Operation in Given Time Periods

Prior to
1975

1975 through
1979

1980 through
1984

1985 through
1989

Minimum Time 2.7 3.7 6.1 6.6
Maximum Time 7.6 10.1 13.4 19.3b

Average Time 5.4 7.2 10.1 12.2
Number of
Plants

40 23 17 30

a Construction Time is defined here as time elapsed from actual ground breaking until the first
generation of electrical energy.
b This plant first generated electricity in September 1989, even though it did not begin
commercial operation until 1/8/90.
SOURCE: [NRC, 1982 and 1990f]
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TABLE 2-6 Comparison of U.S. Nuclear Power Plant Construction Time Spans with
Those of Other Countries. Average Construction Tune Spans in Yearsa for Plantsb

Connected to Grids in Given Tune Periods
Country Prior to 1978 1978 through 1989
France 5.1 5.9
West Germany 4.7 7.6c

Japan 3.9 4.7
United Kingdom 5.7 12.8d

United States 5.5 11.1e

World (including United States) 5.2 7.7

a Time spans measured from first pouring of concrete to unit connection with grid.
b Both operating and shut down reactors are included.
c However, the average time span of all (four) nuclear power plants for which construction
began in West Germany after the Three Mile Island accident was 5.7 years.
d These were gas reactors.
e This includes about a two year regulatory delay after the Three Mile Island accident.
SOURCE: [IAEA, 1990]

Major deterrents to new orders for nuclear plants include their high capital
carrying charges, which are driven by high construction costs and extended
construction times, and the risk that their construction costs will not be
recovered. Both of these issues (i.e., reduced capital carrying charges and
predictability of cost recovery) must be addressed before new nuclear plant
orders are likely.

Operation, Maintenance, and Fuel Costs

Rising costs of the operation and maintenance (O&M) of a nuclear power
plant after it has been constructed are also an important consideration in the
decision to build a new plant. These O&M expenses, as they are sometimes
called, are defined as follows:

Operation expenses are associated with operating a facility (i.e., supervising
and engineering expenses). Maintenance expenses are that portion of expenses
cons of labor, materials, and other direct and indirect expenses incurred for
preserving the operating
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efficiency or physical condition of utility plants that are used for power
production, transmission and distribution of energy.[DOE, 1990c]

Fuel costs are the last component of total electricity generation costs. Fuel
costs

. . . include the fuel used in the production of steam or for driving another
prime mover for the generation of electricity. Other associated expenses
include unloading the shipped fuel and all handling of the fuel up to the point
where it enters the first tank, bunker, hopper, bucket, or holder in the boiler-
house structure.15 [DOE, 1990c]

Comparative trends from 1982 through 1988 for the average O&M costs
and fuel costs of both nuclear and fossil-fueled plants are displayed in
Table 2-7. These data show that nuclear O&M costs have increased
significantly through the 1980s, while fossil fuel costs have decreased
significantly.16, 17 This result has led EIA to state

The advantage seen for nuclear power in fuel cost is diminished by their
operation and maintenance expenses and high capital costs.[DOE, 1990c]

Previously, after completing a detailed analysis of the trend of O&M costs
for nuclear power plants, EIA stated

Continued escalation in operating costs could erode any cost advantage that
operating nuclear power plants now have . . . If

15 Apparently, waste disposal costs are not included in the fuel costs of DOE's Electric
Plant Cost and Power Production Expenses 1988 report [DOE, 1990c] for either coal or
nuclear plants.

16 At this time, of come, concerns about oil prices and effects of the Clear Air Act
amendments raise questions about the stability of fossil fuel prices.

17 In an earlier report EIA provided data that, when adjusted to constant 1988 cents,
showed that the sum of O&M and fuel costs for coal plants was nearly 3 cents per
kilowatt hour versus nearly 2 cents per kilowatt hour for nuclear plants. However, by
1987, the sum was identical (a little more than 2 cents per kilowatt hour) for both coal
and nuclear plants.[DOE, 1989e]
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operating costs continue to escalate, it may become economical to close some
of the older plants, and thus the assumption of a 40-year operating life may be
optimistic.[DOE, 1988c]

Three important factors were given by the EIA for the changes in nuclear
O&M costs. These factors appear below.

Over the period studied, increases in the price of replacement power (i.e.,
power from other sources to replace the power lost when a nuclear power plant
is out of service) offered an increased incentive to improve performance,
resulting in increased O&M costs. Furthermore, State regulatory actions
provided additional incentives to improve plant performance. In total, these
economic and regulatory incentives to improve plant performance statistically
explained about 15 percent of the escalation in real O&M costs. The analysis
could find no evidence that increases in replacement power prices influenced
real capital additions costs.
Plant aging has received a great deal of attention, and some analysts have cited
aging as a major determinant of nuclear power plant operating costs. However,
this analysis found that plant aging explained only about 17 percent of the
escalation in capital additions costs. Furthermore, as plants age, real O&M
costs actually fell ... this could be due to the fact that as plants age, the
experience of the operator increases, which could result in lower costs: with all
other factors held constant, real O&M costs would be about 33 percent less
because of plant aging.
A third important factor is the effect of increases over time in NRC activity.
Unfortunately, this analysis was unable to separate these NRC regulatory
effects from those resulting from increases in industry experience and any
other unmeasurable factor correlated with time. However, the combined effects
of all these time-related factors were substantial. In the absence of increases in
NRC regulatory activity, industry learning, and other unmeasurable factors
correlated with time, real O&M and capital additions costs would be about 70
percent and 60 percent lower, respectively, than otherwise.[DOE, 1988c]

Nuclear Costs in Other Countries

U.S. nuclear power plants represent only about a fourth of those in the
world.[IAEA, 1990] Therefore, it is instructive to examine the relative cost
competitiveness of nuclear and coal plants through the perspectives of other
nations. It is also instructive to review the means that others have used to
control the costs of nuclear power plants.
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The results of examining the projected costs of nuclear power plants
versus coal plants were summarized in a recent journal article based on several
studies, including ones by the Organization of Economic Cooperation and
Development and the International Union of Producers and Distributors of
Electrical Energy.[Jones and Woite, 1990; Moynet et al., 1988; OECD, 1989]
The authors did caution against the comparison of absolute costs between
countries.18 However, some large differences indicate the influence of
institutional aspects that might have considerable importance for the economics
of nuclear energy. The low investment costs of French plants to a large extent
may be due to more efficient use of engineering capacity by construction of
larger series of similar plants (standardization) and by the concept of twin and
multiple units. The recent German experience with the Konvoi plants (decrease
of investment costs in German currency) also indicates the importance of
standardization.

Relative to the United States, reported O&M costs are much lower in most
other countries. For France, values of 0.5 cent per kilowatt hour are reported for
1987, which is about one third of the current U.S. average. Influencing factors
may be the more efficient organization of engineering infrastructure within one
large utility, smaller work force, and the better employment of work force in
multiple unit plants. For West Germany some increase in O&M costs has been
observed, which is due to safety improvements of operating plants (backfits and
accident management implementation). Still, the West-German O&M costs are
about half the U.S. average.

Nevertheless, the journal article does present data that provide an
assessment of the projected relative costs of nuclear and coal plants as well as
the electricity they could generate. These data show that the investment cost of
coal-fired plants was projected to be less than that of nuclear power plants on a
dollars per kilowatt electric basis for all 22 countries examined, including the
United States. For some countries (e.g., France. and Czechoslovakia), projected
nuclear investment costs exceeded those of coal by only a small amount. For
other countries (e.g., Germany and China), nuclear plants were projected to
require twice the investment of coal plants.

The electricity generation costs of projected coal plants versus nuclear
power plants were also compared on a relative basis. The results were
summarized by the authors as follows:

18 Reasons are" ... because of their substantial variations of economic and social
systems and different provisions for radioactive waste management, plant
decommissioning, and environmental protection."[Jones and Woite, 1990]
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In short, most of the participating countries expect nuclear power to have a
lower levelized generating cost than coal-fired generation or, at worst, to about
break-even. However, for most countries, the projected comparisons between
coal and nuclear generating costs are not clear cut when viewed across the full
range of assumptions considered in the studies. Under some assumptions of
parameter values, nuclear power has a sizeable cost advantage over coal; for
other parameter values the reverse is the case.[Jones and Woite, 1990]

With respect to bringing the benefits achieved in the most successful
countries to others, the authors tabulated ways of reducing the capital costs of
nuclear power plants (e.g., feedback experience through standardization, extend
planning quality and quantity by completing detailed designs and resolving
political and regulatory issues before starting construction, and improve project
management).[Jones and Woite, 1990]

Costs of Disallowances

U.S. nuclear plants were designed and built using a variety of
arrangements utilizing architect-engineers, equipment suppliers, constructors,
consultants, and internal staffs. Many of these arrangements resulted in timely
construction, within budget. Others experienced significant delays and serious
cost overruns.

These overruns attracted the attention of state public utility commissions.
Many "prudency" reviews19 followed. These reviews resulted in disallowances
of cost recovery and have become a major risk of the construction of nuclear
power plants. As Table 2-8 and Table 2-9 show, these disallowances have been
for a variety of reasons, including capacity not needed and imprudence

19 These are post-construction reviews to determine which costs of construction were
prudently incurred and should be recovered from ratepayers.
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TABLE 2-8 Nuclear and Non-Nuclear Disallowances by Issue During the 1980s
(Number of case or disallowances are given in parentheses)

$ in Billions
Category Regulatory Issuea Nuclear Non-Nuclear
Capital Excess Capacity $ 2.2 (7) $0.6 (7)

Economic Value 1.0 (4) 0
Imprudence 7.1 (27) 0.1 (5)
Cost Caps 2.7 (9) 0
Other 0.8 (9) 0

Subtotal (Capital) $13.8 (44)b $0.7 (12)
Operations Imprudence $ 0.6 (44) $ c
Totals $14.4 (88) $0.7 (12)

a The definitions of each type of regulatory issue are provided in the note below.
b Some cases involve capital disallowances on more than one issue.
c Non-nuclear operating imprudence not examined.
SOURCE: EEI Rate Regulation Department, December 1990 and January 1991
NOTE to Table 2-8:

•   Excess Capacity-investments disallowed as not "used and useful" to the
public. Such disallowances are not necessarily permanent and can be
included in the rate base at a later date, if the utility's capacity
requirements have grown sufficiently. Some of this capacity may be
sold to other utilities needing such capacity.

•   Economic Value-investments disallowed as excessive in comparison to
alternate sources of generation. The difference between book and
market value usually was excluded from rate base.

•   Imprudence-capital costs said to have been imprudently incurred.
Typically, imprudence findings have centered on decisions which
affected the schedule for completion of the plant, or which involved
the management of engineering and construction tasks.

•   Cost Caps-investments disallowed in order not to exceed a
predetermined cap on the rate base value of a project. In most cases,
such caps were the result of negotiated settlements.

•   Other-disallowed investments that do not fall within the above
categories (e.g., rate case settlements that cannot be attributed to a
specific issue described above).
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•   Nuclear Operating Imprudence-nuclear operating expenses said to have
been imprudently incurred. In these decisions, PUCs typically
disallowed incremental replacement power costs or maintenance
expenditures incurred as a result of imprudently extended outages (i.e.,
actions, or the lack thereof, which unreasonably increased the length of
outages).

(e.g., alleged mismanagement).20 The financial losses from these
disallowances have been borne by utility stockholders. The prospect of the
inability to recover all costs of nuclear construction through rates is a major
deterrent to future investments in nuclear power. Without reasonable assurance
of cost recovery, private utilities will have difficulty in obtaining new equity as
well as debt capital to help finance any baseload generation.

The state public utility commissions have demonstrated that incurred costs
that the commissions have deemed imprudent will not be recovered. This is an
authority of utility commissions that has seldom been used before. It has been
primarily applied to nuclear, rather than fossil, power plants.21 Knowing that
costs might be considered "prudent" or "imprudent," the industry must develop
better methods for managing the design and construction of nuclear plants.
Arrangements among the participants that would assure timely, economical, and
high-quality construction of new nuclear plants, the Committee believes, will be
prerequisites to an adequate degree of assurance of capital cost recovery from
state regulatory authorities in advance of construction. The development of state
prudency laws also can provide a positive response to this issue (see discussion
later in this chapter).

20 Another source indicated that the disallowances for imprudent actions were $13
billion during the period 1984 to 1988. "That represents an average disallowance of 14
percent of all plants judged to have imprudent actions associated with it, including both
alleged mismanagement of construction and excess capacity judgments."[Cohen, 1989]

21 Table 2-8 demonstrates that disallowance for non-nuclear plants represented a small
fraction of the total.
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Liability Protection

The nuclear industries have been covered since 1957 by the Price-
Anderson Act. This act limits the maximum liability of the nuclear industry to a
catastrophic accident. This limit is now about $7 billion (i.e., $200 million in
primary liability insurance plus $63 million per plant for 100+ plants if the
primary insurance is exceed). In case of an accident, money would be collected
by insurance pools from all nuclear plant operators and paid to claimants on
behalf of the plant that had the accident. No more than $10 million per plant per
year would be collected.[Presidential Commission on Catastrophic Nuclear
Accidents, 1990] Damage costs above this amount would probably, but not
necessarily, fall to the federal government to pay, in any event, federal
payments would require legislation by the Congress. The Price-Anderson Act
was renewed in 1988 and will expire in 2002 unless it is renewed again by the
Congress.[Price-Anderson Amendments Act of 1988]

In its original consideration of this legislation, Congress had an estimate by
the Atomic Energy Commission of the possibilities and consequences of severe
nuclear power accidents. (This estimate was entitled "Theoretical Possibilities
and Consequences of Major Accidents in Large Nuclear Power Plants," WASH
740, March 1957.) Since then, the estimated probabilities and consequences of
major large accidents have changed. The question arises: Will this liability
limitation still be needed as nuclear industry protection after 2002, or can the
nuclear industry rely upon its own resources? The dear impression the
Committee received from nuclear industry representatives was that such
protection Would continue to be needed, although some Committee members
believe that this was an expression of desire rather than of need. At the very
least, renewal of Price-Anderson in 2002 would be viewed by the industry as a
supportive action by Congress and would eliminate the potential disruptive
effect of developing alternative liability arrangements with the insurance
industry. Failure to renew Price-Anderson in 2002 would raise a new
impediment to nuclear power plant orders as well as possibly reduce an assured
source of funds to accident victims.

UTILITY MANAGEMENT OF CONSTRUCTION AND
OPERATIONS

Currently, 53 utilities are licensed to operate nuclear plants in the United
States[NRC, 1991a] The federal government made an early commitment to
nuclear power. Plant construction was initiated based on limited research,
development, and demonstration. Many reactor suppliers and many architect-
engineers and contractors launched ambitious plans to secure market share. This
hindered the sharing of experiences nationwide as well as the development of
efficiencies usually associated with a learning curve. As costs
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escalated, fixed price contracting often shifted to cost plus arrangements, with a
consequent reduction of control over costs by utilities.

Concurrent Design and Construction

As seen in Table 2-10, construction of large nuclear plants began before
lessons could be learned from operating the early smaller nuclear plants.
Additionally, construction of most plants began with incomplete designs,22 a
practice that proved to be a problem for this then-emerging technology. Such
problems were exacerbated by regulatory standards that were developed
piecemeal over many years, without review and consolidation, as issues arose in
the construction and operation of current-generation plants.23

These regulations have been criticized by the industry as redundant,
confusing, and in some instances, contradictory. Because this regulatory
framework evolved with and is mainly intended for LWRs with active safety
systems, it should be critically reviewed and modified (or replaced with a more
coherent body of regulations) for advanced reactors of other types, particularly
LWRs incorporating passive safety systems.

In 1989 NRC issued 10 CFR Part 52, the new licensing rule, which for
certification requires that designs of evolutionary LWRs be "essentially
complete." For certification of other types of reactors, 10 CFR Part 52 requires
that there be either (1) " ... analysis, appropriate test programs, experience, or a
combination thereof; ... sufficient data ... on the safety features ... ;" and a
design that is "complete" in "scope,'' or (2) " ... acceptable testing of an
appropriately sited, full-size, prototype of the design....''24 [GSA, 1990] A strict
application of such requirements would assure both that design concurrent with
construction would be minimized and that future

22 "Construction on many recent nuclear plants was begun with < 15 percent of the
plant design complete."[Chung and Hazelrigg, 1989]

23 In addition to the basic rules, those in the Code of Federal Regulations (10 CFR—),
NRC publishes regulatory guides, branch technical positions, and assorted other
advisories. As of 1987, the 10 CFR regulations filled more than 1,000 pages of the
federal code, and NRC had 141 regulatory guides on power reactors and reactor-related
areas.[Ahearne, 1988]

24 See Chapter 3 for more discussion of certification requirements for reactors other
than evolutionary LWRs. In November 1990, the U.S. Court of Appeals overturned a
portion of 10 CFR Part 52, but left the remainder, including this requirement, untouched.
(See later discussion in the Licensing and Regulation Section.)
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nuclear plants would have a high degree of standardization. The Electric Power
Research Institute's Advanced Light Water Reactor Utility Requirements
Document specifies that designs be 90 percent complete prior to beginning
construction (see Chapter 3, Table 3-2).

TABLE 2-10 Comparison of Average Sizes of U.S. Nuclear Power Plants in
Commercial Operation with U.S. Plants Receiving Construction Permits
Year Average Size In

Commercial Operation
(MWe)

Average Size
Construction Permit
(MWe)

Ratio (Op'n/
Constr'n)

1964 118 542 0.2
1965 118 610 0.2
1966 118 704 0.2
1967 118 747 0.2
1968 310 801 0.4
1969 412 909 0.5
1970 466 877 0.5
1971 540 946 0.6
1972 574 871 0.7
1973 624 1,052 0.6
1974 686 1,064 0.6
1975 713 1,151 0.6
1976 729 1,148 0.6
1977 752 1,027 0.7
1978 756 860 0.9

SOURCE: [NRC,1989a]

Standardization

There were five major competing suppliers of first-generation nuclear
reactors in the United States. Three of these were suppliers of pressurized
LWRs of similar basic design, one supplied boiling LWRs, and one, high-
temperature gas-cooled reactors.

LWR vendors competed by offering reactors of ever-increasing capacity to
take advantage of expected economies of scale. In addition, most of the utilities
tailored designs of individual plants to their own special requirements. Rather
than adhering to a single design and slowly and systematically improving it,
suppliers, architect-engineers, and utilities made substantial changes to each
design. Additionally, virtually every plant was modified
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extensively throughout the construction phase. The result was that most U.S.
plants became customized, unique designs.

There is general belief that standardization of nuclear plants will result in
accelerated licensing, improved construction schedules, lower capital costs, and
increased safety. There is little evidence in the United States, however, to verify
this claim.

In the past, changes in regulatory requirements and individual utility
preferences made licensing of replicate plants nearly impossible. Claims for
improved quality and cost control for factory built modules, as compared to on-
site fabrication, have not yet been substantiated.

Other countries have developed their nuclear power industries differently.
In France, for example, there is a single reactor vendor and architect engineer,
and a single utility. France concentrated on a single technology, the pressurized
water reactor design, and exploited this technology with uniform construction
practices and evolutionary design upgrades in a disciplined, controlled process.
[Giraud and Vendryes, 1989]

Furthermore, Electricité de France has capitalized on its standardized
designs by standardizing many aspects of maintenance, operations, and training.
Many observers believe that the vigorous approach to standardization, in both
design and operation, has been an important factor in the overall success of the
French program.

Of the nuclear stations in the United States, only a very few are
"standardized." (However, in a number of cases, 2, and in some instances 3,
nearly identical units are located at the same site.) Examples include the two
SNUPPS units, Calloway and Wolf Creek; the four units at Byron and
Braidwood; and the three units at Palo Verde. The operators of these units point
to substantial benefits from a limited approach to standardization.

Achieving a significant degree of standardization will prove to be very
challenging. The new NRC licensing rule provides a vehicle for encouraging
standardization. However, achieving a high level of standardization through 10
CFR Part 52 is likely to be expensive and time consuming. The debate over
implementation of Part 52 has revealed that there is not a uniformly accepted
definition of standardization. Also, utility industry efforts to create and sustain
common patterns of purchasing behavior may raise anti-trust concerns that will
need careful review (the Committee did not address this issue).

The industry, under the auspices of the Nuclear Power Oversight
Committee (NPOC), has developed a position paper on standardization that
provides definitions of the various phases of standardization and expresses an
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industry commitment to standardization. The NPOC paper discusses four
phases: (1) Standardization of Utility Requirements, (2) Standardization of
Design Certification and Standardized Licensing, (3) Commercial
Standardization,25 balance of plant," and (4) Standardization Beyond Design.
[Nuclear Power Oversight Committee, 1991]

The Committee believes that a strong and sustained commitment by the
industry's principal participants (utilities, suppliers, and architect-engineers)
will be required to realize the potential benefits of standardization (of families
of plants) in the diverse U.S. economy.

Plant Management

Many nuclear plants in the United States have operated very well over
extended periods of time. Their managements have been identified as being

25 To illustrate the definitions provided by NPOC, the Committee has extracted the
following example:

Commercial standardization expands the level of design standardization achieved
under design certification...in that it addresses design decisions beyond regulatory
requirements and provides design standardization outside the regulatory scope.

Commercial standardization is the nonrecurring engineering which can be performed
generically and applied directly to all plants referencing the same design certification.
Simply stated, commercial standardization beans with the level of design detail required
for design certification and concludes with the level of design detail where site-specific
and project-specific characteristics control. Since the level of detail required for design
certification will vary based on the safety significance of the system, it follows that the
starting point for commercial standardization will also vary by system. Commercial
standardization will also vary by system. Commercial standardization includes all of the
engineering needed to complete the nonrecurring engineering tasks for a family of
plants. It will include procurement, construction, and installation specification details
beyond those required for design certification, including function, fit, and form details
for standardized equipment. Prior to beginning construction, some recurring engineering
must be completed to account for site-specific and project-specific items. Site-specific
differences are minimized by employing a 'site-envelope' design approach that bounds
most U.S. sites; therefore, site differences should not significantly reduce the degree of
standardization.

THE INSTITUTIONAL FRAMEWORK 47

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


competent and responsible. Effective plant management has been identified
both by NRC and by the industry as critical to safe, economic operation of
nuclear power plants. Inadequate management practices can have serious
consequences, as noted in the examples below:

•   Pilgrim, shut down by NRC for over four years because of poor
management;

•   Peach Bottom, shut down for two years after operators were found
asleep in the control room, with strong criticism of management made
by the Institute of Nuclear Power Operations (INPO) and NRC;

•   Rancho Seco, closed by referendum after an extended period of
inadequate management by both the board of directors and line
management;

•   Tennessee Valley Authority's (TVA) nuclear program, one of the
largest in the United States, shut down completely for more than four
years; and

•   Washington Public Power Supply System, about $8 billion to produce
1 operating plant, 2 moth-balled plants, and 2 cancelled plants.

Such management failures increase skepticism about and opposition
nuclear power generally. Today, the whole utility industry therefore has stake in
helping to improve the management practices of its weakest members, or as a
last resort, to insist that the weakest members not operate nuclear power
plants.26 Because of the high visibility of nuclear power and the responsibility
for public safety, a consistently higher level of demonstrate utility management
practices is essential before the U.S. public's attitude about nuclear power is
likely to improve.27

26 One industry report analyzed the industry's problems and recommended many
initiatives. The report stated that some utilities are not living up to appropriate standards,
and recommended that the industry publicly identify such utilities.[Nuclear Power
Oversight Committee, 1986]

27 Emphasis upon current reactor operations has been stressed by Norman Rasmussen:
[George Washington University, 1989]

First and foremost ... we must operate today's reactors safely and efficiently for the
next 5 to 10 years, and create a climate where people begin to accept reactors as good
neighbors that produce electricity rather cheaply and don't pollute the environment. We
don't need any more Pilgrims, any more Peach Bottoms, or any more problems like TVA.

... that is mainly an industry responsibility to get more serious about it, put in the
proper management, and run more reactors the way we've already demonstrated that 25
percent of them run.
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U.S. nuclear utilities made an industry-wide commitment to address
collectively their management problems seriously through establishment of
INPO following the TMI accident.28 INPO has become highly regarded. Its
establishment was dearly a major step toward improving nuclear operations and
toward better communication among nuclear plant operators. Trends in the
performance indicators discussed below confirm that operation of many plants
is improving, although as shown previously O&M costs are also rising rapidly.

Plant Performance

On average, U.S. nuclear power plants have not achieved a capacity factor
(or load factor)29 as high as planned, or as high as is obtained in many other
countries. This gives some hope that the cost of nuclear power can be reduced
by proper attention to plant performance. In this section we present a historical
survey of the trends of load factors and other performance indicators.

For plants devoted to baseload operation, as most nuclear plants are, load
factor is a good indicator of performance. As load factors increase, plants
produce more electrical energy in a given time period. The International Atomic
Energy Agency collects load factor data for the world's nuclear power plants. A
ten year overview of load factors for countries that are members of the
Organization for Economic Cooperation and Development (OECD) is provided
in Table 2-11. This table indicates that, from 1978 through 1987, U.S. nuclear
plants had an average load factor of about 60 percent, with the highest annual
average (68 percent) occurring in 1978 and the lowest annual average (58
percent) occurring in 1983. The U.S. lifetime average also was

28 The 1979 report of the President's Commission on the Accident at Three Mile Island
contained a recommendation that the nuclear industry must "set and police its own
standards of excellence." In response, INPO was formed.[INPO, 1989] The industry also
formed the Nuclear Safety Analysis Center, the Non-Destructive Evaluation Center, and
the Nuclear Maintenance Assistance Center to deal with specific aspects of nuclear plant
safety and performance improvements.

29 In the United States capacity factor is the ratio (expressed as a percentage) of actual
electrical energy generation to the electrical energy that could have been generated if a
unit ran continuously at maximum capacity during a given time period. The International
Atomic Energy Agency defines load factor in essentially the same way. For the purposes
of this section, capacity factor and load factor will be used interchangeably.
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about 60 percent as of 1987. On a lifetime basis, only Italy had poorer
performance, due at least in part to the political moratorium on nuclear power in
1987.[OECD, 1989] h 1988 the U.S. capacity factor was 65 percent, in 1989, 53
percent, and in 1990, 68 percent.[NRC, 1991a]

Some U.S. nuclear plants perform very well compared to others in the
world, while some do very poorly. For example, the list of 22 top performing
plants in OECD nations (those plants with lifetime load factors to 1988 of 85
percent or more) contains only 3 U.S. plants. On the other hand, of the 22
bottom performing plants (lifetime load factors to 1988 under 50 percent), there
arc 12 U.S. plants.[IAEA, 1990]

There have been claims by some U.S. utilities that special surveillance,
backfit, and maintenance requirements specified by NRC extend normal
refueling outage times beyond that for fuel changeout only. An annual outage
duration of 2 weeks limits the maximum possible opacity factor to 96 percent,
and 10 weeks limits the maximum to 80 percent. Accordingly, a number of
utilities have changed from annual refueling to extended operating schedules
employing 18-month or 24-month refueling schedules. If a 6-week outage is
scheduled every 12 months, the maximum capacity factor possible is 88
percent; if every 24 months, 94 percent. Attempts to improve U.S. nuclear plant
capacity factors by scheduling less frequent refueling outages are receiving
increasing attention. The Committee did not quantify differences between
outage durations in the United States and those in other countries attributable to
regulatory requirements.

Other nuclear power plant performance indicators of interest are the
number of unplanned automatic reactor scrams (i.e., trips or shutdowns) while a
reactor is critical, the number of selected safety system actuations, and the
collective radiation exposure per plant. INPO publishes such data for U.S.
plants, and they appear in Figure 2-1.30 The data show considerable
improvements in the industry averages over the 1980s. The 1990 goals shown
in Figure 2-1 were established in 1985.

30 The Federal Republic of Germany has some similar data.[Birkhofer, 1991]
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EQUIVALENT AVAILABILITY FACTOR

Equivalent availability factor is the ratio of the total power a unit could
have produced, considering equipment and regulatory limits, to its rated
capacity, expressed as a percentage.

UNPLANNED AUTOMATIC SCRAMS

The graph shows the average number of unplanned automatic
scrams while the reactor is critical that occurred at nuclear plants
operating with an annual capacity factor of 25 percent or greater.

NRC's "Automatic Scrams While Critical" indicator and the INPO
indicator differ in the criteria for including new units and units operated for
part of a year.

Figure 2-1
U.S. industry performance indicator trends through 1990 (p. 1 of 4). Source:
[Z. Pate, President, INPO, personal communication, 1991]
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UNPLANNED SAFETY SYSTEM ACTUATIONS

Unplanned safety system actuations include unplanned emergency
core cooling system actuations and emergency AC power system
actuations due to loss of power to a safeguards bus.

The industry indicator monitors the actual operation of major system
components; NRC's "Safety System Actuations" indicator monitors all
actuation signals whether or not the signal results in system operation.

LOST-TIME ACCIDENT RATE

Lost-time accident rate is the number of worker injuries involving days
away from work for every 200,000 man-hours (100 man-years) worked.

U.S. industry performance indicator trends through 1990 (p. 2 of 4). Source:
[Z. Pate, President, INPO, personal communication, 1991]
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LOW-LEVEL, SOLID RADIOACTIVE WASTE PER UNIT

The average annual volume of radioactive waste per unit for both
boiling water and pressed water reactors is shown on these charts.

GROSS HEAT RATE

Low gross heat rate, or btu per kilowatt hour, reflects emphasis on
thermal efficiency and attention to detail in the maintenance of balance-of-
plant systems.

U.S. industry performance indicator trends through 1990 (p. 3 of 4).
SOURCE: [Z. Pate, President, INPO, personal communication,
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COLLECTIVE RADIATION EXPOSURE PER UNIT

This indicator examines the average annual collective radiation
exposure in man-rem per unit for both boiling water reactors (BWRs) and
pressurized water reactos (PWRs).

U.S. industry performance indicator trends through 1990 (p. 4 of 4). Source:
[Z. Pate, President, INPO, personal communication, 1991]

THE INSTITUTIONAL FRAMEWORK 55

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


The obvious question is, ''What conclusions can be drawn from a review of
these and similar performance indicators?'' After studying nuclear plant
performance in several countries and observing the great variation in
performance among U.S. plants, one group of researchers from the
Massachusetts Institute of Technology [Hansen et. al., 1989] concluded that

... the key to improving the U.S. nuclear industry lies not in changing the
system within which utilities operate, but rather in implementing managerial
reforms that have proven crucial to success elsewhere.

It also was convinced that

. . . utilities both here and abroad that show consistently good results operate
with a high level of managerial involvement in day-to-day problems, ...

and suggested that U.S. managers would do well to look to their foreign
counterparts for help in solving problems. Finally, the group stated that

. . . managers in the United States must take vigorous steps to pressure
operators of the weakest plants to improve their performance.

A later publication (which involved one member of the previous group)
contained the following observation:

Performance of LWR [light water reactor] plants varies substantially among
industrialized countries, largely because of differences in management
style. . . . The relatively poor showing of the U.S. is striking because it cannot
be explained by differences in hardware, safety regulatory systems or nuclear
industry structure. It stems, instead, from the way in which the plants are
run. . . .[Golay and Todreas, 1990]

Except for capacity factors, the performance indicators of U.S. nuclear
plants have improved significantly over the past several years. If the industry is
to achieve parity with the load factor performance in other countries, it must
carefully examine its failure to achieve its own goal in this area and develop
improved strategies, including better management practices. Such practices are
important if the generators arc to develop confidence that the new generation of
plants can achieve the higher load factors estimated by the vendors.

Construction schedules and costs have been identified as serious problems
for the current generation of plants. The financial community and the
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generators must both be satisfied that significant improvements man be
achieved before new plants can be ordered. The industry itself has recognized
this, and NPOC has recently issued a "Strategic Plan for Building New Nuclear
Power Plants," November 1990, which discusses these and other issues.

PUBLIC ATTITUDES

Influencing Factors

It is widely accepted that public attitudes have been a growing problem for
nuclear power.

Public support for building nuclear power plants declined from strong majority
support prior to TMI, to a break-even level by 1982, to four to one opposition
in 1987. Support for constructing a plant in one's local area began to decline
even before TMI.[Nealy, 1990]

Several factors seem to influence public attitudes:
•   For the past decade or more, electricity supplies have been ample, and

the public feels no sense of urgency about supporting the addition of
new generating capacity of any kind.

•   The public recognizes that there are alternatives to nuclear power
plants to produce electric power and believes that nuclear power is
more costly than many of these alternatives.

•   Well publicized problems with U.S. nuclear power plants undermine
the public's perception of their safety.

•   The public does not have a high degree of trust in either the
governmental or industrial proponents of nuclear power.

•   The public has concerns about the health effects of low-level radiation.
[DeBoer, 1988]

•   The public is concerned that there is no safe way to dispose of
highlevel radioactive waste.
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•   Many skeptics of nuclear power (including what Alvin Weinberg has
called the 'articulate elites"31 [Weinberg, 1989]) believe the potential
for nuclear weapons proliferation is a major threat posed by the use of
nuclear power.32

Ambiguity of Polls

In response to the question, "On the question of nuclear power, in general,
do you favor or oppose the building of more nuclear power plants in the United
States?" opinion shifted between 1975 and 1988, from about 63 percent in
favor, 19 percent opposed, to about 61 percent opposed, 30 percent in favor.
[Harris 1989] In a recent poll, about 75 percent of respondents said that nuclear
energy was the most dangerous way to generate electricity.[Cambridge Energy
Research Associates, Inc., 1990]

On the other hand, when asked "how important a role should nuclear
energy play in the national energy strategy for the future?" 81 percent of those
surveyed said "very important" or "somewhat important," although when asked,
"If a new power plant is needed in your area, would you favor, oppose, or
reserve judgment for a nuclear plant?'' 59 percent said that they would reserve
judgment and 23 percent that they would oppose a nuclear plant.[DOE, 1990b]

Polls, in fact, have consistently shown higher levels of opposition to
building nuclear plants near respondents' own communities as compared to
nuclear power development in general. Also, some disagree that the accident at
TMI was a watershed event that destroyed public confidence in nuclear power.
("When public opinion is viewed over a 15-year period beginning in the early
1970s, TMI looks like little more than a small blip, which slightly accelerated a
secular trend against nuclear power.") [Ganson and Modigliani, 1989] Finally,
at least on nuclear power issues, interpreting the meaning of public opinion
polls is difficult because widely different views seem to be supported by
different polls. This result may occur because responses appear

31 For example, Carl Sagan stated in the widely read Parade Magazine that " . . .
there's one other problem: All nuclear power plants use or generate uranium and
plutonium that can be employed to manufacture nuclear weapons."[Sagan, 1990]

32 Non-skeptics have also commented on the risk of proliferation. For example, one
senior utility executive said "We who believe that nuclear power can and should play a
role in meeting mankind's future needs for energy must do everything we can to
strengthen the barriers between nuclear power and nuclear weapons."[Willrich, 1985]
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especially sensitive to small differences in question wording and context in the
interview.

Improving Public Attitudes

In the Committee's judgment, the following developments and conditions
would improve public attitudes toward nuclear power, leading to greater public
acceptance.

•   A recognized need for a greater electricity supply that can best be met
by new large-scale baseload generating stations;33

•   A national environmental policy leading to sanctions to reduce
emissions resulting from the use of coal, oil, and natural gas in
generating electricity (Of course, such a policy would also make
alternative sources of electricity more attractive, including energy-
efficiency improvements and renewable energy technologies.);

•   Maintaining the safe operation of existing nuclear power plants, and
communicating this fact in a coherent manner to the public;

•   Providing the opportunity for meaningful public participation in
nuclear power issues, including generation planning, siting, and
oversight;34

•   Communicating to the public in a coherent and comprehensive way the
whole issue of natural and man-made low level radiation as well as
that of perceived and estimated risks;

•   A resolution of the high-level radioactive waste disposal stalemate; and
•   Assurances that a revival of nuclear power would not materially affect

the likelihood of nuclear weapons proliferation.

33 Nuclear plants are presently considered not to be appropriate for service as peaking
units for operational as well as economic reasons, although they can be used for load-
following.

34 As an illustration of the way greater public participation might improve public
acceptance, it could be worthwhile to mention that (what are called) Local Information
Commissions are established in France where nuclear power plants are located. Each
Commission is chaired by an elected representative of the local population and consists
of representatives from the media, unions, various associations, etc. These Commissions
are regularly informed about the operation of the plant and can at any time summon the
management to provide explanations on any incident which might occur. The mere
existence of such Commissions assures the local population that no event seriously
affecting the safety of the plant or the environment could happen without the public
being immediately aware of it.[G.Vendryes, personal communication]
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SAFETY ISSUES

Prevention of Nuclear Accidents

U.S. designers of nuclear plants have employed a "defense-in-depth"
philosophy to ensure the safety of these plants. Defense-in-depth means the use
of multiple safety systems and barriers to prevent serious accidents or mitigate
their consequences. Measures intended to prevent accidents also protect the
investments in the plant, the people who work in it, and the general public.
Measures designed to mitigate the effects of an accident, once it occurs, are
intended primarily to protect the public's health and safety.

The preceding section on public attitudes indicated that the potential
hazards of nuclear power are important to the public. Although having
enormously different health consequences, the accidents at TMI and Chernobyl
reinforced the public's concern about the safety of nuclear power plants. The
Congress recognized the necessity of assuring that peaceful applications of
atomic energy would be safe when it passed the Atomic Energy Act, which states

... regulation by the United States of the production and utilization of atomic
energy and of the facilities used in connection therewith is necessary in the
national interest to assure the common defense and security and to protect the
health and safety of the public.[U.S. Congress, 1981]

Investors in nuclear plants are interested in a high level of accident
prevention measures because a serious core damage accident will turn the
investors' assets into a large liability. For example, TMI, Unit 2, a new plant
that cost about $1 billion to build, became a liability to General Public Utilities
within a few hours. The cleanup costs are estimated to have been about $1
billion, exclusive of replacement power costs.35 Moreover, an accident in one
plant, even though it causes no outside fatalities or health effects, is likely to
have profound consequences for all similar plants. The

35 There is no doubt that the top executives of utilities that own nuclear plants are
concerned about protecting the investment. For example, Detroit Edison's new chairman
stated: "Fermi represents 35 percent of our assets, 10 percent of our capacity, 20 percent
of our energy. The first thing I do every morning when I come in is look at the morning
report and see what's going on at Fermi. When it runs well, the company does well." The
previous chairman was also reported to have said, after learning about a serious operator
error at Fermi in 1985, "... we all found out about this very serious safety shortcoming. I
was literally sick to my stomach."[Myers, 1990]
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TMI accident led to an immediate, though temporary, shutdown of all similar
reactors in the United States.

Public policy makers also should be concerned about the level of accident
prevention measures because another accident like that at TMI in the near future
would seriously affect the future of nuclear power in the United States.

While the Committee is mindful of the importance of the mitigation of
accident consequences to protect the public, the safety discussion in this section
has focused on the prevention of accidents. In the next section, the safety policy
of NRC as it relates to the protection of the public is discussed.

Nuclear Regulatory Commission's Safety Policy

The Atomic Energy Act, as amended, authorizes and mandates NRC to
regulate commercial use of nuclear energy to protect the public health and
safety. NRC must therefore base its decisions on public health and safety
considerations rather than on the economic impact on a utility or the industry.

NRC published the current safety policy, "Safety Goals for the Operations
of Nuclear Power Plants," in November 1988.[10 CFR, Part 50, 1988] This
policy does not contain required numerical values for core melt frequency,
emergency core cooling system failure rates, or other performance
characteristics. Instead, it sets forth qualitative safety goals and high level
quantitative objectives to protect the public. (See Note with 10 CFR Part 50 at
the end of this chapter.) However, the Commission has recently stated

A core damage probability of less than 1 in 10,000 per year of reactor
operation appears to be a very useful subsidiary benchmark in making
judgments about that portion of our regulations which are directed toward
accident prevention.[Chilk, 1990a]

With respect to this benchmark, the NRC staff has stated

If each of the current population of approximately 100 plants had a calculated
core damage frequency approximating this overall mean value [i.e, 1 × 10-4 per
reactor year], it would imply the overall occurrence of such events, on average,
at a frequency of about once in a hundred years, a time interval larger than the
expected lifetime of any single plant.[Stello, 1989]

The design requirements for the advanced reactors are more stringent than
the NRC safety goal policy.
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Utility Improvement and Self-Regulation

Inherent in the Atomic Energy Act, as amended, and in the licensing
process for utilities is the idea that the primary responsibility for the safety of
commercial nuclear power plants rests with the operator (the licensee). The
important safety role of federal regulation must not be allowed to detract from
or undermine the accountability of utilities and their line management
organizations for the safety of their plants.

Over the past decade, utilities have steadily strengthened their ability to
meet this responsibility. Their actions include the formation and support of
industry institutions, including INPO. Self-assessment and peer oversight
through INPO are acknowledged to be strong and effective means of improving
the performance of U.S. nuclear power plants. This U.S. utility industry
organization has recently been emulated on a worldwide scale by the formation
of the World Association of Nuclear Operators (WANO).

The Committee believes that such industry self-improvement,
accountability, and self-regulation efforts improve the ability to retain nuclear
power as an option for meeting U.S. electric energy requirements. The
Committee recommends that NRC encourage such industry initiatives.

Safety of Existing Reactors

There are three basic methods that provide complementary insights into the
safety of a reactor or set of reactors: operational history, inspections for
compliance with applicable standards, and probabilistic risk analysis.

In over 1,400 reactor years of U.S. commercial reactor operation [NRC,
1990b], there have been one core melt accident (TMI), one serious fire that
threatened core damage (Brown's Ferry), and several serious system or
component failures in commercial LWRs.36 None has led to significant off-site
releases of radioactive material.

NRC administers and directs an accident sequence precursor (ASP)
program. This program was established at the Nuclear Operations Analysis

36 The Browns Ferry fire was discussed in the U.S. Nuclear Regulatory Commission's
Annual Report for 1975, and the Accident at Three Mile Island was the subject of the
report of a Presidential Commission in October 1979. A possible recent example of a
serious system failure was the loss of control rod position indication, feedwater control
system, plant computers, and some plant lighting as a result of a main transformer fault
at the Nine Mile Point Unit 2 nuclear reactor in August, 1991.[NRC, 1991b,c]
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Center at Oak Ridge National Laboratory in 1979 to provide a means of
evaluating the significance of operational experience. Under this program,
operational experience reported by the U.S. commercial nuclear power plants
was reviewed to identify and categorize precursors to potential severe core
damage accidents.[NRC, 1989b] According to NRC's report:

The operational events selected in the ASP Program form a unique database of
historical system failures, multiple losses of redundancy, and infrequent
accident initiators. These events are useful in identifying significant
weaknesses in design and operation, for use in analysis of industry
performance, and for use in probabilistic risk assessment-related studies ...
operational occurrence that involve portions of postulated core damage
sequences are identified and evaluated. Event tree models and probabilistic
risk assessment techniques are used to put the reported data in perspective for
evaluation. The event trees model plant equipment that could affect, or could
be used to mitigate, the event being evaluated, as well as human actions. This
method allows quantitative estimates of the significance of the event in terms
of a conditional core damage probability.37

The breakdown of precursors in 1984 through 1988 by conditional core
damage probability is shown in [Table 2-12]. In 1985, there was one precursor
with conditional core damage probability in the 1E-2 range and one precursor
with this probability in the 1E-3 range. The 1985 precursor with conditional
core damage probability in the range of 1E-2 was an operational event at Davis-
Besse Nuclear Power Station involving a complete loss of feedwater. The
precursor with conditional core damage probability in the 1E-3 range was an
operational event at Edwin I. Hatch Nuclear Plant, Unit 1, involving a stuck-
open safety relief valve and a loss of the high-pressure coolant injection system
and the reactor isolation cooling system.
In 1986, there were two precursors with conditional core damage probability in
the 1E-3 range. The precursors were operational events at Catawba Nuclear
Station, Unit 1 ..., and at Turkey Point Plant, Unit 3. . . . The event at Catawba
Unit 1 was a small-break loss-of-coolant accident involving a guillotine
rupture of the letdown line. The event at Turkey Point Unit 3 involved a
reactor trip with a stuck-open pressurizer relief valve. There were no
precursors with

37 The definition of "conditional core damage probability" provided by the NRC staff
follows: "[It] is the likelihood that an event or condition will result in core damage given
actual observed initiating conditions and degradation and failures of equipment needed
to mitigate the event." [Jordan, 1991]
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conditional core damage probability greater than 1E-3 in 1987 or 1988.

TABLE 2-12 Number of Precursors and Associated Conditional Core Damage
Probabilitiesa (from NRC's Accident Sequence Precursor Program)
Conditional Number of Precursors by Year
Probabilityb 1984 1985 1986 1987 1988
1E-2 0 1 0 0 0
1E-3 1 1 2 0 0
1E-4 15 8 4 10 7
1E-5 8 13 7 9 14
1E-6 8 16 5 14 11

a The definition of "conditional core damage probability" provided by the NRC staff follows:
"[It] is the likelihood that an event or condition will result in core damage given actual observed
initiating conditions and degradation and failures of equipment needed to mitigate the event."
[Jordan, 1991]
b 1E-2 means 10-2, or 0.01, etc.
SOURCE: [NRC, 1989d]

In 1988, four of the seven precursors with the highest conditional core damage
probability (i.e., 1988 precursors having an estimated conditional core damage
probability greater than 1E-4) involved common mode failures; another event
involved potential common mode failures. These data illustrate the importance
of common mode failures to reactor safety and the need for continued
vigilance in the areas of maintenance, inspection, and testing of safety
equipment.[NRC, 1989b]

The data in Table 2-12 indicate a slightly declining frequency of
occurrence of precursors with relatively high conditional probabilities,
suggesting that safety may be improving.

Inspection is used by NRC to evaluate a plant in relation to the large body
of NRC regulations and license commitments. If a plant is found by inspectors
to meet the regulations, it is deemed "safe." Few plants have been ordered shut
down because NRC found them unsafe, although examples include Pilgrim and
Peach Bottom. NRC has never permanently shut down a licensed plant on
safety grounds.
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Probabilistic risk analysis (PRA) has been used increasingly since 1979
when NRC endorsed this technique following a congressionally mandated
review of the Atomic Energy Commission's Reactor Safety Study.38 [Chilk,
1979] The review recommended greater use of PRA.[Lewis, 1978] As a result,
PRAs have been performed for many U.S. nuclear plants. By the mid-1980s,
new methods for analyzing severe accidents had evolved, leading NRC to
reassess the risks of such accidents in five commercial nuclear plants. The
results are presented in the latest version of NUREG-1150 and numerous
supporting documents.[NRC, 1989c] NUREG-1150, entitled Severe Accident
Risks: An Assessment for Five U.S. Nuclear Power Plants, is a major step
forward in PRA methods. The major advancements in NUREG-1150
methodology are the inclusion of an uncertainty analysis based on the use of
expert opinion to develop parameters and probability distributions where there
is insufficient experimental and analytical data, and the inclusion of external
initiating events in two cases (Surry and Peach Bottom). The elicitation of
expert opinion is a formalized process so that the assumptions and
approximations employed by the risk analysts become explicit to all who read
the analyses. There are two issues regarding this procedure, however, the
question of just who is an expert on a given issue, and the data upon which the
experts base their opinion. In NUREG-1150, these issues are important when
considering how the methodology and results will be used, and in understanding
the limitations of this methodology.39

In 1989, the NRC staff stated:
Available PRA evidence to date suggests that current plants, on the whole,
probably are configured such that the overall mean core damage frequency is
probably near but still somewhat above 10-4 per year.[Stello, 1989]

However, NUREG-1150, in 1990, indicated that this estimate may be
pessimistic. Although "NUREG-1150 is not an estimate of the risks of all

38 Specifically, NRC stated: "Taking due account of the reservations expressed in the
Review Group Report and in its presentation to the Commission, the Commission
supports the extended use of probabilistic risk assessment in regulatory decisionmaking.
"[Chilk, 1979]

39 The Advisory Committee on Reactor Safeguards has cautioned, "Since there is a
dearth of information concerning many of the phenomena that determine severe accident
progression, expert elicitation was used most extensively in the Level 2 portion of the
PRAs.... However, with insufficient information there can be no experts. Thus, use of the
term 'expert opinion' in a description of some of the Level 2 work may be misleading."
[NRC, 1990g]
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commercial nuclear power plants in the United States,'' it did provide "a
snapshot in time of severe accident risks in five specific commercial nuclear
power plants."

So-called external events (e.g., seismic and fire) were analyzed for only
two of the five plants (Surry and Peach Bottom). Two widely divergent
predictions for the seismic hazard curve existed, one prepared by Lawrence
Livermore National Laboratory by consulting a large group of experts
[Bernreuter et al., 1989], the other by the EPRI [Seismicity Owners Group and
EPRI, 1986] employing somewhat different methods of using expert opinion.
NRC chose to report the core melt frequencies associated with each seismic
hazard curve independently, rather than average them in some fashion.

The mean core melt frequencies reported in NUREG-1150 for these five
commercial nuclear power plants are reproduced in Table 2-13.

TABLE 2-13 Mean Core Melt Frequency (Reactor Year-1)
INTERNAL EVENTS EXTERNAL EVENTS

LLNL Seismic EPRI Seismic
Surry 4.0E-5 1.3E-4 3.6E-5
Peach Bottom 4.5E-6 9.7E-5 2.3E-5
Sequoyah 5.7E-5
Grand Gulf 4.0E-6
Zion 3.4E-4*

* Recent changes in equipment and procedures now lead to a predicted mean core melt
frequency of 6E-5 for the Zion Plant, according to NUREG-1150
SOURCE: [NRC, 1989c]

THE INSTITUTIONAL FRAMEWORK 66

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


It is noted that all commercial nuclear power plants that have not had a
prior PRA performed are required to undertake a PRA, or an equivalent
systematic evaluation of the risk of core melt and of significant radioactivity
release, in order to identify any plant specific "outliers" that might be making
too large a contribution to risk.

One of the key utility design requirements for advanced LWRs (discussed
later in Chapter 3 of this report) is for the core melt frequency to be less than 1
in 100,000 years of operation as estimated by PA.40

PRA has proven to be of greatest value for comparison and insight. NRC
used PRA in the early 1980s to review the safety of the Indian Point reactors by
comparing them with other reactors. PRA also has provided insights into
previously unseen problems. As NRC Chairman Cart recently observed: "...
virtually every probabilistic risk assessment (PRA) performed has led to some
modifications in plant design or operational practices that would reduce the
estimated severe core damage frequency." [Carr, 1990] However, both NRC
and its Advisory Committee on Reactor Safeguards have expressed concern
that, in view of the large uncertainties in PRA, the results not be misused. NRC
Chairman Carr also stated that

... simple estimates are subject to much uncertainty inherent in projecting core
damage probabilities; these averages are driven by plants that may have much
higher core damage frequency than the majority and for this and other reasons,
are subject to potential misuse.[Carr, 1990]

With respect to NUREG-1150, NRC's Advisory Committee on Reactor
Safeguards (ACRS) recommended that

... its results should be used only by those who have a thorough understanding
of its limitations.[NRC, 1990g]

Earlier, in commenting on approaches to implement NRC's safety goal
policy, the ACRS observed

40 The discussion in this and in the previous section on safety goals is of core melt
accidents. The containment building is expected to provide significant additional
protection against radiation release for most accident scenarios. Consistent with this
concept, the NRC, in addressing goals for evolutionary LWRs, "approved the overall
mean frequency of a large release of radioactive material to the environment from a
reactor accident as less than one in one million [1×10-6] per year of reactor operation.
The Commission has not agreed on a definition of a large release...." [Chill 1990b]
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. . . it is universally agreed that the 'bottom line' estimates ... are among the
weakest results of a PRA.[NRC, 1988a]

and

We do not believe that probabilistic risk assessment (PRA) ... is sufficiently
developed to be used to make narrowly differentiated decisions about specific
plants.... the search for risk outliers for individual plants should be performed.
We believe that detailed qualitative information on plant characteristics and
behavior is an important result of such a search, but that quantitative
information (such as core melt frequency estimates for an individual plant)
developed by a PRA is less robust.[NRC, 1987a]

and

We note that there must be recognition of important limitations in the
implementation of the Safety Goal Policy. These limitations are essentially
those of the PRA methodology used, and are caused by a fundamental inability
to accurately predict and calculate precise values of risk. Variability in data,
uncertainty about applicability of data, imperfect understanding of important
physical phenomena, and inevitable incompleteness in analysis all contribute
to this limitation.[NRC, 1987a]

While PRA is not a perfect tool for assessing risk, it provides valuable
methods and is currently used by vendors and some utilities to evaluate design
modifications. NRC has also requested that an integrated plant examination be
performed at all U.S. nuclear plants using PRA techniques. The purposes of this
examination are:

. . . for each utility (1) to develop an appreciation of severe accident behavior,
(2) to understand the most likely severe accident sequences that could occur at
its plant, (3) to gain a more quantitative understanding of the overall
probabilities of core damage and fission product releases, and (4) if necessary,
to reduce the overall probabilities of core damage and fission product releases
by modifying, where appropriate, hardware and procedures that would help
prevent or mitigate severe accidents. It is expected that the achievement of
these goals will help verify that at U.S. nuclear power plants severe core
damage and large radioactive release probabilities are consistent with the
Commission's Safety Goal Policy Statement.[NRC, 1988b]
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After examining the available information, the Committee has reached the
following conclusions.

•   The risk to the health of the public from the operation of current
reactors in the United States is very mall. In this fundamental sense,
current reactors are safe.

•   A significant segment of the public has a different perception, and also
believes that the level of safety can and should be increased.

•   As a result of operating experience, improved operator and
maintenance training programs, safety research, better inspections, and
productive use of PRA, safety is continually improved. In many cases
these improvements are closely linked to improvements in simplicity,
reliability, and economy.

Industry plans for advanced reactors include safety requirements that
exceed those of current plants.[EPRI, 1986]

HIGH-LEVEL RADIOACTIVE WASTE DISPOSAL

Lack of resolution of the high-level waste problem jeopardizes future
nuclear power development. First, there are enough arguments made against
nuclear power based on the lack of resolution of the high-level waste disposal
issue that this constitutes a major cause of the public's unfavorable perception of
nuclear power.41 Second, state regulation may prohibit further nuclear power
development until the high-level waste disposal issue is resolved. For example,
California law prohibits the construction of more nuclear plants in that state
until the California Energy Commission certifies that the high-level waste
problem is solved.

In the United States, DOE has been assigned the task of siting,
constructing, and eventually operating a geologic high-level radioactive waste
repository. The work is being funded by ratepayers through a special surcharge
on electricity generated at nuclear power plants. DOE now estimates that this
geologic waste repository will not be ready to receive spent reactor fuel before
about 2010. Even this date is in doubt, given the legal and regulatory problems
and the political and technical uncertainties that have arisen regarding the
identified Yucca Mountain site.[National Research Council, 1990] These
problems are exacerbated by the requirement that, before operation of a
repository begins, DOE must demonstrate to NRC that the

41 For example, a paper discussing the case against reviving nuclear power states ''The
daunting problems of nuclear waste disposal and nuclear materials proliferation grow
ever more indomitable as governments fail to come up with solutions and the materials
themselves accumulate." [Flavin, 1988]
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repository will perform to standards established by the U.S. Environmental
Protection Agency (EPA), which limit the release of radionuclides to specific
levels for 10,000 years after disposal.[EPA, 40 CFR 191] NRC's staff has
strongly questioned the workability of these quantitative requirements, as have
the National Research Council's Radioactive Waste Management Board and
others.42 For example

The . . . [National Research Council Board on Radioactive Waste
Management] believes that this use of geological information and analytical
tools—to pretend to be able to make very accurate predictions of long-term site
behavior—is scientifically unsound.

The Board also wrote:

The United States appears to be the only country to have taken the approach of
writing detailed regulations before all of the data are in. As a result, the U.S.
program is bound by requirements that may be impossible to meet.

and

... the demand for accountability in our political system has fostered a tendency
to promise a degree of certainty that cannot be realized.[National Research
Council, 1990]

EPA's criteria also were criticize by the Nuclear Waste Technical Review
Board set up by the Congress to review the high-level waste program:

... the release limits [in the draft revision of 40 CFR 191, the FPA high-level
waste regulation] appear very conservative and inconsistent with present day
regulatory practice and scientific consensus.[Nuclear Waste Technical Review
Board, 1990]

In addition, the criteria have been criticized by EPA's own Scientific
Advisory Board.[Collier, 1984]

The Committee concludes that the EPA standard for disposal of high-level
waste will have to be reevaluated to ensure that a standard that is both adequate
and feasible is applied to the geologic waste repository.

42 10 CFR 60, promulgated by NRC, might also present difficulties, depending in part
on how NRC's staff seeks assurance that the EPA standards and NRC's own
requirements have been met, particularly for events such as intrusion and climate
changes. The Committee did not analyze the implications of 10 CFR 60.
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In the meantime, storage pools at some operating reactors are nearing their
licensed capacities. However, dry storage of spent fuel could alleviate this
immediate problem at most reactors, and such storage has been judged to be
adequate for many decades.[NRC, 1990c] The Atlantic Council of the United
States has recommended that the electric utility industry "develop plans for
intermediate storage at plant sites or special sites in order to assure continued
operation of their nuclear plants if the DOE deadlines are not met." [Atlantic
Council of the United States, 1990]

The Committee believes that the legal status of the Yucca Mountain site
for a geologic repository should be resolved soon, and that DOE's program to
investigate this site should be continued. In addition, a contingency plan must
be developed to store high-level radioactive waste in surface storage facilities
pending the availability of the geologic repository. However, by current law the
federal government cannot construct a temporary aboveground storage facility
(Monitored Retrievable Storage, or MRS) until the Commission has issued a
license for the construction of a repository.43

LICENSING AND REGULATION

The New Licensing Rule

An obstacle to continued nuclear power development in the United States
has been the uncertainties in NRC's licensing process. The new licensing rule,
10 CFR Part 52, was intended to improve this process. The rule provided for (1)
certification of reactor designs, (2) early NRC approval of nuclear power plant
sites, and (3) a combined construction and operating license for applications for
certified reactors on pre-approved sites.[GSA, 1990] The rule was designed to
deal with practically all licensing issues in the initial stages of the project,
leaving to the end only relatively narrow issues such as whether the plant had
been built in accordance with the license. The Commission believed that the
new rule went as far as its legislative authority

43 Section 148 (d)(1) of the Nuclear Waste Policy Act of 1982, amended in 1987,
provides that "construction of such [a monitored retrievable storage] facility may not
begin until the Commission has issued a license for the construction of a repository...."
However, DOE's National Energy Strategy indicates that Congress will be requested to
enact legislation to address, among other things, "... the siting and operation of the MRS
[monitored retrievable storage] facility, which is needed to begin Federal acceptance of
spent nuclear fuel by 1998. Progress on the siting and licensing of the MRS facility
should be independent of the schedule for siting and licensing the repository." [DOE,
1991]
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permitted in establishing a "one step" licensing regime. However, the new rule
was challenged in court. The basis of the challenge was that, by increasing the
number of issues decided early in the process so as to largely eliminate the
possibility of a second hearing after construction, the Commission had violated
the Atomic Energy Act. The United States Court of Appeals for the District of
Columbia Circuit ruled, on November 2, 1990, that

... the plain language of Section 185 [of the Atomic Energy Act] requires the
Commission to make a post-construction, pre-operation finding that a nuclear
plant will operate in conformity with the Act and that the plain language of
Section 189(a) requires the Commission to provide an opportunity for a
hearing to consider significant new information that comes to light after initial
licensing and that implicates the Commission's finding obligations under
Section 185. Accordingly, we find that two subsections of the regulations are
inconsistent with the statute. We thus vacate 10 C.F.R. Section 52.103(b) and
10 C.F.R. Section 52.103(c); we uphold the remainder of the regulations
against petitioners' various challenges.

The Court concluded that the Commission's

. . . 'rulemaking power is limited to adopting regulations to carry into effect the
will of Congress as expressed in the statute.' ... Thus, the ultimate
responsibility for such reforms as embodied in Sections 52.103(b) and (c) lies
not with the Commission, but with the Congress.[U.S. Court of Appeals for the
District of Columbia, 1990]

On March 27, 1991 the U.S. Court of Appeals for the District of Columbia
vacated this November 2nd decision and chose to address, en banc, these and
other licensing issues.[Energy Daily, 1991]

It is likely that, if the possibility of a second hearing is to be reduced or
eliminated, legislation will be necessary. The nuclear industry is convinced that
such legislation will be required to increase utility and investor confidence to
retain nuclear power as an option for meeting U.S. electric energy requirements.
[NPOC, 1990] The Committee concurs.

There are important questions about the level of detail required to certify a
new reactor design. For example, one portion of 10 CFR Part 52 that was
discussed earlier and was not overturned by the court says that the design of an
evolutionary LWR proposed for certification should be "essentially complete."
The meaning of this term has been clarified by a recent NRC policy statement.
[Chilk 1991]

The Committee views a high degree of standardization as very important
for the retention of nuclear power as an option for meeting U.S. electric
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energy requirements. Such an approach has been shown to be effective in
France, in the Konvoi plants in Germany, and in Canada. The long-term success
of standardization will depend on a determination by new owners to insist on
standardized designs, and their willingness to maintain a high degree of
standardization during construction and throughout the life of the plant.

The Nuclear Regulatory Commission

Impact of Advanced Reactors

Earlier in this chapter the Committee stated that NRC's regulations should
be critically reviewed and modified (or replaced with a more coherent body of
regulations) for advanced reactors. In addition, some of the advanced reactor
technologies discussed later in this report will make new demands on NRC. For
example, the licensing of an advanced liquid metal reactor and in situ
reprocessing may raise new licensing issues and may require reopening of the
GESMO (Generic Environmental Statement on Mixed Oxide) proceeding. In
addition, NRC may have to address the licensing of new institutional
arrangements because of reprocessing, concerns about diversion of sensitive
nuclear materials, and lack of utility experience with the technology.

Relations with Licensees

Nuclear plant licensees have been critical of the Commission as evidenced
by comments received in 10 major areas in a recent survey of utilities:44 [NRC,
1990e]

44 The following statement, which was included in NUREG 1395 [NRC, 1990e],
provides perspective for this survey:

In reading the summary and the specific licensee comments presented in this survey, it
must be borne in mind that these views are not intended as a balanced portrayal of the
impact of NRC activities. The staff sought out licensee observations of problems and the
perceptions of problems in NRC's activities rather than comments on the benefits or the
positive effects of agency regulatory activities. It is not surprising, therefore, that this
survey portrays a one-sided view of NRC activities. In some cases, the perceptions and
opinions given are at variance with the staff's understanding of the facts. Nonetheless,
the report presents the unvarnished views of the wide range of licensee representatives
who talked with the staff.
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•   Licensees believe that the Commission issues so many new
requirements that it is attempting to manage the utilities' resources
rather than to regulate the industry.

•   The Commission was accused of untimely reviews of licensee
submittals relating to technical issues, of issuing technical
specifications of low quality, and of providing inadequate provisions
for appeal on technical matters.

•   Objections were raised that Commission inspectors impose many
backfits, unauthorized by the Commission, by setting successively
higher standards of performance.

•   Licensees object to NRC's Systematic Assessment of Licensee
Performance (SALP) process, arguing that (a) it is an improper
mechanism for obtaining improved performance, and (b) public and
outside organizations misuse and misinterpret SALP results. They
argue it is too subjective and not uniformly applied among the regions.

•   Objections were raised about the collective impact of oversight by
multiple organizations such as the Commission, state safety inspectors,
insurance inspectors, and personnel from INPO.

•   Although all utilities supported recent changes to the operator
requalification examination process, they were concerned that
operators are not permitted to function in the simulator examination
process as they normally do on shift, that examiner standards change
continually, and that too many organizations are involved in
requalifications.

•   Licensees complained that the Commission takes enforcement action
for violations and new generic requirements for which corrective
action has been taken or is planned. They expressed fears that
challenges by the utilities to such actions would result in lower ratings
in their performance assessments.

•   Complaints were made that the Commission's thresholds for reporting
significant events are too low, that conflicts exist in the documents
governing reporting requirements, and that reporting may impair
licensees' ability to respond to an event.

•   Licensees expressed reluctance to raise issues about Commission
actions for fear of retaliation.

• Issues were raised about the qualifications and training of
commission personnel.

NRC's staff is reviewing such complaints to see what can be done to
improve and reduce requirements, to apply Commission rules consistently, and
to improve performance of Commission personnel. The Commission's survey
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of NRC employees, published in mid-1990, revealed an underlying general
observation that licensees are extremely sensitive to NRC activities and
sometimes acquiesce to avoid confrontations. In addition, three other themes
were:

•   NRC neither adequately considers cumulative impacts on licensees of
requirements it issues nor identifies priorities for such requirements;

•   NRC significantly impacts licensees by the volume and scheduling of
its on-site activities; and

•   NRC's continued loss of experienced professionals has depleted its
knowledge base and, in some instances, unnecessarily impacted
licensees.

Changes to the regulatory program are being considered by NRC as a
response to the above findings.[NRC, 1990d]

The Committee concludes that NRC should improve the quality of its
regulation of existing and future nuclear power plants, including tighter
management controls over all of its interactions with licensees and consistency
of regional activities. Industry has proposed such to NRC.[Lee, 1991]

The Committee encourages efforts on both sides to reduce reliance on the
adversarial approach to issue resolution.

Possible Conflicts of Interest

NRC's staff is often required to investigate its own role when serious
incidents at nuclear plants occur, which some believe represents a serious
conflict of interest.[Lewis, 1986] Furthermore, experience shows that the staff
managed investigations often do not identify NRC actions or inactions as
among the root causes of incidents.[Lewis, 1986]

One approach that has been proposed to correct the above problems is the
formation of an accident investigation board separate from the NRC staff. Such
a group would be modelled generally after the National Transportation Safety
Board (NTSB).[Union of Concerned Scientists, 1987; Lewis, 1986] NTSB is
independent of the Federal Aviation Administration (FAA), so it can criticize
FAA's role in an accident, such as a controller error, as well as the aviation
industry's role. Such a Board could help assure objective illumination of the role
played by NRC's personnel and processes in nuclear accidents or near-misses. It
could also help assure that recommendations for corrective measures address
NRC actions or inactions.

There is considerable Congressional testimony over the last decade in
favor of an NTSB-like organization to examine nuclear power accidents. Rep.
Udall's Interior Committee, for example, has held hearings on this concept.
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Professor H. Lewis, ACRS member, has testified many times in support of
this concept. For example, in 1986 he told the House Interior Committee's
Subcommittee on Energy and the Environment that

... the best way to learn how to distinguish the real precursors to major accident
sequences from the distractions is to learn systematically from operating
experience, and that that requires an investigation that is disjoint from the
issues of regulatory self-interest or of imposition of the necessary fixes. In both
of these matters, the regulatory agency, whichever it is, is not above suspicion.
(Indeed, the prototype for such boards, the National Transportation Safety
Board, was once part of the regulatory agency, but experience demonstrated
the prudence of separation, as it will here, in time.) [Lewis, 1986]

NTSB always includes industry experts on the investigative teams, thereby
getting the most knowledgeable people.

The Committee believes that the NTSB approach, as a substitute for the
present NRC approach, has merit. In view of the infrequent nature of the
activities of such a committee, it may be feasible for it to be established on an
ad hoc basis and report directly to NRC's chairman. Before the establishment of
such an activity, its charter should be carefully defined, along with a clear
delineation of the classes of accidents it would investigate. Its location in the
government and its reporting channels should also be specified.

STATE REGULATION OF NUCLEAR POWER45

The Committee believes that the trends in government involvement in
regulation are to transfer authority from the federal to state and local
governments. The Committee has not explicitly addressed the long-term
implications for nuclear power of these changes, except for the changing role of
states in safety and economic regulation.46

45 The Committee notes that state regulatory authorities have limited influence over
federal power marketing administrations or municipal utilities.

46 A general reference for state-federal interactions that involve nuclear regulation was
prepared in 1987 under the auspices of Lawrence Livermore National Laboratory.
[Pasternak and Budnitz, 1987]
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State Safety Regulation

Although the Atomic Energy Act of 1954 assigned the role of safety
regulation to the Atomic Energy Commission and its successor since 1975,
NRC, several states have established substantial programs for safety oversight
of nuclear power plants. Some utilities are concerned that aggressive state
oversight programs could complicate an already difficult management job,
reduce efficiency, increase costs, and perhaps adversely affect safety.[Inside
NRC, 1990] However, the states with current programs have not attempted to
take action in areas reserved for federal authorities, and, in general, state
personnel coordinate their activities with local NRC personnel. The Committee
sees the possibility that existing state programs might expand and that
additional states may engage in safety oversight activities.

State Economic Regulation

The states have primary authority for the economic regulation of the
production and retail sale of electrical power within their borders. Among the
most important decisions of state public utility commissions are those relating
to what capital expenditures may be incorporated in the rate base and recovered
from customers with a return on investment.

Some nuclear power proponents contend that, since utilities have a
relatively low allowed rate of return, they must have a high level of assurance
of full cost recovery. However, any agreements made in advance are unlikely to
incorporate guarantees of recovery of costs that substantially exceed costs for
alternative ways to provide the same service to ratepayers. Thus, unless the
problems that have led to the current high construction costs and cost overruns
of nuclear plants are solved, limited assurances are not likely to be of much
value.

One remedial response would be enactment by the states of the Utility
Construction Review Act offered by the Council of State Governments'
Committee on Suggested State Legislation in July 1990. This legislation would
facilitate the construction of electricity generating power plants that state
regulators have authorized as necessary. It would permit periodic approvals of
completed construction work on utility facilities and assured rate recovery
(absent fraud, concealment, or gross mismanagement) for approved
expenditures. Similar proposals by others have been called rolling prudency
reviews. The concept of state-utility shared responsibility would also apply to a
continuing evaluation of the need for power, so that if circumstances changed,
the state public service (or utility) commissions would be obligated to
immediately notify the utility building a new plant which may no longer be
needed. In this case, the legislation would again permit recovery, through rates,
of a utility's investment in the delayed or cancelled facility up to the
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time of notification by the public service (or utility) commission.[Committee on
Suggested Legislation, 1991] The Committee believes that enactment of such
legislation could remove much of the investor risk and uncertainty currently
associated with state regulatory treatment of new power plant construction, and
could therefore help retain nuclear power as an option for meeting U.S. electric
energy requirements.

On balance, however, unless many states adopt this or similar legislation, it
is the Committee's view that substantial assurances probably cannot be given,
especially in advance of plant construction, that all costs incurred in building
nuclear plants will be allowed into rate bases. The solution to the problem of
recovering construction costs must begin with the nuclear industry. The
Committee believes that greater confidence in the control of costs can be
realized with plant designs that are more nearly complete before construction
begins, plants that are easier to construct, use of better construction and
management methods, and business arrangements among the participants that
provide stronger incentives for cost-effective, timely completion of projects.

Some state public utility commissions have placed the nuclear plants they
regulate under incentive systems to reward utilities for plant performance above
specified levels and to penalize them for plant performance below these levels.
In early 1990, a total of 73 nuclear plants in 18 states were operating under
performance incentive systems that use such indicators as equivalent
availability factor, fuel costs (or replacement power costs), and construction
costs.[Inside NRC, 1990] In Massachusetts, the Boston Edison Company's
Pilgrim plant operates under incentives primarily based on capacity factor, but
also on NRC's SALP process. In addition, there are much smaller incentives
related to narrowly focussed performance indicators such as number of scrams
and number of safety system actuations.[Boston Edison Company, 1990] The
economic effects of these provisions are uncertain, but, according to one report,
the Massachusetts Attorney General's office estimated that Boston Edison's
maximum annual revenue increase and loss under them would be $4.5 million
and $19 million, respectively.[Inside NRC, 1989]

Industry representatives have argued that incentive arrangements using
SALP or performance indicators (other than long-term capacity factor) have the
potential to compromise safety.[Inside NRC, 1990] In a policy statement NRC
has expressed concern about the states' use of the SALP system and other
indicators for economic incentives. The policy statement recognized that state
regulatory actions can have either a positive or negative impact on public health
and safety, and specifically identified the approaches that are of particular
concern (e.g., inappropriate reliance on SALP scores). NRC's policy is to
continue monitoring incentive programs consistent with the belief that they
should not create incentives to operate a plant when it should be shut down for
safety reasons.[NRC, 1991d]

THE INSTITUTIONAL FRAMEWORK 78

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


It is the Committee's expectation that slate incentive programs will
continue for nuclear power plant operators. Properly formulated and
administered, these programs should improve the economic performance of
nuclear plants, and they may also enhance safety. However, they do have the
potential to provide incentives counter to safety. The Committee believes that
such programs should focus on economic incentives and avoid incentives that
can directly affect plant safety.
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10 CFR Part 50, Safety Goals for the Operations of Nuclear Power Plants . Policy Statement.
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NOTE: The following goals, objectives, and proposed guideline are
contained in the above reference.

This policy statement contains two qualitative safety goals that are
supported by two quantitative objectives. It also contains a general performance
guideline.

Qualitative Safety Goals:
Individual members of the public should be provided a level of protection

from the consequences of nuclear power plant
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operation such that individuals bear no significant additional risk to life and
health.

Societal risks to life and health from nuclear power plant operation should
be comparable to or less than the risks of generating electricity by viable
competing technologies and should not be a significant addition to other
societal risks.

Quantitative Objectives:
The risk to an average individual in the vicinity of a nuclear power plant of

prompt fatalities that might result from reactor accidents should not exceed one-
tenth of one percent (0.1 percent) of the sum of prompt fatality risks resulting
from other accidents to which members of the U.S. population are generally
exposed.

The risk to the population in the area near a nuclear power plant of cancer
fatalities that might result from nuclear power plant operation should not exceed
one-tenth of one percent (0.1 percent) of the sum of cancer fatality risks
resulting from all other causes.

The Commission proposed for further staff examination the following
general performance guideline.

Consistent with the traditional defense-in-depth approach and the accident
mitigation philosophy requiring reliable performance of containment systems,
the overall mean frequency of a large release of radioactive materials to the
environment from a reactor accident should be less than 1 in 1,000,000 per year
of reactor operation.
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The narratives describing the various technologies are based upon the oral
and written record submitted to the Committee. These summaries represent a
conscientious effort to accurately depict the nature, attributes, and
distinguishing features of each technology. The Committee does not represent
this Chapter as a comprehensive treatment of each advanced nuclear reactor
technology or as an independent verification of all vendor representations.

3

Assessment of Advanced Nuclear Reactor
Technologies

The Committee was asked to perform a critical comparative analysis of the
practical technological options for the future development of nuclear power. In
conducting this analysis the Committee undertook the following tasks:

•   identifying the full range of practical nuclear reactor technologies for
the next generation of nuclear plants;

•   developing criteria to evaluate these technologies; and
•   evaluating the technologies in terms of the criteria developed.

The Committee developed evaluation criteria that reflected the
characteristics deemed most important for future nuclear power plants (e.g.,
safety and cost). (see Appendix B) The Committee then invited reactor vendors
to present design concepts for advanced nuclear reactor technologies. Enhanced
and novel features of these technologies are first described, and then the
technologies are evaluated in light of the Committee's criteria.

OVERVIEW OF ADVANCED REACTOR TECHNOLOGIES

Most reactors operate by fissioning uranium atoms with slow or thermal
neutrons. Thermal neutrons are produced in moderators such as graphite or
water. The reactor cores are usually cooled with water or a gas (e.g., helium).
Some reactors have no moderator, operate with fast neutrons, and are normally
cooled by a liquid metal (e.g., sodium). A summary of the advanced reactor
technologies reviewed by the Committee is given in Table 3-1, based on vendor-
provided information. The major headings in Table 3-1 (Large Evolutionary
Light Water Reactors, etc.) align with the rifles of the major sections below in
which the advanced reactors are discussed. The acronyns in Table 3-1 are
explained in the following paragraphs.
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The advanced commercial water reactors reviewed are of three classes: (1)
pressurized water reactors (PWR) are light water reactors (LWR) that maintain
the water adjacent to the fuel elements at high pressure to prevent boiling; (2)
bolling water reactors (BWR) are LWRs in which the water adjacent to the fuel
elements boils; and (3) heavy water reactors (HWR) are reactors in which heavy
water (deuterium oxide or D2O) serves as both coolant and moderator instead of
ordinary (light) water, and only the coolant is pressurized. In current HWRs the
reactor fuel is natural uranium, and in LWRs the fuel is uranium enriched to
contain up to a few percent of the uranium-235 isotope. (APWR and ABWR
mean "advanced"; AP means "advanced passive"; SBWR means "simplified";
CANDU means ''Canadian deuterium uranium"; SIR means "safe integral
reactor''; and PIUS means "process inherent ultimate safety".)

Two other advanced reactor technologies reviewed by the Committee do
not use water as a coolant or moderator. They are the gas-cooled graphite
moderated reactor known as the MHTGR (modular high-temperature gas
cooled reactor) and the liquid metal-cooled fast neutron reactor known as the
PRISM LMR (power reactor, innovative small module liquid metal reactor).

The vendors, in order of appearance in Table 3-1, are General Electric
(GE), Westinghouse, Combustion Engineering (CE), Atomic Energy of Canada
Limited (AECL), General Atomics (GA), and Asea Brown Boveri (ABB) Atom.

The following sections treat ten advanced reactor types—three large
evolutionary LWRs, two mid-sized LWRs with passive safety features, and five
other reactor concepts.

Large Evolutionary Light Water Reactors

Evolutionary LWRS, a subset of advanced reactors consisting of the
ABWR, APWR-1300, and System 80+, are improved versions of current LWRs
with capacities of greater than 1,000 megawatts electric (MWe). These
evolutionary designs differ to some extent from current LWRs, for which
thousands of reactor years of operating experience have been accumulated
worldwide. All evolutionary designs seek greater safety margins, greater ease of
construction, improved reliability and availability, improved maintainability,
lower costs, and greater ease of operation over existing large LWRs. The
evolutionary reactor designs conform to the advanced LWR requirements
contained in the Utility Requirements Document.[EPRI, 1990] A summary of
these requirements, which cover both enhanced safety and improved
economics, is presented in Table 3-2. The Utility Requirements Document is
being prepared through the Electric Power Research Institute (EPRI). The
technical judgments on all significant issues are reviewed by a Utility Steering
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TABLE 3-2 Key Utility Design Requirements for Advanced Light Water Reactors**
Plant size Reference size 1,200–1,300 MWe for evolutionary

designs; reference size 600 MWe for passive safety
designs

Design life 60 years
Design philosophy Simple, rugged, no prototype required
Accident resistance > 15 percent fuel thermal margin, increased time for

response to upsets
Core damage frequency < 10-5/year by probabilistic risk analysis
Loss of coolant accident No fuel damage for 6" pipe break
Severe accident mitigation < 25 REM at site boundary for accidents with >

10-6/year cumulative frequency
Emergency planning zone For passive plant provide technical basis for

simplification of off-site emergency plan
Design availability 87 percent
Refueling interval 24 months capability
Maneuvering Daily load follow
Worker radiation exposure < 100 person REM/year
Construction time 1,300 MWe: œ 54 months (first concrete to

commercial operation); 600 MWe: œ 42 months
Design status 90 percent complete at construction initiation
Economic goals 10 percent cost advantage over alternatives

(nonnuclear) after 10 years and 20 percent
advantage after 30 years

Resulting cost goals (1989 $) Overnight capital 30-year levelized total generation

*1,200 MWe commercial operation in 1998; 600
MWe in 2000

SOURCE: Electric Power Research Institute. Advanced Light Water Reactor Utility Requirements
Document, Volume 1, ALWR Policy and Summary of Top-Tier Requirements. Issued 3/90. Palo
Alto, California.
** These requirements apply to both the large evolutionary LWRs and to the mid-sized LWRs
with passive safety features.
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Committee made up of experienced nuclear utility executives from
throughout the United States and abroad.

The first standardized design to be certified in the United States is likely to
be an evolutionary LWR. Three of these LWR design concepts were presented
to the Committee. Only the new or unique features of each concept will be
described.

Advanced Boiling Water Reactor

The 1,350 MWe ABWR is being developed as the next Japanese standard
BWR under the leadership of the Tokyo Electric Power Company in a joint
venture with GE, Hitachi, Toshiba, and a group of Japanese utilities. In 1989
the Tokyo Electric Power Company announced its decision to proceed with the
construction of two ABWR units at its Kashiwazaki-Kariwa Nuclear Power
Station, with commercial operation of the first unit scheduled for 1996 and of
the second for 1998. GE was selected to supply the nuclear steam supply
systems, fuel, and turbine generators. Figure 3-1 is a diagram of this advanced
reactor's pressure vessel and core.

Finally, GE has applied for design certification under 10 CFR Part 52, and
certification currently is scheduled for completion in the mid-1990s. GE expects
that this reactor will be the first certified U.S. standard plant.[Wolfe and
Wilkens, 1988]
Core Design.

A new core and fuel design has been developed to increase operating
economies, and external recirculation pumps have been replaced by internal
pumps. The reactor pressure vessel has a single forged ring for the 10 internal
pump nozzles and the conical support skirt. The elimination of the external
recirculation pump piping and the use of the vessel forged rings have resulted in
a 50 percent reduction in the weld requirements for the primary system pressure
boundary. Finally, the reactor pressure vessel is standard BWR design, except
that (1) the annular space between the pressure vessel shroud and the vessel
wall is increased, and (2) the standard cylindrical vessel support is now a
conical skirt.
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Figure 3-1
Advanced boiling water reactor, pressure vessel and core. Source: GE Nuclear
Energy

ASSESSMENT OF ADVANCED NUCLEAR REACTOR TECHNOLOGIES 96

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


Fluid Systems.
The emergency core cooling system and residual heat removal system have

a three-division scheme. Two divisions each provide both high-pressure and
low-pressure emergency core coolant injection capability. The third division
combines a reactor-steam-driven turbine pump for the high-pressure coolant
injection and low-pressure coolant injection system. The steam driven system is
the conventional reactor core isolation cooling (RCIC) system that has been
upgraded to a safety system. The other two divisions are the high-pressure core
flooders. The steam driven system is controlled by water level and is the first
high-pressure system to come on in the event of a loss-of-coolant accident
(LOCA) or a reactor isolation transient. The residual heat removal system is a
triply redundant water delivery/decay heat removal combination. Additionally,
the elimination of large nozzles on the reactor vessel below the core helps
ensure that the core is not uncovered during any LOCA. At the same time, a 50
percent reduction of the total required emergency core cooling system pumping
capacity is realized, compared to an equivalent-size external loop BWR plant.
Control and Instrumentation.

The control and instrumentation system features a multiplexing system that
complements a digital, solid-state control design. This equipment permits a
design that increases the system redundancy, provides fault-tolerant operation,
and provides self-diagnostics while the system is in operation. 1

Containment.
The reactor building/containment is a steel-lined reinforced concrete

structure with a covered pressure suppression pool. The design also features a
horizontal vent system for venting the drywell to the suppression pool in the
event of a LOCA. In addition, elimination of the external recirculation piping
system permits greater access for inspection and maintenance of the drywell.

1 Multiplexing will be considered, as will all the advanced instrumentation and
controls technology, as part of the licensing process for the large evolutionary reactors.
This will establish the precedent for the other advanced reactors. Included in the
licensing review will be digital controls technology and the new control room designs
that incorporate current human factors considerations.[M. Chiramal, Section Chief,
Advanced Reactor Section, Instrumentation and Control, U.S. Nuclear Regulatory
Commission, personal communication, August 29, 1991.]
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Advanced Pressurized Water Reactor

The design for a large evolutionary APWR has been developed by
Westinghouse in cooperation with five Japanese utilities and Mitsubishi. Kansai
Electric Company has declared its intention to build the first such plant,
pending approval of a suitable site.[Hirata et al., 1989] This four-loop 1,350
MWe model incorporates several technological advancements.[McCutchan et
al., 1989] Although it was primarily developed for Japan, the design concepts
were adopted in the criteria specified by EPRI. Figure 3-2 depicts the reactor's
integrated safety systems.
Core Design.

The most significant new feature of the APWR is the 15 to 20 percent
reduction in power density for greater safety and thermal operating margins.
Reactivity is controlled with rods that displace water in the lattice during the
first part of the refueling cycle; the water is returned later in the cycle by
removing the displacement rods. (This feature is not included in the
APWR-1000 design, which has a conventional but reduced power density core.)
It is claimed that these features combine to reduce fuel costs by 20 percent. In
addition, the increase in the number of movable rods compared to conventional
designs requires a larger rod-guide region above the core. The larger reactor
vessel provides an increased inventory of cooling water above the core, leading
to enhanced safety while reducing requirements for the emergency core cooling
system (ECCS).
Steam Generators.

The U-tube steam generators axe larger than those in existing
Westinghouse reactors, with lower average temperatures, lower heat flux, and
easier accessibility for maintenance and repair. Other features include improved
tube materials and an improved tube support plate design.
Fluid Systems.

Safety and control functions have been integrated, reducing piping
requirements and enhancing safety-related fluid system design. For the ECCS,
four high-pressure pumps take suction from an in-containment refueling water
storage tank and inject borated water into the reactor vessel to improve core
protection for small pipe breaks. This eliminates the switchover from a tank
located outside the containment to a sump inside the containment.
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Figure 3-2
Advanced pressurized water reactor integrated safety systems (1 =
Accumulator; 2 = High head safety injection pump; 3 = Residual heat removal
heat exchanger; 4 = Residual heat removal/coolant systems pump). Source:
Westinghouse Energy Systems
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Control and Instrumentation.
The integrated control safety systems feature microprocessors and

multiplexed data highways that allow complete and rapid communication
between the central control room and the various control and protection points
in the plant. The multiplexed interconnections reduce control cabling by up to
70 percent. The safety system is designed to operate automatically when plant
conditions reach trip set points.
Containment.

A double cylindrical containment building is used with an interior pressure
bearing steel shell and an external concrete shield wall The steel containment
shell is easier to construct to quality standards. The total containment volume is
increased, and congested areas have been eliminated.

System 80+ Standard Design Pressurized Water Reactor

The System 80+ PWR, the third large evolutionary reactor reviewed by the
Committee, is rated at 1,300 MWe. It is the result of a design effort led by CE
(now Asea Brown Boveri Combustion Engineering Nuclear Power), assisted by
the Duke Power Company and the Korea Advanced Energy Research Institute.
This des evolved from CE's System 80 nuclear steam supply system design. The
advanced System 80+ design draws heavily on the designs of three operating
System 80 units at Palo Verde and two more scheduled for construction in
Yonggwang, Republic of Korea. Incremental improvements to the components
that are currently used have been incorporated in the new design.[CE, 1989a]
Figure 3-3 is an elevation view of the System 80+ containment building.
Core Design.

The System 80+ core design uses only control rods for reactivity control,
thus eliminating the need to adjust the boron concentration in the coolant. This
feature simplifies reactivity control during power load changes. In addition, the
core thermal operating margin has been increased by reducing normal operating
hot leg temperatures and revising monitoring methods.
Steam Generators.

Design enhancements in the steam generators include better steam dryers,
an increased overall heat transfer area, and slightly reduced full power steam
pressure resulting from lower coolant temperatures, compared to the System 80
design. Additional heat transfer area permits the nuclear steam supply system to
maintain rated output with a significant
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number of tubes plugged. Each steam generator will also have a larger
secondary feedwater inventory which extends the "boil dry" time, enhancing the
nuclear steam supply system's capability to tolerate upset conditions and
thereby improving operational reliability.
Fluid Systems.

The safety injection system in the enhanced System 80+ is a four-train
system of injection pumps used for both low-pressure and high-pressure
injection of borated water into the reactor coolant system. This feature
eliminates the requirement for a dedicated low-pressure injection system and
associated cross-connects with the shutdown cooling system. In addition, four
separate safety injection tanks are part of the safety injection system. The in-
containment refueling water storage tank eliminates the reliance on automatic or
manual switchover of suction in the event of a break in the primary coolant
piping.
Control and Instrumentation.

The System 80+ control system features a new design to meet human
factor, reliability, and licensing requirements. It is characterized by digital
processing, fiber optic data communications, and touch-sensitive video displays.
Containment.

The System 80+ containment design is a 200-foot-diameter pressure
bearing steel sphere surrounded by an outer concrete shield building. The
concrete shield that surrounds the steel sphere offers secondary containment,
and the relatively large free internal volume (3.4 million cubic feet) provides
increased capacity for absorbing energy and diluting hydrogen concentrations in
the event of an accident. Finally, the steel shell acts as a natural heat sink and
offers the potential for passive heat removal using external cooling. This steel
containment building is designed with an operating floor that offers 75 percent
more usable space than a cylindrical containment structure of equal volume.

Mid-Sized Light Water Reactors With Passive Safety Features

The principal U.S. effort to develop mid-sized LWRs with passive safety
features is sponsored by EPRI and the U.S. Department of Energy (DOE), with
substantial contributions from major U.S. suppliers.[Taylor and Stahlkopf,
1988; Taylor, 1989] (EPRI receives funding from most U.S. utilities and
utilities in France, Italy, the Netherlands, Japan, South Korea, and Taiwan.) The
passive plant was envisioned as a smaller reactor that would employ primarily
passive means—gravity, natural circulation, and stored energy—for its essential
safety functions.
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The passive LWR design concept was considered potentially attractive to
utility investors for several reasons: (1) the fundamental simplicity of the
passive safety concept offers an opportunity to effect wholesale simplification
(reducing many valves, pumps, pipes, tanks, instruments, etc.), with attendant
improvement in construction costs and schedules, and plant operability and
maintainability, and (2) by reducing reliance on active components and human
intervention, passive features can help accommodate a wide range of upset
conditions and internal and external plant threats, such as loss of all electrical
power.[Westinghouse, 1989]

It is estimated that, compared to a conventional 600 MWe pressurized
LWR, a plant with passive cooling features would offer the following savings in
bulk commodities:

•   60 percent fewer valves;
•   35 percent fewer large pumps;
•   75 percent less piping (in the nuclear island, the predominantly nuclear

part of the plant);
•   80 percent less heating, ventilation, and air-conditioning ducting,
•   80 percent less control cable (nuclear island); and
•   50 percent less seismic building volume.[Westinghouse, 1989; Taylor

and Stahlkopf, 1988]
For a BWR, the following reductions would be achieved:
•   valves by 16 percent;
•   safety-grade pumps and valves by 26 percent;
•   fans by 80 percent; and
•   large pumps by 73 percent.[Taylor, 1989]

The Chairman of the Utility Steering Committee for EPRI's Advanced
LWR Program provided the following thoughts on the choice of the 600 MWe
size:

This choice was more or less arbitrary. It was arrived at from two directions.
The first was that, in discussions with utilities before the ALWR [Advanced
LWR] Program began, EPRI concluded that there were a number who felt a
smaller size plant in the approximately 600 MWe size range would be better
adapted to their system, and would be something more easily accepted, than a
plant twice that size. The second reason for the choice was to distance the
Passive Plant from the Evolutionary Plant so as to reduce the direct
competition between the two.
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Enough work has been done to say that 600 MWe is not the limit for gravity
removal of decay heat. Both General Electric and Westinghouse have done
work, sometimes with Japanese firms, which indicates that plants 900 to 1,000
MWe are feasible. On the other hand, we have not done enough design or
experimental work in the United States to say with confidence where a limit
rests.
It is true that there is some value established by the size of the reactor vessel or
the size of containment which prudently limits the capacity of the first
generation of Passive Plants. That is because the power densities are lower and
therefore the core size is larger for a given capacity.
I might say that many of us believe this to be an advantage in an overall sense
in that we believe one of the problems with present generation plants is that
sizes and power densities were pushed too far, too quickly.[Kintner, 1989]

Advanced Passive Pressurized Water Reactor

The advanced passive (AP-600) design was developed by Westinghouse
with financial support from DOE and EPRI. Figure 3-4 is a diagram of the
AP-600 passive cooling system.[Westinghouse, 1989]
Core Design.

The AP-600 has the proven uranium oxide fueled core, with reductions in
coolant temperature, flow rates, and core power density to increase design
thermal margins.
Steam Generators.

The steam generators, of U-tube design, include evolutionary
improvements over those in existing plants, including improved tube material to
reduce corrosion and upgraded antivibration bars to reduce wear. Lower
average coolant temperatures are intended to improve tube integrity. The
reactor coolant pumps are mounted in the channel head at the bottom of the
steam generator, simplifying the support system, reducing piping and
construction, and increasing the space for maintenance.
Fluid Systems.

Passive cooling in the AP-600 is achieved with a passive ECCS, which is a
combination of two cooling water sources: (1) gravity drain of water from two
core makeup tangs and (2) a large refueling water storage tank suspended above
the level of the core. Additionally, the ability to inject water from two
pressurized accumulator tanks is retained. Core decay heat can also be removed
through a passive residual heat exchanger located in the
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Figure 3-4
AP-600 passive cooling systems. Source: [Westinghouse, 1989]
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refueling water storage tank. This heat exchanger transfers decay heat to
the refueling water by natural circulation as shown in Figure 3-4.
Control and Instrumentation.

Features of the system include microprocessor-based technology,
multiplexed controls for plant data and signals, electrical data links, and fiber-
optic data highways. It includes an advanced alarm system, advanced operation
display system, and an advanced accident monitoring/safety display system.

Microprocessors and multiplexed data highways permit complete and rapid
communication between the central control room and other control and
protection cabinets located throughout the plant. Malfunctions anywhere in the
plant can be detected and addressed on a real-time basis if plant conditions
change from trip setpoints.
Containment.

The containment structure is a cylindrical steel shell that, in emergencies,
can be cooled by evaporating water, which is gravity-fed from a large tank
above the containment structure. This tank holds a three-day water supply and
can be refilled externally. Heat is ultimately removed to the atmosphere by a
natural air circulation system. Like emergency core cooling, containment
cooling requires only automatic valve operations (i.e., no operator action and no
pump, diesel, or fan operations) after any major energy release from the
maximum LOCA. Concrete shielding is provided external to the steel
containment.
Modular Construction.

Large-scale studies on the construction of modules are being carried out by
Avondale Shipyards and Westinghouse to develop economical assembly
techniques in the factory or shipyard.[Taylor, 1989] This construction planning
also reflects Japanese experience in fabricating, assembling, and installing large
modules in their nuclear plants. It was estimated that these smaller, simpler
plants, amenable to factory construction and with the design essentially
complete before construction begins, could be built in three to four years
following the issuance of a construction permit. This simplified design with
shorter construction times and estimated lower capital costs could compensate
for the loss of economy of scale credited to larger plants.

Simplified Boiling Water Reactor

The SBWR is a passive design being developed by GE with financial
support from DOE and EPRI.[Duncan and McCandless, 1988] Figure 3-5
illustrates this reactor concept.

ASSESSMENT OF ADVANCED NUCLEAR REACTOR TECHNOLOGIES 106

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


Core Design.
The SBWR's lower power density increases thermal margins in the critical

power ratio from 10 percent to more than 30 percent. This indicates that the
power at the transition from nucleate to film boiling, relative to the operating
power, has increased by 20 percent. The reactor operates at full power with
natural circulation of water so that the recirculation pumps are eliminated,
resulting in a simpler reactor vessel, reduced vulnerability to loss of coolant,
and reduce maintenance. The larger reactor vessel needed for natural circulation
provides the additional benefit of a greater inventory of water above the core at
the initiation of any transient conditions.
Fluid Systems.

Passive cooling is achieved by locating the suppression pool above the
reactor core so that, in an emergency, core cooling is achieved by gravity rather
than safety injection pumps. This feature not only eliminates the injection
pumps, but also associated valves, piping, and diesel generator power supplies.
The suppression pool is a standard feature of current BWRs. It serves as a
passive cooling system that reduces the temperature and pressure in the
containment building in the event of a severe accident.

During normal operation, an isolation condenser submerged in a pool of
water, located above the core and outside the containment, controls reactor
pressure passively (automatically) without reducing the fluid volume in the
reactor vessel. Isolation condensers for passive reactor pressure control were
used in early BWRs and have been reintroduced in this design. These isolation
condensers can also be used to remove long-term, postaccident decay heat from
the containment. This second passive feature would function in the event of loss
of coolant.
Control and Instrumentation.

The system includes an advanced control panel design and features an
intelligent multiplexing system using fiber optic data transmission and
extensive use of standard microprocessor-based control and instrumentation
modules. The equipment allows fault-tolerant operation, improved fault
detection, and self-diagnostics while the system is in operation.
Containment.

The primary containment is a steel-lined reinforced concrete structure with
a steel dome located within the reactor building. It is highlighted in black in
Figure 3-5. Inside the primary containment is the pressure vessel, gravity-driven
cooling system pool, suppression pool, and depressurization valves. The last
three provide rapid response in the event of loss of coolant.
Modular Construction.

Modularization techniques are proposed to reduce costs and shorten
construction schedules to as little as 30 months. These
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techniques will be applied to reinforcing bar assemblies, structural steel
assemblies, steel liners for the containment and associated water pools, and
selected equipment assemblies, such as isolation condensers, drywell piping,
heating, ventilation, and air-conditioning units, and water treatment equipment.

Other Reactor Concepts

CANDU-3 Heavy Water Reactor

HWRs are used in Canada for commercial electric power generation These
reactors are known as CANDU (for Canadian deuterium uranium) reactors.
Although DOE operated HWRs for weapons material production for over 30
years, their design is very different from the CANDU design. For example, the
current heavy water weapons material production reactor operates at room
temperature with no significant pressure, and it has several annuli of fuel within
a ''universal sleeve homing.'' By contrast, the CANDU is a pressurized reactor,
its fuel is within a "pressure tube," which itself is within a low pressure
"calandria tube," and it operates at a high temperature.

The CANDU-3 is the latest and smallest version of the CANDU
pressurized heavy water system developed in Canada.[AECL, Undated; AECL,
1989] Its steam supply system is shown in Figure 3-6. CANDU-3 has a net
output of about 450 MWe and complements the established mid-sized CANDU
600 plant. A high level of standardization has been a feature of CANDU
reactors. The vendor notes that, in CANDU-3, all key components, such as
steam generators, coolant pumps, pressure tubes, and refueling machines, are
identical to those in operating CANDU power stations. AECL states that the
nuclear safety principles applied to the CANDU-3 reactor ensure that Canadian
regulatory requirements are met. These requirements take the form of general
criteria against which the developer must establish detailed design requirements.
[AECL, Undated]

A letter of intent to submit the CANDU-3 design for standard design
certification under 10 CFR Part 52 has been sent to NRC.
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Figure 3-6
Steam supply system of CANDU-3. Source: [AECL, Undated]
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Core Design.
Design of the CANDU-3 re, actor core closely follows that of the larger

CANDU reactors (of up to 881 MWe). The core design incorporates the
standard geometrical arrangements of horizontal fuel-containing pressure tubes
in a square lattice and has neutronic characteristics similar to those of current
CANDU 600 reactors. There are three features unique to the CANDU designs
including the CANDU-3: (1) the use of natural uranium oxide fuel, (2) the use
of heavy water as a moderator and coolant, and (3) on-power fueling.2 The
outlet header coolant pressure is about 1,450 psia and the outlet coolant
temperature is about 590°F. These operating parameters are somewhat lower
than the 2,250 psia and 615°F approximate values of U.S. pressurized LWRs.

The CANDU-3 design has a small positive void coefficient during a large
break LOCA, as does the CANDU 600. This coefficient produces a power rise
(50 to 100 percent per second) that must be counteracted by one of the two
independent shutdown systems.
Steam Generators.

CANDU-3 steam generators, like those of the CANDU 600, consist of a
vertical U-tube bundle in a cylindrical shell, located above the reactor to ensure
natural coolant circulation on loss of power to the primary cooling pumps. As in
U.S. PWR systems, the heated coolant (heavy water in CANDU reactors) is
contained on the primary side of the steam generator.
Fluid Systems.

The ECCS operation includes provisions for both short-term injection from
pressurized accumulator tanks and long-term recirculation of a mixture of
ordinary and heavy water from the reactor building floor.
Control and Instrumentation.

The reactivity control units are the reactor sensor and actuator portions of
the reactor regulating and reactor shutdown systems. These systems include
reactor power measuring devices, neutron absorbing reactivity control and
shutdown devices, and the liquid injection

2 The CANDU reactor has on-power (also known as "on-line") refueling, which means
that the fuel is changed routinely with the reactor operating at full power. A fueling
machine inserts new fuel into the reactor's fuel channels. A fuel transfer system brings
new fuel into the reactor building and takes out irradiated fuel Both the fueling machine
and the fuel transfer system are automated and operated from the main control room.
Surveillance equipment designed to monitor CANDU refueling operations is used by the
International Atomic Energy Agency so that compliance with nuclear safeguards
requirements can be verified.[AECL, Undated; AECL, 1989]
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nozzles of the shutdown system. The shutdown system is physically and
functionally separate from the regulating system.

All CANDU reactors use digital computers for the control of the reactor
regulating system and other process systems, such as the pressurizer and steam
boiler levels. In the CANDU-3, however, the two large central computers in the
CANDU 600 systems have been replaced by a distributed control system
consisting of a number of electronic modules distributed throughout the plant
and linked by coaxial-cable data highways. This control system feeds data
directly to color graphic operator stations, which form the interface between the
operator and the plant. The design also features digital automated startup.
Containment.

The CANDU-3 containment consists of a containment envelope of
reinforced concrete with a full steel liner. All penetrations that are open to the
atmosphere close automatically when an increase in containment pressure or
radioactivity, level is detected.
Modular Construction.

The layout of a CANDU-3 power station permits modular construction
because the contents of each building are subdivided into modules on a system
and subsystem basis. The interfaces between modules are intended to facilitate
site assembly and minimize site construction time. In addition, fuel channels
can be factory assembled as can the steel calandria that contain the heavy water
moderator. The shield tank, shield tank extension, and deck for the reactivity
mechanisms are also amenable to off-site construction

Safe Integral Reactor

CE has undertaken the design of the SIR jointly with Rolls Royce and
Associates Limited, Stone and Webster Engineering Corporation, and the
United Kingdom Atomic Energy Authority.[Bradbury et al., 1989] SIR is a
PWR in which the reactor core, pressurizer, reactor coolant pumps, and steam
generators are contained in a single reactor pressure vessel. The plant can
produce a nominal station power output of 640 MWe from one turbine-
generator supplied with steam from two identical 320 MWe pressurized LWR
modules. Figure 3-7 illustrates the SIR design.
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Figure 3-7a
The safe integral reactor. Source: [CE, 1989b]
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Figure 3-7b
The safe integral reactor heat removal systems. Source: [CE, 1989b]
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Core Design.
The reactor assembly is a completely serf-contained PWR within a single

vessel. Reactor coolant loop pipes and surge line have been eliminated. The SIR
fuel, fuel assembly, in-core and ex-core instrumentation are all patterned after
current CE designs for PWRs. By using many small components in parallel
within the reactor vessel, primary system connections to the pressure vessel are
relatively few and can be kept small; the largest is 2.8 inches in diameter. All
pressure vessel penetrations have been kept well above the top of the reactor
core.
Steam Generators.

Twelve cylindrical steam generator modules are installed in the annular
space between the core support barrel and the wall of the reactor pressure vessel
Located above the core, the modules provide the primary circuit natural
circulation but are also shielded from the core. Finally, the vendor claims that
full power operation can be maintained with one faulty steam generator module
isolated.
Control and Instrumentation.

This system is based on the System 80+ control and instrumentation design.
Fluid Systems.

In the SIR design, there is no primary piping, reducing primary system
failures. The normal cooldown process occurs on the secondary side, where
subcooled fluid is circulated through the secondary side of the steam generators.
For LOCAs, passive decay heat removal systems provide long-term cooling and
are configured for a minimum of 72 hours of operation without intervention.
The use of soluble boron for reactivity control has been eliminated.
Containment.

The containment consists of (1) the reactor vessel compartment, which
houses the reactor pressure vessel and support structure; (2) eight cylindrical
steel pressure suppression tanks with external fins, each containing a pool of
water; and (3) a vent system that connects the reactor vessel compartment to the
pressure suppression tanks. The containment structure is filled with inert gas to
prevent hydrogen ignition.

The reactor vessel compartment is a steel-lined, reinforced-concrete
cylindrical structure capped by a removable steel dome. A vent pipe connects
the gaseous space of the compartment to the shop-fabricated, cylindrical, steel
pressure suppression tanks. These tanks are housed within a reinforced-concrete
structure that has outside air intake and discharge ducts for circulating ambient
air.
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Modular Construction.
The compact and simplified SIR design is suited to modular installation.

[Bradbury et al., 1989] With the use of advanced construction techniques, the
time from the first concrete pour to fuel loading is estimated to be 30 months.

Modular High-Temperature Gas-Cooled Reactor

In the United States the development of gas-cooled reactors has largely
been the result of the efforts of DOE and a group of utilities supporting GA
Technologies. The first helium-cooled reactor was a 40 MWe demonstration
unit built at Peach Bottom, Pennsylvania, which operated from 1967 to 1974. A
type of coated fuel particle was successfully used in this unit. A larger 330
MWe plant was built at Fort St. Vrain, Colorado. This unit was recently shut
down because of steam header cracks, a low capacity factor due largely to poor
circulator performance, and the resulting poor economics.

In Europe, development work in Germany has been led by Siemens and
ABB. France and Great Britain were early pioneers in the use of reactors cooled
with carbon dioxide. The German thorium high-temperature prototype reactor
(THTR) produced approximately 3 billion kilowatt hours (kWh) of electricity.
Some technical problems occurred during its operation (e.g., high friction of
graphite balls). A reevaluation of continued operation of the THTR was made in
late 1988. Considerations such as the termination of fuel supply, the inability to
assure spent fuel storage, the possibility of additional requirements being
imposed prior to obtaining a long-term license, and larger estimated
decommissioning costs led the consortium that owns the plant to seek increased
government participation or, absent that increase, to shut the reactor down. The
THTR was shut down in late 1989.3 [Gas-Cooled Reactor Associates, 1989;
Hill, 1989]

The advanced MHTGR concept of GA Technologies is a helium-cooled
unit. The important features of the design presented to the Committee are

3 Germany also operated a 15 MWe pebble-bed high-temperature gas reactor known
as the AVR for about two decades. This reactor has been shut down.[Gas-Cooled
Reactor Associates, 1989]
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Figure 3-8
The advanced modular high-temperature gas-cooled reactor. Source: [GA, 1989]
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depicted in Figure 3-8.4 This design generates 538 MWe from four nuclear
modules and two turbine generators,5 using steam at 2,515 psia and 1,005°F.
The high temperature operation of the MHTGR leads to high thermal efficiency.
[GA, 1989; Taylor, 1989; Nylan et al., 1988] An additional feature is its
potential to provide process heat because of the high coolant exit temperature of
1,268°F. The current development is sponsored by DOE and Gas-Cooled
Reactor Associates, with technical support from EPRI. This reactor's nuclear
steam supply module is graphite-moderated and helium-cooled. The use of inert
helium in contact with graphite core materials leads to low radioactive releases
and low radiation exposure to workers in the plant if the helium coolant purity
can be satisfactorily maintained. The conceptual design is presently under
review by DOE for development as one of two reactor technologies for
production of nuclear weapons materials as an eventual successor to the HWRs
used at Savannah River.
Core Design.

The reactor core is a low power density design that consists of an annular
array of hexagonal blocks of graphite fuel elements surrounded by a reflector of
unfueled graphite blocks. The design is intended to provide efficient heat
transfer to the exterior in order to limit the temperature rise of the fuel in the
event of a LOCA. The fuel consists of particles of uranium oxycarbide,
enriched to about 20 percent in uranium-235, and thorium oxide. The fuel
particles or kernels are about 0.8 millimeter in diameter, coated with porous
graphite, and covered by successive layers of pyrolytic carbon, silicon carbide,
and pyrolytic carbon. The coated particles are bonded together in fuel rods
placed within sealed vertical holes in the graphite fuel element blocks.

The graphite fuel element blocks, together with the graphite moderator/
reflector, provide a large heat sink in the event of an emergency. Preliminary
data from temperature ramp tests of about 50°C per hour indicate essentially no
failure of the refractory coating around the fuel particles below1800°C. Coating
integrity at elevated temperatures for extended periods requires further
evaluation.

4 The Committee learned in mid-1991 that the MHTGR design has been changed.
While the Committee did not have an opportunity to review the new MHTGR study, the
Committee understands that the objective was to reduce costs while retaining the
postulated safety advantages.[DOE, 1990] Thus, some of the design details listed below
may no longer be current (e.g., a given module may produce more power). However, the
Committee is not aware of any changes to the fundamental principles underlying the
MHTGR concept discussed here.

5 A possible new design could produce 692 MWe with four somewhat different
nuclear modules and four turbine generators.[DOE, 1990]

ASSESSMENT OF ADVANCED NUCLEAR REACTOR TECHNOLOGIES 119

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


LOCA simulation tests were conducted in the late 1980s on a small high-
temperature gas-cooled reactor in Germany. The reactor was the experimental
15-MWe AVR (Arbeitsgemeinschaft Versuchs Reaktor). The most significant
test demonstrated this reactor's safe response to conditions simulating an
accident in which the coolant rapidly escapes from the reactor core and no
emergency system is available to restore coolant flow.[Krüger and Cleveland,
1989]
Steam Generator.

A single steam generator per reactor module is located in a separate steel
vessel. The once-through shell and tube design uses helically wound tubes to
carry water in at the bottom and steam out at the top. After passing through
superheater sections at the top, the steam is discharged through a nozzle
assembly in the upper side wall of the steam generator.[Gas-Cooled Reactor
Associates, 1987] Although previous work on the use of a helium turbine in a
closed cycle to eliminate the steam generating system was abandoned about ten
years ago, developments in high-temperature gas turbines have prompted
renewed interest in this concept.
Fluid Systems.

If the active cooling system is inoperable in an emergency, decay heat can
be dissipated by conduction and radiation to the reactor cavity cooling system in
the reactor enclosure. This system circulates atmospheric air by gravity to
ultimately remove the decay heat. If the reactor cavity cooling system defaults,
passive radiation and conduction transport heat directly to the silo structure and
surrounding earth.
Control and Instrumentation.

Plant control is based on a fully integrated system in which one operator
monitors automatic startup, operation, and shutdown of the two-unit power
module. Such a distributed control system would employ the latest technology
in computer and communication technology, and system operating procedures
would reside in software on local process controllers while overall plant
performance was governed by a supervisory computer.[Gas-Cooled Reactor
Associates, 1987; EPRI, 1989a]
Containment.

The reactor, as presently configured, is located below ground level and
does not have a conventional containment. The absence of a containment for the
proposed commercial reactor is a major issue, especially given that DOE plans
to have a containment for the proposed new production
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reactor version of the MHTGR.6[Beckjord, 1989] The basic rationale of the
designers is that a containment is not needed because of the safety features
inherent in the properties of the fuel that were discussed previously. Regarding
the possibility of including a containment building for the commercial version,
DOE stated to NRC:

Became of its enhanced safety characteristics, the MHTGR has such a high
level of safety that no further meaningful improvement in public risk can be
obtained at reasonable cost.[williams et al., 1989]

NRC has not yet made a determination of the acceptability of the proposed
MHTGR design without a containment.
Modular Construction.

It is claimed that each of the four reactor modules can be factory-
fabricated. GA Technologies and Bechtel estimate that

6 According to DOE, ''The primary reason that the MHTGR-NPR [new production
reactor] containment system is different from the commercial MHTGR, is to avoid
dependence of the development of the NPR on successful completion of the technology
program that is necessary to validate assumptions made in the commercial program. The
NPR is developing the design and supporting technology in parallel coordinated efforts.
These efforts require a decision on the containment system prior to completion of
technology efforts that would substantiate the commercial reactor containment approach.
The commercial program does not have this constraint.

In addition there are significant differences between the commercial MHTGR and the
NPR that justify different design selections to meet requirements. These differences
include:

•   Provide the NPR-MHTGR with additional flexibility to accommodate unforeseen
future missions.

•   Accommodate the different reactor core which utilizes highly enriched fuel
without thorium, includes production materials, and has a different operating
cycle.''[Young, 1989]

DOE also stated, "The development of the commercial MHTGR is prepared to be
stretched out if there are technology development delays associated with validating the
plant design without a low leakage containment structure. Verification of the
performance characteristics of high quality fuel is a significant element of the
justification for not requiring a low leakage containment structure for the commercial
MHTGR."[Young, 1989]
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construction could be completed in four years from the issuance of a
construction permit.[Taylor, 1989]

Process Inherent Ultimate Safety Reactor

The PIUS reactor, a 640 MWe pressurized LWR development, is
sponsored by ABB Atom and originated in Sweden. Stated safety features of
PIUS are (1) safety ensured by the laws of mechanics and gravity, (2) lack of
actively actuated components, (3) lack of required operator action, (4)
insensitivity to human errors and malicious intervention, and (5) ability to
withstand violent external events.[Bredolt et al., 1988] Figure 3-9 illustrates the
PIUS design.[ABB, 1989]
Core Design

PIUS, in the early stages of design, is a passive PWR immersed in a large
prestressed concrete pressure vessel fried with cool, borated water at about
1,340 psia.

The reactor is contained in a cylindrical structure that extends from the
bottom of the core, near the bottom of the vessel to the top enclosure. During
normal operation this structure separates the circulating hot coolant loop from
the cool vessel water by two hydraulic density locks.7 The coolant loop has a
low concentration of boron, in contrast to the vessel water. During normal
operation, the heat generated in the reactor is carried by the coolant upward to
the top of the cylinder and then to a steam generator, where the main coolant
pump returns it on a flow path inside the cylindrical structure to a point below
the core. The reactor power is controlled by the temperature and the boron
content of the reactor circulating loop. There are no control rods in the PIUS
600. If the main coolant pump stops, the water circulates by natural circulation
through the density locks, bringing the cool borated water into the core and
shutting down the reactor.

The fuel assemblies are standard pressurized reactor fuel elements with
low-enriched uranium oxide pellets in fuel rods.

7 A hydraulic density lock makes use of the principle that water separates naturally
into layers that have different densities. The application of that principle in PIUS means
that during operation cold borated water sits below the core while lower-boron content
hot water in the primary loop passes over the cold water and through the reactor. Loss of
circulation in the primary loop results in the cold, highly borated water being drawn into
the core through the chimney effect, thus shutting down the reactor.
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1. Pressurizer steam volume 7. Embedded steel membrane

2. Steam generator (4) 8. Pool liner

3. Upper density lock 9. Core

4. Main coolant pump (4) 10. Lower density lock

5. Riser 11. Submerged pool cooler, cooled in
natural circulation by ambient air.

6. Core instrumentation

Figure 3-9
The process inherent ultimate safety reactor. Main features of the nuclear
steam supply system. Source: [ABB, 1989]
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Steam Generators.
The steam generators, located outside the concrete reactor vessel, use a

conventional straight-tube once-through design.
Fluid Systems.

Residual core heat can be removed either by the four steam generators or
by the pool. Pool heat removal is used for extended shutdowns or in emergency
conditions and can be achieved by either passive or active means. In the passive
heat removal system, heat exchangers submerged in the pool transfer heat to the
secondary side, which is cooled by naturally circulating ambient air drawn from
a dry cooling tower. Water temperature can be maintained below 100°C under
these conditions even in the case of a large LOCA.
Control and Instrumentation.

The predominantly non-safety-grade equipment, based on micro-and mini-
computers, is located in the main control room area and is distributed in the
plant (decentralized system). The safety-grade parts (e.g., the reactor trip and
interlock system with associated measuring systems and control equipment for
initiating safety-related actions) are located in two separated compartments at
the bottom of the reactor building. All systems are implemented on
microcomputers, arranged in redundant trains. Man-machine interactions are
based on color video display units with keyboard and tracker balls.
Containment.

The containment structure is a large, prestressed-concrete reactor vessel in
which the cold borated water, the reactor core/riser assembly, and all key safety
systems are located. The key characteristics of structure are that it (1) contains
sufficient borated water to cool the reactor for one week after reactor shutdown,
(2) is large enough to store spent fuel for the lifetime of the reactor, (3) provides
a high level of protection against saboteurs, (4) contains both steel reinforcing
bars and prestressed steel tendons, which together provide a very strong
structure, and (5) contains a double internal steel liner to prevent water leakage.
Modular Construction.

The construction of PIUS is based on separation of building units,
prefabrication of parts of the containment and pressure vessel at the site, use of
conventional process systems, limited use of pumps, pipes and cables, and
limited scope of equipment located inside the containment. A 36-month
construction schedule for the n'th plant is predicted based on BWR construction
experience and does not rely on modular construction. A modularization review
suggests possibilities for shortening the construction schedule.
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PRISM Liquid Metal Reactor

Fast reactors normally use liquid sodium as a coolant. They can produce
more fissile material than they consume and are often referred to as "breeder"
reactors. LMRs have been used to produce electricity in the United States,
France, Great Britain, the Soviet Union, and Japan.[Collier and Hewitt, 1987]

In the United States, a small experimental breeder reactor (EBR-I) built by
Argonne National Laboratory generated the first electricity from nuclear fission
in 1951 and in 1953 confirmed that breeding was possible. In 1955 the second
core of this reactor was partially melted during an experiment designed to
investigate its prompt positive reactivity feedback coefficient. Fuel rod bowing
was determined to be the cause, and subsequent core designs corrected that
problem. Subsequently, a second experimental breeder reactor (EBR-II) was
built by Argonne National Laboratory in Idaho and began operation in 1963. It
has demonstrated the practicality of the LMR design in which the entire primary
system is submerged in a pool of sodium. Since the mid-1960s the EBR-II has
been a test facility for LMR fuel assemblies and structural material irradiation
and safety tests.

In April, 1986 two significant safety tests were conducted at EBR-H.
These involved loss of flow without scram from full power and loss of heat sink
without scram from full power. These tests successfully demonstrated the safety
potential of the integral fast reactor (IFR), a generic reactor technology defined
by the use of liquid sodium as coolant and metallic uranium and plutonium as
fuel. The reasons for the safe responses illustrated in the EBR-II tests are
inherent to the IFR. Specifically, the properties of the metallic fuel and the large
thermal inertia of the sodium pool are key to achieving reactor shutdown
passively (i.e., without relying on operator intervention, active components such
as control rods, pumps, valves, or the use of balance of plant for heat removal)
while keeping temperatures low.[Chang, 1989]

While the capability to ride out a loss of flow without scram from full
power and a loss of heat sink without scram from full power add markedly to
the safety of an LMR, the presence of a positive sodium void coefficient in the
present design has been a matter of concern. This has led to the addition of rod
stops to control reactivity insertions that may result in sodium boiling.

If an advanced LMR is proposed having a significant positive sodium void
reactivity worth, careful evaluation will have to be made of the effect of this
attribute on the severity of postulated accidents involving reactivity insertion or
other events which could lead to sodium boiling. Additional or redundant
features may be necessary to remove this concern.

ASSESSMENT OF ADVANCED NUCLEAR REACTOR TECHNOLOGIES 125

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


The Committee understands that additional or alternative features to
remove this concern are being identified. The positive void coefficient of the
currently proposed LMR design [PRISM] results from a design criterion for a
shippable reactor vessel that in turn determines the maximum core diameter and
the required core height for the specified power module. To eliminate the
possibility of the positive void reactivity worth, revisions to the reference
PRISM design have been suggested that would result in a larger diameter core
with a lower height. Although this arrangement would require a field-fabricated
vessel, the elimination of the undesirable positive void coefficient characteristic
may be deemed worthy of the loss of a shop-fabricated, rail-shippable reactor
vessel.

The more recent fast flux test facility (FFTF) constructed at the Hanford
site is a loop-type LMR. It has been used to test full-length oxide fuel
assemblies and for limited tests on advanced metallic fuel assemblies. The first
commercial LMR built in the United States, Fermi-l, was also a loop-type
reactor. It suffered melting of two fuel assemblies in 1966 as a result of a flow-
channel blockage. Although Fermi-1 was repaired and restored to operation, it
was eventually decommissioned.[Collier and Hewitt, 1987]

The French liquid metal program has constructed three reactors of
increasing size culminating in the commercial size SUPER PHENIX plant
(SUPER PHENIX was built by a consortium of several European countries).
The first two plants, RAPSODIE and PHENIX, performed well and provided
valuable experience upon which to build the French program. However, the
RAPSODIE experimental reactor was shutdown subsequent to discovery of a
tiny leak on the primary sodium circuit, the repair of which was considered too
expensive to justify maintaining the reactor in service after 15 years of
operation. The 250 MWe demo-plant PHENIX, which started regular operation
in 1974, is shut down pending study and evaluation of transient negative
reactivity pulses observed in 1989 and 1990 while the reactor was operating at
full power. Operation of the SUPER PHENIX 1,200 MWe plant has been
curtailed by a sodium leak, discovered in 1987, in an auxiliary vessel for the
storage of discharged fuel. This facility is being replaced, and the new one
should be ready by the end of 1991.

PRISM is a modular, passively stable, advanced LMR being designed by
GE. Its present design uses a new metal alloy fuel being developed concurrently
by Argonne National Laboratory as part of the IFR program. The IFR concept
includes the first reactor, fuel reprocessing, and fuel fabrication using
reprocessed fuel. PRISM is a specific design of generic IFR technology.
[Berglund, 1989; Till, 1989] The nuclear steam supply system for a PRISM
reactor module is depicted in Figure 3-10.
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Core Design.
The PRISM reactor plant is made up of one to three 465 MWe power

blocks, each with three 155 MWe reactor modules. (The plant design in ALMR
Design and Program Summary and The Liquid Metal Reactor [Berglund, 1989;
Till, 1989] uses three power blocks.) The reactor core for each module is in a
pool of liquid sodium, which is circulated through the core by four cartridge-
type electromagnetic pumps. The pool system consists of a large tank of sodium
into which the reactor core, sodium pumps, and two intermediate heat
exchangers are placed. The tank is in a guard vessel, which would collect
sodium if it were to leak from the pool. This feature assures that the core will
remain covered and cooled by sodium.[Berglund, 1989; Till, 1989]

The heat from the reactor module is transferred from the primary sodium
coolant loop to a secondary sodium loop through two intermediate heat
exchangers. In this way radioactive sodium in the primary loop is isolated from
the steam generator. The sodium in the secondary loop enters a single steam
generator that produces steam for the turbine generator. The three steam
generators for a power block feed steam to a single 465 MWe turbine generator.

The PRISM reference fuel is a uranium-plutonium-zirconium alloy with
plutonium concentrations of about 25 percent. As discussed earlier in
connection with the safety tests at EBR-II, the properties of metallic fuel are a
major contributor to the passive safety features of the PRISM design. Argonne
National Laboratory is also developing a pyrometallurgical reprocessing
system, in connection with the IFR concept, which could lead to fuel
reprocessing and recycling.
Steam Generator.

A single-wall helical coil steam generator is believed to provide high
reliability (less than one failure per sixty year plant life for a nine unit plant)
and economic operation.[Nuclear Power Assembly and ANS, 1990] The steam
generator system provides early warning of a tube leak, and an isolation and
pressure relief system to limit the sodium-water reaction damage from such a
leak, or from multiple tube leaks.
Fluid Systems.

The reactor vessel auxiliary cooling system provides emergency core
cooling after any incident that impairs the normal emergency heat removal
systems. This auxiliary cooling system removes residual heat by radiant heat
transfer from the reactor pool to the guard vessel to atmospheric air, which is
always circulating upward around the guard vessel. Passive reactor stability is
inherent because of a large negative temperature coefficient of reactivity. This
combination of passive cooling and passive reactor stability ensures residual
heat removal without operator intervention. Thus, if all cooling through the
intermediate heat exchangers is lost and the control rods do not automatically
shut down the reactor, the negative temperature coefficient of reactivity will
bring the reactor to an equilibrium state at a low
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power level where heat removal from passive systems will maintain the fuel
temperature low enough to prevent fuel damage.
Control and Instrumentation.

The plant control system, which is not safety grade, provides a high level
of automation for normal plant operation and utilizes redundant digital
equipment and power supplies to operate nine nuclear steam supplies, three
turbine generators, and associated plant equipment from a single control center.
Startup, operation, and shutdown of each module are automated. There is a
safety grade reactor protection system for each reactor that performs all safety
grade functions, including scramming, and is independent of and isolated from
the control system.
Containment.

The PRISM is located under ground-level. Based on the latest information
provided by DOE, the PRISM advanced LMR design includes a lower
containment vessel and an upper containment dome (see Figure 3-10b). The
lower containment is intended to contain reactor pool leaks, while the upper
dome is intended to mitigate severe events postulated to cause an expulsion of
radionuclides into the region above the reactor. The dome is made of steel that
is 1 to 1–1/2 inches thick, and the lower containment consists of 1 inch thick
steel.[Griffith, 1990]
Modular Construction.

The design includes compact reactor modules sized to enable factory
fabrication, economical shipment to both inland and water-side sites, and full-
scale prototype testing. Balance of plant modules contain structures and
equipment, piping, electrical wiring, and related components.
In Situ Metallurgical Reprocessing of Fuel.

Following removal of test fuel pins from the core, an electrorefining
process extracts a uranium-plutonium mixture, including fission products
producing high dose rates, from the dissolved mixture of fuel, steel and fission
products at temperatures around 550°C. The blanket material is electrorefined
in such a way that uranium alone is processed to enrich the product in
plutonium. The processed blanket material can then be added to the
electrorefined fuel, which is always radioactive.
Actinide Transmutation.

Actinides, or the elements in the series beginning with actiuium (89) and
ending with lawrencium (103), include several very long-lived radioactive alpha
emitters and are among the materials of greatest concern in nuclear waste
disposal beyond 300 years, depending on the site characteristics and the
scenario assumptions under consideration.[Till, 1989;
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NRC, 1991a] The actinides, in a nuclear reactor or possibly an accelerator
designed for the purpose, can be transmuted, with the production of fission
energy, to radionuclides that often have a much shorter half-life. An advanced
LMR, having no moderator in the core and hence a faster neutron energy
spectrum, has much more favorable actinide cross sections than a thermal
reactor. An LMR can recycle its own actinides and also actinides from LWR
spent fuel, operating as an actinide burner or a breeder, if desired.[Till, 1989;
Chang et al., 1987] (A thermal reactor is more limited in the extent to which it
can transmute actinides.)

The Committee notes that there exist previous studies of hazards and risks
from radioactive waste disposal which have found that, for a given site and a
given set of assumptions about repository characteristics and the severity of
natural and man-made events, technetium, not the actinides, introduces the
greatest risk in the long term.[National Research Council, 1983 and 1984] Since
some additional technetium would be the result of recycling the actinides, the
net effect would be the production of energy and a proportionate mount of
additional technetium, which would still have to be placed in a repository so as
to provide long-term safety.

Figure 3-11 is an overview of DOE's proposed actinide recycling process.
No such processes for LWR spent fuel recycle have been demonstrated to date,
although recycling of plutonium-uranium (mixed oxide) fuel has been
demonstrated. Substantial further analysis and research is required to establish
(1) whether high-recovery recycling of transuranics and their transmutation can,
in fact, benefit waste disposal, and (2) the technical and the economic feasibility
of recycling in LMRs actinides recovered from LWR spent fuel.8 [Pigford,
1990] The Committee notes that a study of separations technology tad
transmutation systems was initiated in 1991 by the DOE through the National
Research Council's Board on Radioactive Waste Management.

8 In late 1990 Professor Thomas Pigford distributed a paper on actinide burning and
waste disposal that raised many questions about the technical and economic aspects of
recycling actinides in liquid metal reactors.[Pigford, 1990] The Committee has not
performed a technical review of that paper but believes that Pigford's analysis supports
the need for a careful and objective evaluation of whether the development of transuranic
recycle and transmutation, if successful, will actually benefit the geologic repository.
Pigford's analysis should be considered carefully by those advocating actinide recycling
as a solution to the high-level waste disposal problem. The Committee notes that DOE
has provided comments disagreeing with aspects of the Pigford paper.[Young, Undated]
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EVALUATION OF THE TECHNOLOGIES

The Committee developed the following criteria for comparing the
advanced reactor technologies and furnished them to presenters before they
briefed the Committee:

•   safety in operation;
•   economy of construction and operation;
•   suitability for future deployment in the U.S. market;
•   fuel cycle and environmental considerations;
•   safeguards for resistance to diversion and sabotage;
•   technology risk and development schedule; and
•   amenability to efficient and predictable licensing.

More detail on the criteria is provided in Appendix B. Vendor estimates
related to the criteria are presented in Table 3-3.

The Committee believes that the broad criteria listed above represent the
considerations that are (a) most able to be influenced by a choice of technology,
and (b) significant to a future determination of whether or not one or more of
the advanced reactor technologies is deployed in the United States. For
example, the discussion in Chapter 2 has established clearly that the safety and
economics of nuclear power substantially affect its acceptance by the public,
government, and the private sector.9

The Committee's evaluation was performed by assessing all of the
technologies with respect to each broad criterion, starting with safety. (It should
be noted that not all subordinate entries in Appendix B were explicitly
addressed by the Committee, either because of a lack of specific data or bemuse
they were judged to be of lesser importance to the choice of reactor
technologies.) The results of the evaluation follow. A summary appears at the
end of each section, and the entire evaluation concludes with an overall
assessment. The information available with which to perform evaluations is
uncertain and often promotional, as should be expected for designs that exist

9 In the context of studying energy research and development strategies for reducing
emissions of greenhouse gases, a National Research Council Committee has suggested
that future reactors should be subject to a set of international criteria developed from an
international study ''on criteria for globally acceptable reactors.''[National Research
Council, 1990] Illustrative issues for which criteria would be established include safety,
reliability, scale, simplicity and standardization, waste disposal and storage, diversion
resistance, cost, and fuel efficiency (i.e., issues similar to those considered in this report).
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principally in concept or with non-prototype testbeds. Thus, the Committee
concluded that numerical rankings would give a false sense of accuracy.
Consequently, the overall assessment represents the Committee's qualitative
judgments as a result of considering all the criteria together. The criteria were
used primarily in two ways: (1) to provide an outline of issues for the vendors
to use in developing their presentations and submissions to the Committee, and
(2) to provide a framework for the Committee to discuss the alternative
technologies. The Committee concluded that it would not be appropriate to
provide weightings for each criterion and then to grade the approaches, add up
the scores, and get a selection.

Safety

Discussion

About three-quarters of the nuclear power plants in operation worldwide
are situated outside the United States, and this fraction is growing. Another
accident anywhere will have major negative consequences for the development
of nuclear power worldwide. International cooperation on safety among
utilities, suppliers, research organizations, and licensing authorities is therefore
necessary.10 The Committee notes that the International Atomic Energy Agengy
(IAEA) has established means to monitor the safety performance of nuclear
power plants, including the classification of safety significant events
(International Nuclear Event Scale).

In the design of future advanced LWRs, vendors are guided by the safety
design policy presented in the Requirements Document prepared for EPRI. The
safety design policy states that "there will be excellence in safety both to protect
the general public and to assure personnel safety and plant investment
protection."[EPRI, 1990] While the safety record of existing nuclear power
plants has been very good, more ambitious safety targets have been established
for future advanced LWRs. (See Table 3-2 for a summary of EPRI's advanced
LWR design requirements.) Safety in the advanced LWR program extends well
beyond hardware-oriented lessons learned from existing plants. Attention is
focused on areas such as plant simplification, design margins, human factors,
and an integrated approach to safety.[EPRI, 1990]

Each reactor designer presented current but only partial design information
to the Committee. Where available, probabilistic risk assessments (PRA) were
preliminary and did not benefit from detailed system design. Until full

10 Some believe that next generation nuclear plants will be international efforts subject
to international safety standards.[Chung and Hazelrigg, 1989]
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PRAs of actual reactors (including external events) are available and subjected
to careful and extensive peer review, there will not be a satisfactory basis to
compare the relative safety of the different concepts. Furthermore, the absence
of detailed engineering design and the lack of construction and operating
experience with the actual reactor concepts make a meaningful, quantitative
safety comparison less achievable. In particular, PRA is not a sufficient basis to
compare the safety of new concepts with that of proven concepts due to the lack
of reliability data of active and passive components sufficiently based on
experience. However, if final safety designs of advanced reactors, and
especially those with passive safety features, axe as indicated to this
Committee, an attractive feature of them should be the significant reduction in
system complexity and corresponding improvement in operability. While
difficult to quantify, the benefit of improvements in the operator's ability to
monitor the plant and respond to system degradations may well equal or exceed
that of other proposed safety improvements.

The Committee believes that each of the concepts considered can be
designed and operated to meet or closely approach the safety objectives
currently proposed for future, advanced LWRs, albeit with the considerable
uncertainty inherent in risk assessment and in estimates for this extremely low
projected level of risk.[Lewis, 1978; NRC, 1990a] If design goals are realized,
these plants will be safer than existing reactors. The different advanced reactor
designs employ different mixes of active and passive safety features to achieve
the safety objectives, and there is, of course, more experience with certain
designs than others. The Committee believes that there currently is no single
optimal approach to improved safety. There is a distinct advantage to passive
containment cooling for preventing containment failure due to slow over-
pressurization. However, dependence on passive safety features does not, of
itself, ensure greater safety, especially given the potential effects of
earthquakes, design errors, inspectability, manufacturing defects, and other
subtle failure modes. Consequently, the Committee believes that a prudent
design course retains the historical defense-in-depth approach.

In most future reactors, defense-in-depth would be achieved by a
multiplicity of safety barriers and features, including a containment structure to
mitigate the consequences of core damage accidents. However, one advanced
reactor type (the MHTGR), without a containment structure, was proposed. The
Committee was not convinced by the presentations or the material supplied to
support them that the core damage frequency has been demonstrated to be low
enough to make a containment structure unnecessary. 11

11 The Committee notes that, at present, the new production reactor (NPR)-MHTGR
program includes a containment. If the MHTGR is selected for the NPR, containment-
accident scenario analyses will proceed more rapidly.
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Summary

The Committee could not make any meaningful quantitative comparison of
the relative safety of the various advanced reactor designs. All of the designs
are claimed to achieve safety that equals or exceeds the levels specified by
EPRI in Table 3-2 (e.g., <10-5/year core damage frequency). If design goals are
realized, these plants will be safer than existing reactors. Dependence on
passive safety features does not, of itself, ensure greater safety, the historical
defense-in-depth appoach must be retained. In particular, for the MHTGR, the
Committee was not convinced that a containment structure is unnecessary.

Economy

Discussion

Vendor-estimated overnight capital costs and levelized generating costs are
shown in Table 3-3 for the reactor technologies that the Committee examined.
Most of the estimates for generating costs are based on a 30-year levelized cost
analysis, including capital carrying charges, fuel, and operations and
maintenance (O&M) (see definitions in Chapter 2). The uncertainties in
overnight capital costs and levelized generating costs are quite large because
different cost models and assumptions were used for their calculations. Also,
U.S. experience with LWRs provides little assurance that construction of the
large evolutionary reactors will meet cost and schedule claims.

Vendor estimated overnight capital costs (in dollars per kilowatt electric)
and levelized generating costs (in cents per kilowatt hour) for CANDU are
higher than those estimated for all LWRs. The higher estimated costs for the
CANDU reactor may be partly related to the use of a different cost model than
that used by other vendors. Another factor is that CANDUs have been built—
the CANDU-3 is quite similar—so AECL has real data to use, unlike some of
the other vendors. Additionally, the designs of all the advanced (except possibly
for the evolutionary) reactors are still in the stage where cost estimates change.
In particular, SIR, MHTGR, PIUS, and PRISM have a very high degree of
economic uncertainty. For the different types of evolutionary reactors, levelized
generating costs and overnight capital costs are likely to be similar.
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EPRI has independently evaluated some overnight capital costs and O&M
costs.[EPRI, 1989b] The estimates are more general than those of the vendors,
but they are based on clear definitions. Uncertainties are estimated as-30 to +80
percent. The results in Table 3-4 show that, except for the MHGR, EPRI's
estimates of overnight capital costs are somewhat higher than those of vendors
shown in Table 3-3.

The large evolutionary LWRs have higher estimated total construction
costs and longer construction times than the mid-sized LWRs with passive
safety features, but, as shown in Tables 3-3 and 3-4, they are estimated to be
competitive on a cost per kilowatt electric basis. Estimated construction times
under ideal conditions for the mid-sized LWRs with passive safety features
ranged from 36 to 42 months (Table 3-3), but there are serious uncertainties
about meeting the claimed construction schedules, which in turn could have a
major impact on the total funding required to complete the plant. Even though
some utilities may prefer to order the larger plants, the perceived larger
financial risk may be a deterrent to their deployment.

To reduce construction and operating costs, designers of the advanced mid-
sized plants have attempted to simplify their designs, adopt modularized
construction, and reduce construction times. However, because there is no
experience in building such plants, cost projections for the first plant12 are
clearly uncertain. To reduce the economic uncertainties it will be necessary to
demonstrate the construction technology and improved operating performance.

Some mid-sized LWRs currently in operation have demonstrated
consistently high capacity factors.[IAEA, 1990] Consequently, estimates that
assume advanced versions of the same size can also achieve high capacity
factors may prove to be correct. (Table 3-3 shows availability projections in the
range 80 to 94 percent for all advanced designs and about 90 percent for the
mid-sized LWRs with passive safety features. Availability is usually within a
few percent of capacity factor. Availability and capacity factor are defined in
Chapter 2.) Because the newer heavy water CANDU reactors are a refinement
of currently operating reactors, their claimed capacity factors should be
attainable. However, capacity factors of the other reactor concepts, SIR,
MHTGR, PIUS, and PRISM, have a very high degree of uncertainty.

12 The descriptive term "first plant" refers to a plant that will be demonstrating new
technological features in design, construction, or operations. It is potentially the first
commercial operating reactor of this design and, as such, has performance uncertainties
in construction and operation. It represents a commercial technology demonstration.
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TABLE 3-4 EPRI-Estimated Overnight Capital and Operations and Maintenance
Costs (In December 1988 Dollars)

Operations and Maintenance Costs
Advanced
Reactor
Type

Overnight Capital
Costs (per rated
kWe)

Fixeda ($/
kWe-yr)

Incrementalb (cents/
kWh)

Large evolutionary
light water reactors

$1,300 61.1 0.11

Mid-sized passive
light water reactors

$1,475 72.7 0.11

Liquid metal and
high-temperature
gas-cooled reactors

$1,725 75.5 0.15

a These operating costs are essentially independent of actual capacity factor, number of hours of
operation, or amount of kilowatts produced. They include labor charges for plant staff.
b These variable operating costs and consumables are directly proportional to the amount of
kilowatts produced. They include chemicals consumed during plant operation.
SOURCE: EPRI. 1989. Technical Assessment Guide, Electricity Supply-1989. EPRI P-6587L
Volume 1: Rev. 6, Special Report, September.

The MHTGRs are estimated to have higher capital costs than the other
plants, and they may have higher operating costs, as shown in Tables 3-3 and
3-4.13 Moreover, if NRC were to mandate a conventional containment, that
requirement could adversely affect the economics of this reactor design as well
as the technical feasibility of its passive cooling feature.

LMR plants (e.g., PRISM) may be able to compete economically with
water reactors if fuel reprocessing toeing developed as part of the integral fast
reactor program) turns out to be technically and economically feasible, and if
the overnight capital costs of these plants are as low as the vendor indicates.
(For the IFR, reprocessing would be in situ pyrometallurgical, but for the LMR
concept in general, reprocessing options include centralized plants as well as
aqueous technology.) [Nuclear Power Assembly and A.NS, 1990] EPRI cost
estimates (Table 3-4) suggest that these capital costs will be higher.

13 Recent design changes intended to reduce costs of the MHTGR while retaining its
postulated safety advantages imply that the MHTGR economics may be more favorable
than reported here. The MHTGR Cost Reduction Study Report [DOE, 1990] states that
the modified MHTGR could be costcompetitive with the AP-600. The Committee has
not analyzed such projections, nor has EPRI produced a review of them, but notes that
they substantiate the large uncertainty in economic projections for advanced reactors.
Furthermore, the Committee assumes all reactor designers are working on improvements
of the designs and concepts presented to the Committee.

ASSESSMENT OF ADVANCED NUCLEAR REACTOR TECHNOLOGIES 139

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


Neither the PRISM design nor the PRISM technology are sufficiently
developed to provide a reasonable degree of confidence in cost estimates.
Finally, different institutional arrangements may be required for utility
involvement in a PRISM plant because of reprocessing, concerns about
diversion of sensitive nuclear materials, and lack of utility experience with the
technology.

Summary

The economic projections are highly uncertain, first, because past
experience suggests higher costs, longer construction times, and lower
availabilities than projected and, second, because of different assumptions and
levels of maturity among the designs. The EPRI data, which the Committee
believed to be more reliable than that of the vendors, indicate that the large
evolutionary LWRs are likely to be the least costly to build and operate on a
cost per kilowatt electric or kilowatt hour basis, while the high-temperature gas-
cooled reactors and LMRs are likely to be the most expensive. EPRI puts the
mid-sized LWRs with passive safety features between the two extremes.

Market Suitability

Discussion

None of the reactor concepts the Committee reviewed is likely to be
operating in the United States before the year 2000. If the large evolutionary
LWRs being built in Japan (and perhaps in Korea) perform well, market
potential in the United States will be improved. Large U.S. utilities with several
nuclear power plants are likely to be the first customers for such plants if they
need large base load electrical generators and if financial risks are acceptable.14

Compared to the large evolutionary reactors, the mid-sized advanced
pressurized and simplified boiling water reactors with passive safety features
have lower total overnight capital costs (but not lower costs per kilowatt
electric), hence less total capital at risk, but no construction and operating
experience. The smaller size of these plants might be attractive to a larger
number of possible purchasers.

14 Some Committee members believe that the large evolutionary LWRs will be the
next nuclear plants to be ordered in the United States, because of perceived economies of
scale and greater confidence by utilities and investors in making modest extensions of
proven technology.
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The heavy water CANDU reactor has been marketed in Canada and other
countries. The main barriers to CANDU's competitiveness in the United States
are the uncertainty of its licensing by NRC and the inexperience of U.S. utilities
with heavy water technology. On the other hand, the earlier CANDU reactors
have a good performance record and could be attractive to certain power
producers, particularly if Atomic Energy of Canada, Limited were an investor.
[AECL, Undated] It is difficult to weigh all these factors, but the Committee
judges that this technology ranks below the advanced mid-sized LWRs in
market potential.

The Committee believes there is no near-term U.S. market for the other
LWR concepts, SIR and PIUS. While SIR is based on proven light water
technology, there are serious uncertainties about the operations, maintenance,
economics, and possibly safety of a system configuration that is substantially
different from that of current plants. Also, the SIR design appears less complete
than the AP-600 or SBWR. The level of testing or prototyping that would be
required by NRC is unclear. The PIUS reactor is viewed as a preliminary design
with no relevant experience. It is the Committee's view that experience with
other LWRs is not relevant to PIUS. While there is no regulatory experience
related to PIUS, a conceptual design for this reactor was submitted to NRC for
an informal licenseability review. The lack of operational and regulatory
experience for both SIR and PlUS is expected to significantly delay their
acceptance by utilities, especially if positive experience has been obtained for
the evolutionary large reactors or mid-sized LWRs with passive safety features.

The market potential of the MHTGR is very difficult to evaluate. Although
gas-cooled reactors have been available for more than 20 years, they have not
had commercial success. The strategic advantage of the MHTGR is its high
temperature, which permits high temperature process heat applications.
However, siting requirements and the extent of a U.S. market for that capability
are unclear. The overnight capital cost of the modular design is relatively high
on a per kilowatt basis (Tables 3-3 and 3-4). Further, considerable research and
development (R&D) is still required for this advanced reactor, particularly on
fuel pellet integrity and on reliable components, and a first plant for
demonstration would be required. The issue of whether the design would
require a containment building is still not resolved. If no containment building
were needed, and the emergency planning zone was reduced to the site
boundary, the MHTGR could have significant siting advantages that would
make it more competitive. However, based on the Committee's view on
containment requirements, and the economics and technology identified above,
the market potential for the MHTGR was judged to be low.
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Finally, the LMR might be commercially competitive if uranium fuel
shortages limit the use of LWRs. The LMR's safety features and ability to
recycle actinides are not considered important positive factors for its early
market potential. Any strategy requiring fuel reprocessing introduces significant
technical, economic, and non-proliferation policy considerations, some of
which would complicate licensing.

Summary

The evolutionary LWRs and mid-sized LWRs with passive safety features
are judged to have the highest market potential in the United States, while
CANDU has the next highest. The other LWR concepts (SIR and PIUS) and the
MHTGR are judged to have low U.S. market potential. Finally, the unique
properties of the LMR might lead to a U.S. market, but only in the long term.

Fuel Cycle

Discussion

Fuel cycle evaluation encompassed three issues: (1) use of enriched fuel
versus use of natural uranium as a fuel, (2) disposal of high-level radioactive
waste, and (3) whether fuel reprocessing is needed.15 The environmental
implications of the technology derive, in large part, from these fuel cycle issues.
Enrichment is important at the front end of the fuel cycle, and the disposal of
high-level waste is important at the back end. Reprocessing can influence both
the back end (waste disposal) and the front end (need for new uranium fuel).
The Committee considered these issues to have roughly equal priority. Again;
only enhanced and novel features of advanced reactor designs are discussed.

All LWRs, including SIR and PIUS, have essentially the same fuel cycle
and corresponding environmental implications. Reprocessing of spent fuel to

15 Reprocessing is not now considered economical in the United States for any reactor
technology. Whether it will be so in the future is uncertain. The LMR is the only design
that is presently considered for deployment as a breeder, in which event reprocessing
would, of course, be necessary. If reprocessing is needed, technical, economic, and non-
proliferation issues will have to be resolved.
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recover enriched uranium or plutonium is not currently planned. None of these
designs provides a substantially higher burnup than the others.

The CANDU design presented to the Committee uses natural uranium and
does not require fuel enrichment; therefore, CANDU does not produce the low-
level wastes associated with uranium enrichment. However, it has lower
burnup, so the volume of spent fuel rods to be stored will be greater than in the
case of the LWRs. In other aspects of fuel cycle management, the heavy water
CANDU is comparable to the LWR.

The MHTGR presented to the Committee was designed to use fuel
enriched with uranium 235 to about 20 percent versus only a few percent for the
LWRs. The fuel pellets provide encapsulation of the waste, which might
represent an additional barrier to release of the fission products. However, data
to support this have not yet been obtained, nor has a strategy or process for the
unique features of MHTGR waste disposal yet been developed. Reprocessing is
not currently planned but may become necessary or desirable. At this time,
there is no experience with reprocessing of this type fuel, although preliminary
development of reprocessing requirements has been investigated. On balance,
there does not appear to be a significant fuel cycle advantage or disadvantage to
this reactor design.

Finally, the proposed LMR fuel cycle has the potential for substantial
economic gains compared to LWR fuels. If a shortage of uranium develops the
reactor could breed plutonium.16 However, the feasibility of using this reactor
as a breeder in a reprocessiag-recycling manner requires policy, technical, and
economic development and evaluation. A range of issues needs to be addressed
in such a study, including LWR reprocessing as a source of additional fuel and
the economics of LWR and MHTGR designs with high conversion ratios.17

Assuming success, it would still be necessary to dispose of high-level waste,
although the waste would consist of fission products, most of which, except for
technetium, carbon, and some others of little import, have half-lives very much
shorter than the actinides.

16 The LMR breeder could be fueled from stockpiled depleted uranium once it has
been started with plutonium or enriched U-235 from some external source. This would
remove environmental problems associated with mining uranium and managing the
associated mill tailings.

17 As noted earlier, DOE has initiated a study of separations technology and
transmutation systems.
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Summary

Although there are definite differences in the fuel cycle characteristics of
the advanced reactors, fuel cycle considerations did not offer much in the way
of discrimination. All LWRs were judged about equal. Compared to the LWRs,
CANDUs and MHTGRs had disadvantages at one end of the fuel cycle, but
possible advantages at the other. The LMRs offer advantages because of their
potential ability to provide a long-term energy supply through a nearly complete
use of uranium resources.

Safeguards and Physical Security

Discussion

Safeguards regarding nuclear material in reactors and other facilities must
be considered against diversion of fissionable material to nuclear weapons
purposes, against sabotage of the power and reprocessing plants leading to a
serious accident and release of radioactivity, and against terrorist theft and use
of highly radioactive material as a terror weapon.

The problem of diversion is usually considered most serious when the
facilities are located in countries that have a motivation for developing nuclear
weapons. IAEA has developed an international safeguards regime, including on-
site inspections and permanent inspection equipment. The IAEA system is
applied to nuclear material at all sites in those non-nuclear weapons states that
are party to the Nuclear Non-Proliferation Treaty. It is an obligation of the
states to inform IAEA of the relevant sites. This application to all material at all
sites is called full-scope safeguards. Many suppliers, including the United
States, require such safeguards for exports to any non-weapon states. Other
countries, including the nuclear weapon states, have safeguards applied to
some, but not all, facilities. It is encouraging that Brazil and Argentina have
recently agreed to safeguards on all facilities. The most important constraints
for limiting proliferation of nuclear weapons are the political will of non-
weapon states to forego weapons-development, the safeguards on nuclear
(fissile) materials, and agreements by nations possessing advanced technology
not to transfer nuclear weapon-related equipment or knowledge to non-weapon
states. However, although such supplier agreements can limit the export of
technologies that can be used to develop nuclear weapons, theft of weapons-
grade material remains a threat. Accordingly, physical security must be
provided for nuclear material, especially when in a form (i.e., enriched uranium
or reprocessed plutonium) that is suitable or can readily be made suitable for
weapons purposes. Physical security is also vital when nuclear material in
storage or transit is susceptible to theft and use for terrorist purposes.
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No country with nuclear weapons, or suspected of having nuclear
weapons, has developed these weapons using fissionable material from a
civilian power reactor, although civilian power programs have been used as a
cover for other activities aimed at developing nuclear weapons.18 (Dual-use
reactors, producing both nuclear-weapons material and electricity, have been
used however.) Nevertheless, reactors designed and employed for the
production of power remain of concern for proliferation because they can be
used for production of weapons grade plutonium. Some power reactors have
even been designed to operate with highly enriched uranium or with plutonium
as an initially-loaded fuel. Therefore, any fuel cycle must be examined for the
possibility of diversion of weapons-grade material, or of material that could be
further processed to produce weapons-grade material. In particular, the
existence of centrifuge or laser enrichment techniques may make the path to
weapons much easier, especially since almost all countries have access to
natural uranium. In the future, technologies developed to permit efficient
extraction of specific isotopes of plutonium may also facilitate the extraction of
that element from spent fuel removed from reactors. This would create
additional paths to diversion. In addition, deployment of any new fuel cycle in
the United States or any other nuclear weapon state should be examined with a
view to avoiding poor precedents in terms of proliferation. Fuel cycles should
be designed to minimize diversion opportunities and maximize safeguardability,
regardless of the country in which they are implemented.

The once-through fuel cycle where low enrichment fuels are used and the
whole fuel rods, together with radioactive fission products, are buried, has the
lowest potential for diversion of sensitive nuclear materials. The use of
reprocessing19 where plutonium is separated from the radioactive fission
products makes the plutonium easier to use, although it must be noted that with
normal burnup the presence of Pu240 in the plutonium makes the plutonium
much more difficult to use in a reliable bomb. The opportunities for diversion
are greater in any concept where on-line fuel loading is possible (i.e., the
CANDU). Because it permits an operation where the fuel is removed more
easily from the core after only a short time, and without as much Pu240 being
built up, the consequences may also be greater.

18 The Committee recognizes that one or more countries may have used, or may be
using, plutonium from power reactors for the production of nuclear weapons. However,
the Committee knows of no case where the weapons were initially ''developed'' using
such materials.

19 Reprocessing could, in theory, be used with any of the reactor concepts under
consideration. However, it is required only if the LMR is deployed as a breeder.
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While the high-temperature gas-cooled reactor is envisioned to use higher
enriched fuel than the LWRs, the enrichment levels are below weaponsgrade.
Nevertheless, because much less separations work is needed to convert such
material to weapons-grade, its use could increase proliferation concerns.20 The
MHTGR's proposed once-through fuel cycle would make the diversion risk not
much greater than for the LWRs. In the LMR based on the integral fast reactor
concept, reprocessing would take place in a dosed system in which fuel
containing actinides is produced. This fuel is highly radioactive and requires
special handling in such a way that diversion would be difficult. However, the
large amount of plutonium in use may require special safeguards, particularly if
in situ reprocessing were not used. In particular, MR fueled by plutonium would
pose a serious safeguards question in countries of proliferation concern. As
compared to LWRs, the CANDU reactor poses some additional risks of
diversion because of two features: (1) replacing fuel while the reactor is running
increases access to fissionable material, especially plutonium, and (2)
production and transportation of heavy water provides access to material that is
useful in producing weapons-grade material.

Sabotage is always a threat against an industrial facility, posing a risk to
the workers and, for some facilities, to the neighboring public. Power reactors
pose a hazard because of the large fission product inventory, once the reactor
has run for any significant length of time. Sabotage is another way of defeating
safety systems. In order to prevent a knowledgeable person, and particularly a
knowledgeable group of persons, from causing serious damage to a nuclear
power plant by shutting off critical pumps and/or destroying safety systems,
appropriate physical security measures must be and are taken. The advanced
mid-sized reactors, even with their passive features, do not eliminate the
problem of sabotage, but more detailed evaluation of the risks is needed. The
other new LWR concepts and MHTGR appear to be even more resistant to a
sabotage-induced fission product release. The LMR also has natural barriers to
damage from sabotage, but in the reprocessing cycle some significant damage
could be done. The concept of "defense-in-depth" that the Committee endorses
for other reasons also provides barriers against acts of sabotage, although
special design measures are possible that would further reduce the likelihood of
successful sabotage without degrading safety.

20 In raising natural uranium, which contains 0.7 percent U235, to an enriched state
containing 93 percent U235, approximately 90 percent of the separative work is
expended in reaching an enriched state containing 20 percent U235. Thus, only 10
percent more work is needed to reach the 93 percent U235 state.[American Physical
Society, 1978]
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Summary

The problems of proliferation and physical security posed by the various
technologies are different and require continued attention. Safeguards and
physical security considerations do not offer much discrimination among the
reactor technologies, particularly for deployment in the United States. However,
the CANDU (with on-line refueling and heavy water) and the LMR (with
reprocessing) will require special attention to safeguards. Reactor designs that
have passive safety features, including the high-temperature gas cooled reactor
and LMR, provide additional protection against certain acts of sabotage.
However, special attention will be necessary to ensure that the LMR's
reprocessing facilities are not vulnerable to sabotage or to theft of plutonium.

Development Risks

Discussion

The large evolutionary LWRs offer the most mature technology and are in
various stages of design certification as standardized plants by NRC. The use of
mature technology has many advantages:

•   prior experience provides a check on estimates of reliability,
maintainability, safety, and economics;

•   construction and operations experience may not be required before
NRC certification as a standardized design or before electricity
producers would place an order for the design;

•   technically qualified and skilled personnel are currently available;
•   a related infrastructure exists for design, component manufacture,

construction, and operation that is directly transferable;
•   to begin operation, required procedures and training would not be

drastically different from those used for the most recent LWRs; and
•   almost all current regulations and regulatory experience relate to this

type of reactor, so new federal funding is unlikely to be required to
complete the certification process, but could accelerate the process.

For mid-sized pressurized and simplified boiling LWRs with passive
safety features, successful design certification by NRC may depend in part on
the outcome of contractual work recently initiated by DOE. However,
regardless of government assistance, some research and much development and
design are still required for these reactors. The research and design to
demonstrate the passive safety features must be completed before certification.
While these reactors are based on many years of LWR experience, they differ
from current reactors in construction approach, plant configuration, and safety
features. These differences do not appear so great as to require that a first plant
be built for NRC certification.
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The extent to which additional demonstration will be required by NRC for
any new design has not yet been determined. However, in 1991 the Commission
stated:

The Commission approves in principle the requirement for prototype testing of
new, innovative technology such as the nuclear power plant control room
designs intended for design certification, if the testing is required to confirm
expected operational performance under normal and abnormal conditions and
thus is essential for the [NRC] staffs safety determination.[Chilk, 1991]

While a prototype in the traditional sense probably will not be required,
federal funding will likely be required for the first mid-sized LWR plant with
passive safety features. The level of government assistance required to build
such a first plant is uncertain but could be significant. The Committee believes
that the designs of mid-sized LWRs can be certified by NRC without
construction of a prototype plant. However, federal funding is likely to be
required to assist in the construction of the first mid-sized LWR plant; such
funding would serve to offset some of the factors associated with the innovative
features of these designs, such as the risks of not meeting the shortened
construction times, the costs of first-of-a-kind engineering, and the uncertainties
in the NRC licensing process.

The CANDU-3 reactor is farther along in design than the mid-sized LWRs
with passive safety features. However, it has not entered the NRC design
certification process. Commission requirements are complex and different from
those in Canada so that U.S. certification could be a lengthy process.[Ahearne,
1989] Of particular note is the small positive void coefficient during a LOCA.
NRC has always required strong negative void coefficients.

Development risks for the other LWR concepts (SIR and PIUS) are greater
than those for the technologies discussed above. Regarding SIR, there is some
concern about the reliability of components because access for maintenance is
restricted. Extensive design and development are needed, and a full-scale first
plant will probably be required before design certification is approved. In
addition, numerous technical issues must be resolved to establish the systems'
performance during normal operation and the adequacy of the safety features.
PIUS incorporates much new technology and has only been demonstrated in
laboratory experiments. There is also concern about the stability of the interface
between its reactor coolant and the highly borated water in the surrounding
pool. At a minimum, a reasonably large experiment that combines neutronics
with thermal hydraulics would be required to alleviate this concern, but the
Committee believes a full-scale first plant will probably be necessary.
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The MHTGR needs an extensive R&D program to achieve commercial
readiness in the early part of the next century. The construction and operation of
a first plant would likely be required before design certification. Although there
is worldwide experience with gas-cooled reactors, most of these reactors are
sufficiently different from the MHTGR that much of this experience is not
relevant to the technical uncertainties relating to the advanced reactor type.21

Experience with the U.S. Fort St. Vrain reactor and the German THTR
underscores the need to complete development and build a first plant to identify
potential problems in a full-scale plant. The advanced gas-cooled reactor is
claimed to have a unique safety feature in its encapsulated fuel particles.
However, additional R&D would be needed to confirm that fission product
containment in mass-produced, core quantity batches is achieved at severe
accident temperatures of 1,800° to 2,000°C for extended periods with extremely
high reliability. Oak Ridge National Laboratory estimates that data to confirm
fuel performance will not be available before 1994.[Homart, 1989] The
Committee also recognizes that the particle fuel concept of the MHTGR may
lead to significant focus of regulatory safety inspection on the common fuel
manufacturing facility, because of the required stringent quality of the
approximately me billion particles comprising each core and the maintenance of
this regime throughout the operating lifetime of the manufacturing facility.
Means to achieve assurance will have to be developed. The Committee believes
that reliance on the defense-in-depth concept must be retained, and accurate
evaluation of an advanced reactor's safety profile will require evaluation of a
detailed design. Studies of accident scenarios should be continued, including the
effect of air ingress accidents on the structural support of the core to assure that
the core configuration does not change. Finally, the MHTGR does offer the
unique capability of producing high-temperature process heat, but to achieve
this potential, an extensive development program involving major components
must be successfully completed.

The LMR already has an operating test bed reactor (EBR-II), an operating
irradiation test facility (FFTF), and a well-framed program to develop LMR
technology and demonstrate the integral fast reactor concept. Results to date are
promising, and a modular plant design is being developed. This program is
backed by a long history of LMR R&D in the United States. However, much
R&D is still required. A federally funded program, including one or more first
plants, will be required before any LMR concept would be

21 If the MHTGR is selected for the new production reactor, substantial development
funding for the military production version would also benefit the civilian version. The
vendor association estimates that such benefits could amount to about $0.4 to $0.7
billion (i.e., a reduction from about $1 billion to $0.3 – $0.6 billion).[DOE, 1990]
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accepted by U.S.utilities. For example, there is lingering concern about the use
of sodium because of the possibility of sodium-water reactions and potential
fire hazards, although relevant experience with such reactors to date has been
positive on these points. There also is some safety concern about the large
positive sodium void coefficient in some core designs, although the overall
temperature and power coefficient are negative. The opacity of sodium makes
the assurance of satisfactory in-vessel inspections and operations more difficult.
An accident that produces significant core-wide boiling is very unlikely. In
addition, containment is designed to withstand such an accident, including fuel
melting.[Nuclear Power Assembly and ANS, 1990] Finally, in situ fuel
reprocessing22 must be demonstrated, and concerns about proliferation must be
allayed. The economics of this technology, including costs of reprocessing
facilities, can be demonstrated only after a first plant is built and operating.

Summary

The large evolutionary LWRs are judged to have the least development
risk. The CANDU-3 reactor is farther along in design than the mid-sized LWRs
with passive safety features. However, it has not entered NRC's design
certification process. For these designs it is probable that a first plant will not be
required for certification. However, the Committee believes that, while a
prototype in the traditional sense will not be required, federal funding will
likely be required for the first mid-sized LWR plant with passive safety features
to be ordered. The remaining reactor technologies have significant development
risk, and all will require a federally supported first plant.

Licensing

Discussion

The large evolutionary LWRs are furthest along in the design certification
process. They dearly should be most amenable to efficient and predictable
licensing and will very likely be the first to be certified. For the mid-sized
LWRs with passive safety features, EPRI is working closely with the industry
to help move the licensing process forward. These reactors are likely to be the
next type certified.

22 It is possible that centralized reprocessing may be selected instead of in situ
reprocessing.
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The CANDU reactor can probably be licensed in this century, although it
is probably farther behind in the process than the mid-sized LWRs with passive
safety features. Moreover, obtaining certification for the CANDU could require
substantial additional work on the part of the developer because of great
differences in Canadian and U.S. regulatory systems.[Ahearne, 1989]

The SIR and PIUS reactors are still farther behind in the licensing process,
and much R&D would have to be done before they could apply for certification.
However, these reactors appear to be certifiable eventually, although a first
plant will probably be needed. With adequate funding to complete the
development program, a demonstration plant for the MHTGR could be licensed
slightly after the turn of the century, with certification following demonstration
of successful operation. The LMR based on the integral fast reactor concept is
still in a very early stage, with much new technology to be evaluated.
Reprocessing and recycling will raise significant licensing issues. From the
viewpoint of commercial licensing, it is far behind the evolutionary and mid-
sized LWRs with passive safety features in having a commercial design
available for review.

Summary

It would appear that the large evolutionary LWRs could obtain a NRC
design certification as soon as the early to mid-1990s, and the mid-sized LWRs
with passive safety features perhaps a little later, followed by CANDU. First
plants will probably be required for the other reactor concepts, whose design
certification would not be forthcoming until perhaps a decade or more later. The
alternative R&D programs presented in Chapter 4 reflect these judgments.

Overall Assessment

The Committee's overall assessment of these technologies is that the large
evolutionary LWRs and the mid-sized LWRs with passive safety features rank
highest relative to the evaluation criteria. The evolutionary reactors could be
ready for deployment by 2000, and the mid-sized could be ready for initial plant
construction soon after 2000. The mature evolutionary designs would be
available if significant new nuclear generating capacity should be needed before
the mid-sized LWRs are ready. Both types of LWRs take advantage of the
extensive experience with current reactors, yet they promise improvements in
the most troublesome aspects of that experience (e.g., cost, schedule, and
licensing). Determinants of the choice among these systems would be perceived
financial risk and associated financial arrangements, capacity requirements, and
availability of certified, standardized designs.
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The heavy water reactor is also a mature design, and Canadian entry into
the U.S. marketplace would give added insurance of adequate nuclear capacity
if it is needed in the future. But the CANDU does not offer advantages
sufficient to justify U.S. government assistance to initiate and conduct its
licensing review.

The other LWR concepts (SIR and PIUS), the MHTGR, and the advanced
LMR are believed to be considerably less mature and hence not likely to be
deployed for commercial use in the United States until perhaps 2010 to 2025 or
later, assuming their development proceeds. SIR and PIUS primarily offer
safety benefits. The advanced gas-cooled reactor offers safety benefits and the
potential of producing process heat. The advanced LMRs are also judged to
offer benefits in their safety and in their ability to breed fuel should uranium
resources become scarce. Their potential to alleviate some of the waste disposal
problem for LWR fuel through actinide recycling is in such a preliminary stage
that this feature is not considered justification for advancing the advanced LMR
development program nor delaying waste repository schedules. The Committee
judges that the MHTGR process heat capability is of little strategic significance
compared with the LMR's potential for breeding. Based on information
available at the time of the Committee's review, the Committee did not judge
the safety benefits among the reactors discussed in this paragraph to be
significantly different, and thus safety is not a discriminant. The development
required for commercialization of any of these concepts is substantial.

The Committee's evaluations and overall assessment are summarized in
Figure 3–12.

The Committee's major conclusions regarding the advanced reactor
technologies flow from the above assessment. These conclusions are as follows:

1.  Safety and cost are the most important characteristics for future nuclear
power plants.

2.  LWRs of the large evolutionary and the mid-sized advanced designs offer
the best potential for competitive costs (in that order).

3.  Safety benefits among all reactor types appear to be about equal at this
stage in the design process. Safety must be achieved by attention to all
failure modes and levels of design by a multiplicity of safety barriers and
features. Consequently, in the absence of detailed engineering design and
because of the lack of construction and operating experience with the
actual concepts, vendor claims of safety superiority among conceptual
designs cannot be substantiated.
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4.  LWRs can be deployed to meet electricity production needs for the first
quarter of the next century:23

a.  The evolutionary LWRs are further developed and, because of
international projects, are most complete in design. They are likely to be
the first plants certified by NRC. They are expected to be the first of the
advanced reactors available for commercial use and could operate in the
2000 to 2005 time frame. Compared to current reactors, significant
improvements in safety appear likely. Compared to recently completed
high-cost reactors, significant improvements also appear possible in cost
if institutional barriers are resolved. While little or no federal funding is
deemed necessary to complete the process, such funding could accelerate
the process.

b.  Because of the large size and capital investment of evolutionary reactors,
utilities that might order nuclear plants may be reluctant to do so. If
nuclear power plants are to be available to a broader range of potential
U.S. generators, the development of the mid-size plants with passive
safety features is important. These reactors are progressing in their
designs, through DOE and industry funding, toward certification in the
1995 to 2000 time frame. The Committee believes such funding will be
necessary to complete the process. While a prototype in the traditional
sense will not be required, federal funding will likely be required for the
first mid-sized LWR with passive safety features to be ordered.

c.  Government incentives, in the form of shared funding or financial
guarantees, would likely accelerate the next order for a light water plant.
The Committee has not addressed what type of government assistance
should be provided nor whether the first advanced light water plant
should be a large evolutionary LWR or a mid-sized passive LWR.

5.  The CANDU-3 reactor is relatively advanced in design but represents
technology that has not been licensed in the United States. The
Committee did not find compelling reasons for federal funding to the
vendor to support the licensing.

6.  SIR and PIUS, while offering potentially attractive safety features, are
unlikely to be ready for commercial use until after 2010. This alone may
limit their market potential. Funding priority for research on these reactor
systems is considered by the Committee to be low.

7.  MHTGRs also offer potential safety features and possible process heat
applications that could be attractive in the market place. However, based
on the extensive experience base with light water technology in the
United States, the lack of success with commercial use of gas technology,
the likely

23 While this may lock the U.S. into LWR technology for the next 20+ years, the
reasons for which are summarized in the following paragraphs, it does not discourage
research and development of competitive technologies which may be needed later, as
described in Chapter 4.
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higher costs of this technology compared with the alternatives, and the
substantial development costs that are still required before certification,24

the Committee concluded that the MHTGR had a low market potential.
The Committee considered the possibility that the MHTGR might be
selected as the new tritium production reactor for defense purposes and
noted the vendor association's estimated reduction in development costs
for a commercial version of the MHTGR. However, the Committee
concluded, for the reasons summarized above, that the commercial
MHTGR should be given low priority for federal funding.

8.  The LMR technology also provides enhanced safety features, but its
uniqueness lies in the potential for extending fuel resources through
breeding. While the market potential is low in the near term (before the
second quarter of the next century), it could be an important long-term
technology, especially if it can be demonstrated to be economic. The
Committee believes that the LMR should have the highest priority for
long-term nuclear technology development.

9.  The problems of proliferation and physical security posed by the various
technologies are different and require continued attention. Special
attention will need to be paid to the LMR.

The above conclusions formed the basis for the formulation of alternative
U.S. R&D programs in Chapter 4.

24 The Gas Cooled Reactor Associates estimates that, if the MHTGR is selected as the
new tritium production reactor, development costs for a commercial MHTGR could be
reduced from about $1 billion to $0.3 – $0.6 billion.[DOE, 1990]
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4

Federal Research and Development
Alternatives

The Committee was asked to develop a set of federal research and
development (R&D) alternatives to guide a future civilian nuclear power
development program. The alternatives presented here are based on the
Committee's evaluation of the full range of practical technologies for future
nuclear plants; they reflect no comparative evaluation of non-nuclear options
for R&D funding. The formulation of this set of alternatives reflects an
assessment of the relevance of existing civilian reactor development facilities of
the Department of Energy (DOE) and the need for any new facilities and is
based on the Committee's evaluation described in Chapter 3.1

Three R&D alternatives are presented in this chapter following a summary
of the current DOE programs. Funding requirements for the various elements of
each alternative were estimated by the Committee based on DOE information.
None of these alternatives addresses DOE's programs for high-level radioactive
waste disposal. While demonstration reactors for these alternatives are
identified, funding for final design and construction is not included.

1 This chapter addresses alternative Department of Energy funding levels to support
future civilian nuclear power development. This is consistent with the Senate
Appropriations Committee Report 100–381 that formed the basis for this study (see
Preface). The Committee did not attempt to assess (a) the ability (or willingness) of
private industry to underwrite part or all of these R&D costs, Co) the appropriate federal
role in either prototype or final development, or (c) comparisons between federal funding
for civilian nuclear power programs and other energy related programs that compete for
federal R&D resources.
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CURRENT PROGRAMS

Funding Projections for Near-Term and Long-Term
Technologies

During the five Fiscal Years 1992 through 1996 DOE has proposed to
spend about $1.6 billion on R&D for civilian nuclear power. Funding
projections are about $0.2 billion for the near-term reactor technologies and
about $1.4 billion for the long-term reactor technologies, including about $0.7
billion for support facilities (discussed below).[Rohm, 1991] For the near term,
advanced mid-sized light water reactors (LWR) with passive safety features are
being developed in cooperation with the nuclear industry. DOE also is
providing some assistance to the industry's development of large evolutionary
LWRs. For the long term, DOE is currently funding the development of
modular high-temperature gas-cooled reactors (MHTGR) and liquid metal
reactors (LMR).

The funding projections for facilities include about $0.2 billion for
shutdown of the Hanford fast flux test facility (FFTF) over the period FY 1992
through 1996. DOE has proposed to shut down the FFTF complex, although
Congress has appropriated funds for continued operation in FY 1991.

Facilities Currently Supported by Department of Energy

No funds are presently provided for DOE test facilities to support the
development of commercial LWRs, nor have any facilities been identified and
requested for DOE funding by the nuclear industry. However, many DOE test
facilities currently exist in support of the LMR development program.[Hunter,
1989] The most important of these facilities are:

1.  The FFTF (located in Washington)—a large LMR designed for irradiation
tests of multiple full-sized metallic or oxide fuel elements in realistic
conditions. It also has the capability for testing fuels and materials for a
wide range of fission and fusion concepts, including safety related
experiments.

2.  The experimental breeder reactor-II CEBR-II, located in Idaho)—a LMR,
which serves as an irradiation test bed for metallic fuel elements of small
modular reactors and as a test bed for safety experiments. Although the
fuel element lengths are shorter than those envisioned for advanced
commercial LMRs, EBR-II is a major element of the integral fast reactor
(IFR) program.

3.  The hot fuel examination facility/south (HFEF/S, located in Idaho)—used
for support of the IFR program on metallic fuel.

FEDERAL RESEARCH AND DEVELOPMENT ALTERNATIVES 162

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


4.  The fuel manufacturing facility (FMF, located in Idaho)—used for
demonstration of manufacturing technology for LMR fuel elements.

5.  The transient reactor test facility (TREAT, located in Idaho)—a facility
for transient tests of fuel elements and clusters of elements.

6.  The zero power physics reactor (ZPPR, located in Idaho)—a critical test
facility for neutronic physics tests of new core concepts.

7.  The Energy Technology Engineering Center (ETEC, located in California)
—facilities for development and testing of components.

8.  The hot fuel examination facility/north (HFEF/N, located in Idaho)—a hot
cell facility for examination of irradiated fuel.

9.  The Hanford hot fuel examination facility (HFEF, located in Washington)—
a hot cell facility for examination of irradiated fuel.

DOE does not have any major facilities to support exclusively the
development of the MHTGR or Canadian heavy water reactor concepts.
However, there is some support equipment used at Oak Ridge National
Laboratory for studies of the high temperature behavior of fuel particles for gas
reactors.

FEDERAL RESEARCH AND DEVELOPMENT
ALTERNATIVES

Three alternative DOE R&D programs are presented. The Committee has
concluded that each alternative would help retain nuclear power as an option for
meeting U.S. electric energy requirements, albeit with significantly different
long-term implications. These alternatives have progressively higher levels of
funding. No consideration has been made of how funding for these three
alternatives should compare to funding for other energy related programs that
compete for federal R&D resources.

A key feature of the alternatives is a clear delineation between research
activities and development activities. A properly formulated civilian nuclear
energy program should include a continuing, broad-based research component
aimed at identifying promising new concepts and at confirming the feasibility
of critical features of concepts already identified. In contrast, the development
component should identify and pursue only one or two concepts in recognition
of the large commitment of resources necessary for successful development,
first-plant demonstrations, and commercialzation of any reactor concept.

The assumptions upon which the alternatives are based are presented first
followed by the research elements common to all three policy alternatives.
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Assumptions

Irradiation Test Capability

Nuclear reactor development requires evaluation and integration of
mechanical, electrical, electronic, and neutronic design concepts. Among the
most difficult, and the most time-consuming, to evaluate are the issues
concerning fuel behavior, particularly new fuel concepts and under transient
conditions. Therefore, the successful conduct of any new U.S. reactor
development program in which new fuel and core materials are employed
requires a versatile, reliable, high-temperature irradiation test capability. This
capability is essential to the development of fuels and other in-reactor materials
such as moderator, structural, and control materials. In addition, it will provide
the means for studying fission product behavior in both normal and accident
environments for a fuel design concept.

Federal irradiation test facilities contributed significantly to the
development of materials technology in the naval reactors program.[DOE and
DOD, 1988; Hewlett, 1974; Westinghouse, 1958] The naval irradiation test
programs primarily utilized the irradiation test facilities of the materials test
reactor (MTR), engineering test reactor (ETR), advanced test reactor (ATR),
and the Canadian Chalk River test reactor with in-pile loops.

An irradiation capability should provide test-to-failure for sample materials
and proof testing of prototypic materials and configurations essential to the
development of reactor fuels. These tests should be carried out in an
environment that matches, in all essential characteristics, the irradiation
conditions to which the prospective fuel and cladding will be exposed. To
achieve this fidelity of test-to-design, several desirable factors must be
considered: (1) simultaneous achievement of representative fuel burnup and dad
fluence; (2) test of full length fuel elements; and (3) test of prototypic-sized
arrays of fuel pins under design conditions. These experiments should be done
in facilities specifically designed to provide high neutron fluxes and proper
energy spectrums so that the tests simultaneously test the fuel and its coating or
clad under essentially prototypic conditions.

Consequently, the Committee's R&D alternatives are based on the
following assumptions regarding irradiation test facilities. Such facilities are
needed for both research programs and development programs. Research
programs need facilities capable of screening materials to select candidate
design materials and configurations. Development programs can benefit greatly
from facilities capable of testing prototype configurations of design materials to
full design conditions. If adequate irradiation facilities are unavailable, the
reactor development program would have to accept the significant technical risk
inherent in extrapolating from a firm, tested technical
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basis to desired design conditions. In a slower-paced program, such
extrapolations may be minimized by use of successive plant sizes, albeit at
increased future cost. However, in even a modestly aggressive program,
extrapolations of fuel irradiation behavior are uncertain, and availability of
adequate irradiation facilities becomes very important.

An alternative to a versatile irradiation test facility in the United States is
contracting for irradiation services at foreign test reactors to achieve timely test
data under prototypic test conditions. However, for LMR needs, the United
States would have to negotiate with foreign owners of LMRs regarding the
conduct of specific tests, which may or may not become available.2

Nuclear Regulatory Commission Research

For the advanced LWRs with passive safety features currently supported
by DOE, a Nuclear Regulatory Commission (NRC) confirmatory research
program is necessary to acquire the data and analytic tools required to make
certification decisions on these designs. We have assumed this research will be
provided. However, the NRC research budget has declined substantially in the
1980s, and NRC research funds may not be sufficient to support timely
certification, currently scheduled to be 1992 for the large evolutionary LWRs
and 1994 to 1995 for the mid-sized LWRs with passive safety features. We note
that NRC's Nuclear Safety Research Review Committee (NSRRC) concluded in
its report dated December 21, 1990

The FYP [Five Year Plan] does not address specific research for advanced
reactors, and the NSRRC recommends that RES [NRC's Office of Nuclear
Regulatory Research] and the NRC give prompt attention to this important
issue.
The distribution of funds across the major program areas of the FYP is
appropriate given current needs and available funds. It would be difficult,
however, to sustain a viable nuclear safety research program to support the
NRC if the current budgets are decreased. In fact, budget increases will be
needed to address the requirements for new technologies under regulatory
oversight.[Morrison, 1990]

2 Out of pile research experiments on component materials behavior will also be of
considerable importance.
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Common Research Elements

In addition to R&D being done by industry, three research elements are
common to all alternatives: (1) reactor research at federal facilities; (2)
university research funding; and (3) support for research to improve the
operational performance and to extend the lifetimes of existing nuclear plants in
the United States. The Committee believes these elements must be funded
adequately to retain nuclear power as an option for meeting U.S. electric energy
requirements.

Reactor Research

Research activity is vital to provide fundamental understanding of fuel
cycle aspects of technologies already identified and to develop new reactor
concepts. For example, research on fuel cycle aspects of the metal fuelled fast
LMR, which could be accomplished by operating HFEF/S and FMF, including
evolution of key prototypic reactor design and safety features, would be funded.
To provide irradiation testing, EBR-H would be operated. This would provide
limited capability for LMR fuel testing and for safety research at a U.S. facility.

The Committee concluded that federal support for development of a
commercial version of the MHTGR should be a low priority (see section
entitled "Excluded Programs" later in this chapter). However, the fundamental
design strategy of the MHTGR is based upon the integrity of the fuel (œ1600°
C) under operation and accident conditions. There are other potentially
significant uses for such fuel, in particular, space propulsion.[Pierce, 1985;
Powell and Horn, 1987; Powell and Botts, 1983; Powell et al., 1985]
Consequently, the Committee believes that DOE should consider maintaining a
coated fuel particle research program within that part of DOE focused on space
reactors.

Additionally, research would explore reactor concepts not addressed in this
report, materials in particular fuels, and design features that would otherwise
not be exam ed in the United States. Future reactor development directions are
vitally dependent on the ability of DOE to sustain such a component that can
originate innovative ideas.

University Research

The second element, funding for research at universities, recognizes and
exploits the potential of university academic programs to enhance DOE
research by generating new technology and reactor concepts and to sustain the
commercial nuclear power industry by producing technically educated
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graduates. A recent National Research Council report stresses the need for
additional and continued support for nuclear engineering students and research
faculty. Whereas the need remains strong, over the last decade, nuclear
engineering academic programs at both the masters and undergraduate levels
have declined in terms of (1) the number of students enrolling, (2) the number
of schools offering such curricula, and (3) the number of research reactors on
university campuses.3 [NAS, 1990]

Operational Performance Improvement and Plant Life Extension

The final common element in each alternative is the recommendation that
DOE support research programs to improve the operational performance and
investigate the means to achieve plant life extension of existing nuclear plants
in the United States. The successful operation of existing plants is required to
restore public confidence in the nuclear option, and the achievement of life
extension will maintain the contribution of electricity production from existing
nuclear plants substantially beyond their original licensed period.

Utilities find it difficult to justify R&D money as part of their rate base,
and vendors have little incentive to carry out such research. These factors, a
variety of other reasons, and an orientation to near-term "bottom-line" results
limit the investments to levels lower than the Committee believes necessary.
While NRC is doing some research in areas strictly related to its licensing
responsibilities, the major share of the required R&D effort must come from
DOE.

3 Undergraduate senior enrollments in nuclear engineering programs decreased from
1,150 in 1978 to about 650 by 1988. Enrollments in masters programs also peaked in the
late 1970s, at about 1,050 students, and steadily declined to about 650 students in 1988.
Since 1982, however, student enrollment in doctoral programs has remained relatively
steady at about 600.

The number of U.S. undergraduate nuclear engineering programs declined from 80 in
1975 to 57 in 1989.

Two decades ago, 76 U.S. university research reactors were operating. By 1987, 27
university research reactors were in operation at universities offering nuclear engineering
degrees or options in nuclear engineering.[NAS, 1990]
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Alternative Program 1: Light Water Reactor Development
and Common Research Elements

Two very differing perspectives have been publicly espoused regarding the
technology upon which to base retention of nuclear power as an option for
meeting future U.S. electric energy requirements. The first is that the experience
with light water technology has provided a foundation for this retention and
should be pursued, incorporating improvements as they are developed. The
second is that this experience has been sufficiently flawed by accidents and
economic difficulties to warrant a shift to a completely new nuclear technology.
The Committee believes the first perspective is correct because there is far
greater experience with LWR plant and fuel design, construction, regulation,
and operation; there is no need for substantial additional R&D; LWR
technology can be deployed commercially with much shorter and more
predictable schedules and costs; and it utilizes existing resources and
infrastructures more effectively than other designs; all of which makes for less
uncertainties with this technology for the near term than any alternative.

Chapter 3 presented the Committee's conclusion that LWRs are the most
likely candidates for commercial purchase in the next 15 to 30 years. The
Committee concluded that, of the advanced designs, the large, evolutionary
LWRs will be the first to be certified in the United States. Work on these
designs is mature, having been funded cooperatively by Japanese and U.S.
industry. Consequently, the Committee sees no need for federal R&D funding
for these concepts, although federal funding could accelerate the certification
process. The Committee does see the evolutionary LWRs as the most likely to
be available for purchase in the next few years, and has concluded that these
reactors, if they meet their design goals, would satisfy safety and lifetime cost
requirements. Therefore, if additional federal funding is required to meet unique
NRC certification requirements, such funding would be consistent with
retaining nuclear power as an option for the United States. Whether it should be
included in a government program would require an analysis of industry's
ability to fund such work and evaluation of the appropriate role of the federal
government in assisting what are basically commercial products.

In addition to the evolutionary LWRs, the mid-sized LWR with passive
safety features could serve to retain nuclear power as a U.S. option. Therefore,
R&D Alternative 1 concentrates development funding on determining how
improvements in the concept of a mid-sized LWR with passive safety features
can be realized. The required single and integral scaled tests can be carried out
in private industrial facilities. Hence, no new DOE test facilities are needed for
mid-sized LWRs with passive safety features. However, these tests are vital for
the development of such advanced reactors.
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Consequently, the Committee judges that these tests will be required for
each passive safety related system at a scale large enough to validate design
criteria.

Long-term retention of the nuclear option would require assurance of long-
term availability of economical fuel supply. The LMR, which can be designed
to perform as a near breeder or a true breeder, is a concept whose introduction
would provide this assurance. However, the date by which breeders will be
needed is uncertain and depends principally on the rate of growth of nuclear
power production in the United States and in other countries and on domestic
and world natural uranium resources. Therefore, R&D Alternative 1 is based on
the premise that the LMR development program, as opposed to research
programs, for long-term needs could be deferred and initiated at a later date
when the time frame of its need becomes more defined. Concurrent research on
the LMR, which currently emphasizes the IF concept, as well as investigation of
other reactor basic research, is accomplished in Alternative 1 through the
Reactor Research common element. (The IFR concept utilizes metal fuel
processed in situ by pyrometallurgy.) In addition, the other two common
research elements, university research and operational performance
improvement and plant life extension of existing LWRs, are included in R&D
Alternative 1.

The Committee also concludes that no first plant mid-sized LWR with
passive safety features is likely to be certified and built without government
incentives, in the form of shared funding or financial guarantees.4 The
Committee has not addressed what type of government financial assistance (if
any) would be required nor what should be the specific type for the first LWR
plant to be built. As a result, budget projections Listed for the three alternatives
include no allowances for federal investment in the actual licensing and
construction of a reactor and therefore may be significantly less than what
actually would be required. Whatever approach is used, the role of the industry
and government must be explicit from the beginning.

In summary, this first alternative, which has the lowest cost, contains the
three common elements, assumes that certification of evolutionary LWRs will
not require further DOE funding, limits development to mid-sized LWRs with
passive safety features, and maintains the LMR program as a research activity.
The major facility for LMR irradiation research, EBR-II, would be retained
under this option.

4 DOE has estimated that lead plant engineering alone would require about $100
million of federal funding in the 1990s.[Griffith], 1990]
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Introduction to Alternatives 2 and 3

As discussed in Chapter 2, the Committee believes that several factors
other than reactor designs will strongly influence whether nuclear power will be
retained as an option in the United States. We have concluded that, if nuclear
power plants are to be ordered within the next few years, the evolutionary LWR
will be available. If a later time, toward the end of this decade or early in the
next, is the introduction point, R&D Alternative 1 is aimed at ensuring that the
mid-sized LWRs with passive safety features also would be available.

Were the nuclear option to be chosen, and large scale, long-term
deployment followed, uranium supplies at competitive prices would eventually
become exhausted. This eventuality has been the fundamental and traditional
basis for reactor development program strategies that have called for the future
introduction of the breeder concept and, in past periods of optimism, for near-
breeders to extend the time period before breeders were required.

The liquid metal cooled fission reactor is the most developed of potentially
exploitable technologies and can be designed to operate over a range of
conversion ratios. This flexibility, the positive LMR operating history, and the
judgment arrived at in Chapter 3 that no other advanced concept has a
discernable relative safety advantage led the Committee to conclude that the
LMR should be the successor reactor to LWR technology. The estimate of the
time for LMR commercial deployment should take into consideration the
projected use of uranium and its consequent increase in price, the annual growth
rate for U.S. electric generating capacity, and how that growth may be met. One
recent National Research Council study [National Research Council, 1987]
concluded that

Depending on the extent of future use of light-water reactors, the total use and
commitment of known U.S. uranium oxide resources (U3O8) at a price less
than $200 per pound could occur as early as the-year 2020; that circumstance
would be more likely to occur between 2020 and 2045. Availability of global
uranium supplies would delay this occurrence by about thirty years.

The effect of reduction in enrichment costs by successful introduction of
advanced technologies such as AVLIS (atomic vapor laser isotope separation)
were not considered in this study, but would tend to further extend these dates.

Based on the conclusion in the National Research Council study,
introduction of the LMR breeder could occur as early as 2020 or as late as 2075.
Other considerations are (1) the retention of an existing trained cadre of LMR
engineers and scientists, together with existing facilities for LMR
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development, and (2) the time needed for development, prototype construction,
and accumulation of sufficient prototype operation experience upon which to
base a decision to commercialize the technology. The first factor is relevant to
the latest target date while the second affects the earliest date.

The Committee believes that the development, construction, and operation
phases require approximately fifteen-, ten-, and ten-year periods, respectively.
This thirty-five year total period leads to an earliest date of 2025, but we have
no information on which to estimate the impact of the retention factor. Hence,
while the year 2025 is early in the range of the uranium cost scenarios, the
Committee adopted the target date of 2025 as the earliest date of introduction.

Consequently, Alternatives 2 and 3 have been developed to provide R&D
alternatives that would explicitly include development of the liquid metal
breeder option rather than postponing the decision to a later date, as is the case
under Alternative 1.

Alternative Program 2: Alternative 1 Plus Liquid Metal
Reactor Development

The rationale for Alternative 2 is to maintain a national program that
assures retention of the nuclear option for the longer term; this requires the
continued availability of an economic nuclear fuel resource. The LMR
employing a breeding cycle is the only assured means of providing this resource
currently foreseen. Developments in competing nuclear and non-nuclear energy
supply options, as well as technological progress on the LMR itself, will
determine when it should be deployed. This R&D Alternative retains much of
the existing program infrastructure and applies it to developing LMRs for
possible commercial deployment by the year 2025. This target date allows the
development program to proceed in a slower and less costly manner than is
included in R&D Alternative 3.

In addition to funding development of the mid-sized LWRs and the
common research elements embodied in Alternative 1, this alternative adds
funding for development of LMRs for commercial deployment by the year
2025. This development program would encompass all conceptual and
engineering design, component development, and testing that would allow the
first LMR plant to be built and placed in service by the year 2015. Successful
experience with this early (first) plant is needed to develop a sufficient
economic, safety, and operational basis for commercial confidence in the design
prior to beginning commercial deployment in 2025. The current program for
development of an LMR would be expanded to begin more detailed design of a
demonstration plant, but no funds are included for
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construction. Funding for constructing this first plant will need to be shared by
government and industry.

This alternative would also include limited research to examine the
feasibility of recycling actinides from LWR spent fuel, utilizing the LMR.

As in Alternative 1, Alternative 2 assumes completion of the planned
shutdown of the FFTF, but provides irradiation capability through operation of
EBR-II. The availability of the FFTF would reduce the magnitude of the
extrapolations required in the conduct of the fuels and materials development
programs for the LMR concept. However, in view of the proposed extended
development schedule of this alternative and the recommendation to construct
at least one first plant, the required fuel performance extrapolations might be
tolerable. Consequently, the Committee believes that it is possible to explore
structuring this program without the assumed availability of the FFTF, which
would be shut down if the current DOE intent is fulfilled.

Alternative 2 does require that DOE test facilities in Idaho (TREAT and
ZPPR) and ETEC continue to operate. They currently exist in support of the
LMR program, but would be shut down under Alternative 1. With respect to
ETEC, DOE should give priority to testing U.S. concepts for industrial
components of an LMR. Additionally, cooperative development activities of
mutual interest to Japanese or European designs should be pursued.

Some DOE facilities for examining hot fuel that are currently operating
may not be needed for this alternative. The Committee did not attempt to
determine which facilities should be retained to provide the necessary support
for this level of research. The Committee believes that DOE should determine
whether the Idaho HFEF/N or the Hanford HFEF should be dosed down (or
placed in standby).

Alternative Program 3: Alternative 1 Plus Accelerated
Liquid Metal Reactor Development, Including Light Water

Reactor Actinide Recycling Studies

This alternative continues the mid-sized LWR development program in the
previous alternatives as well as the common elements. However, it expands the
LMR program to make available the option of commercially deploying LMRs
in 2015. The advancement in date from the year 2025 of Alternative 2 is
adopted to reflect the earliest date the Committee believes is practically possible
to ready the LMR for commercialization. This could be achieved by reductions
of five years in both the required development phase and the prototype
construction phase. The earlier date could become desirable if the LMR safety
characteristics, the capacity of recycling of its own
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actinides, and a greater demand for breeding were to become publicly
recognized as very desirable features. Alternative 3 includes accelerated
development of the IFR concept. The FFTF is retained in this option for fuel
irradiation testing.

This alternative also provides for investigation of the desirability and
feasibility of recycling actinides from LWR spent fuel. A target date for
determining the technical, economic, and political feasibility of actinide recycle
for LWR spent fuel is 2005. Emphasis on actinide recycling is warranted if it
can be shown to reduce significantly the time that waste in a geological
repository needs to be isolated and that no adverse institutional or technical
constraints to waste fuel management are introduced. However, in the
Committee's view, it should be emphasized that actinide recycling studies are
not a substitute for proceeding expeditiously to construct a high-level
radioactive waste isolation facility. We also note that plutonium, the major
alpha-active by-product of existing reactor operations, can be utilized in LMRs
or, in mixed-oxide fuel, in LWRs. Of course, either requires reprocessing of
spent fuel.

This R&D alternative will require an irradiation reactor facility for testing
both fuel assemblies and composite fuel pins at as near to prototypic steady and
transient conditions as possible and at accelerated testing times. These factors
are most important for the LMR development proposed in this alternative
because the development time cycle is to be accelerated and high fuel element
burnup per fuel cycle is desired for recycling studies. Consequently, the
Committee believes, unlike DOE [Griffith, Undated], that this development
path would be far better pursued by maintaining the FFTF to support the LMR
program. The FFTF is superior to EBR-II regarding the following valuable
technical irradiation goals: (1) simultaneous match of irradiation damage to the
clad based on neutron fluence with peak fuel burnup based on the energy
averaged neutron flux for fission; (2) irradiation of prototypic fuel lengths with
design peak-to-average axial power ratios to confirm axial fuel pin behavior
particularly with respect to axial fuel motion under transient conditions; and (3)
testing of prototypic sized fuel assemblies under prototypic irradiation, coolant
temperature, and coolant velocity conditions. In fact, the Committee was
informed by DOE that nine LMR test assemblies are currently being irradiated
in the FFTF. Without the availability of the FFTF, significant extrapolation
from test conditions to LMR design conditions will be required, although, as
described in Alternative 2, this is possible. The amount of extrapolation will
increase as the fuel is enriched in order to reduce testing times. Hence, the
Committee retains the FFTF in this alternative.
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EBR-II would remain operational until its current fuel irradiation and
dosed fuel cycle programs axe completed. This transition is estimated to take 5
to 7 years.

Excluded Programs

None of the three alternatives presented contain funding for the
development of the MHTGR. The Committee carefully reviewed the current
state of the high-temperature gas-cooled reactor, including safety and economic
considerations, as a technology for the generation of electricity and high-
temperature gas. This assessment included the further R&D required, including
attendant uncertainties, and the projected economics of the technology. The
Committee concluded that no foreseeable commercial market exists for
MHTGR-produced process heat, which is the unique strategic capability of the
MHTGR. Further, as discussed in Chapter 3, the MHTGR does not offer
demonstrable cost or safety advantages over the other concepts. Therefore,
given the limited funds available for commercial nuclear power development
and the desirability to focus and coalesce efforts behind light water and liquid
metal technologies, no funds should be allocated for development of high-
temperature gas-cooled reactor technology within the commercial nuclear
power development budget of DOE.

The Committee also has concluded that no funds should be allocated for
R&D on SIR, PIUS, or CANDU-3 (the other advanced reactors discussed in
Chapter 3). However, the Committee has taken no position on private funding
or international consortia for any of these reactor types, or for the MHTGR.

Costs of the Alternatives

The approximate annual costs for DOE of each of the above alternatives
are depicted in Table 4-1. DOE programs for FY 1990 and FY 1991 are shown
for comparison. (Note: The numbers in Table 4-1 are approximate; actual
numbers would need to be developed by DOE or the Office of Management and
Budget.)

The annual costs ill Table 4-1 are average costs for the near term, about the
next five years, for each alternative. These costs specifically include the costs to
operate those facilities that have been identified as needed for each alternative.
All of these alternatives will take considerably longer than five years to achieve
commercialization of one or more reactor technologies. The life cycle costs of
these alternatives, which must include any government contribution to first
plant construction, remain to be developed.
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Additional Considerations

Finally, for whatever alternative R&D program is selected, DOE and the
nuclear industry must ensure (1) that the reactors designed and developed equal
or exceed the top tier design safety requirements advocated by the Electric
Power Research Institute (Table 3-2), and (2) that projected total lifetime
generation costs are such that the electricity produced is competitive with
electricity produced (or saved) by alternative baseload technologies.

For whatever alternative is selected, the Committee's budget projections
are intended to include R&D funding to address concerns about the potential for
the risk of diversion of sensitive nuclear materials. Special attention will need to
be paid to the LMR.

It is the Committee's judgment that Alternative 2 should be followed
because it:

•   provides adequate support for the most promising near-term reactor
technologies;

•   provides sufficient support for LMR development to maintain the
technical capabilities of the LMR R&D community;

•   would support deployment of LMRs to breed fuel by the second
quarter of the next century should that be needed; and

•   would maintain a research program in support of both existing and
advanced reactors.

SUMMARY

The alternative R&D programs developed in this chapter contain three
common research elements: (1) reactor research using federal facilities; retained
for the LMR are EBR-II, HFEF/S, and FMF. The Committee believes that DOE
should consider maintaining a coated fuel particle research program within that
pan of DOE focused on space reactors; (2) university research programs; and
(3) improved performance and life extension programs for existing U.S. nuclear
power plants.

Alternative 1 adds funding to assist development of the mid-sized LWRs
with passive safety features. Alternative 2 adds a LMR development program
and associated facilities (TREAT, ZPPR, ETEC, and either HFEF/N or the
Hanford HFEF). This alternative would also include limited research to
examine the feasibility of recycling actinides from LWR spent fuel, utilizing the
LMR. Finally, Alternative 3 adds FFTF and increases LMR funding to
accelerate reactor and IFR fuel cycle development and examination of actinide
recycle of LWR spent fuel.
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None of the three alternatives contain funding for development of
MHTGR, SIR, PIUS, or CANDU-3.

Significant analysis and research is required to assess both the technical
and economic feasibility of recycling actinides from LWR spent fuel.

It is the Committee's judgment that Alternative 2 should be followed.
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5

Conclusions and Recommendations

The Committee was requested to analyze the technological and
institutional alternatives to retain an option for future U.S. nuclear power
deployment.

A premise of the Senate report directing this study is ''that nuclear fission
remains an important option for meeting our electric energy requirements and
maintaining a balanced national energy policy.'' The Committee was not asked
to examine this premise, and it did not do so. The Committee consisted of
members with widely ranging views on the desirability of nuclear power.
Nevertheless, all members approached the Committee's charge from the
perspective of what would be necessary if we are to retain nuclear power as an
option for meeting U.S. electric energy requirements, without attempting to
achieve consensus on whether or not it should be retained. The Committee's
conclusions and recommendations should be read in this context.

The Committee's review and analyses have been presented in previous
chapters. Here the Committee consolidates the conclusions and
recommendations found in the previous chapters and adds some additional
conclusions and recommendations based upon some of the previous statements.
The Committee also includes some conclusions and recommendations that are
not explicitly based upon the earlier chapters but stem from the considerable
experience of the Committee members.

Most of the following discussion contains conclusions. There also are a
few recommendations. Where the recommendations appear they are identified
as such by bold italicized type.

GENERAL CONCLUSIONS

In 1989, nuclear plants produced about 19 percent of the United States'
electricity, 77 percent of France's electricity, 26 percent of Japan's electricity,
and 33 percent of West Germany's electricity. However, expansion of
commercial nuclear energy has virtually halted in the United States. In other
countries, too, growth of nuclear generation has slowed or stopped. The reasons
in the United States include reduced growth in demand for electricity, high
costs, regulatory uncertainty, and public opinion. In the United States, concern
for safety, the economics of nuclear power, and waste disposal issues adversely
affect the general acceptance of nuclear power.
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Electricity Demand

Estimated growth in summer peak demand for electricity in the United
States has fallen from the 1974 projection of more than 7 percent per year to a
relatively steady level of about 2 percent per year. Plant orders based on the
projections resulted in cancellations, extended construction schedules, and
excess capacity during much of the 1970s and 1980s. The excess capacity has
diminished in the past five years, and ten year projections (at approximately 2
percent per year) suggest a need for new capacity in the 1990s and beyond. To
meet near-term anticipated demand, bidding by non-utility generators and
energy efficiency providers is establishing a trend for utilities acquiring a
substantial portion of this new generating capacity from others. Reliance on non-
utility generators does not now favor large scale baseload technologies.

Nuclear power plants emit neither precursors to acid rain nor gases that
contribute to global warming, like carbon dioxide. Both of these environmental
issues are currently of great concern. New regulations to address these issues
will lead to increases in the costs of electricity produced by combustion of coal,
one of nuclear power's main competitors. Increased costs for coal-generated
electricity will also benefit alternate energy sources that do not emit these
pollutants.

Costs

Major deterrents for new U.S. nuclear plant orders include high capital
carrying charges, driven by high construction costs and extended construction
times, as well as the risk of not recovering all construction costs.

Construction Costs

Construction costs are hard to establish, with no central source, and
inconsistent data from several sources. Available data show a wide range of
costs for U.S. nuclear plants, with the most expensive costing three times more
(in dollars per kilowatt electric) than the least expensive in the same year of
commercial operation. In the post-Three Mile Island era, the cost increases have
been much larger. Considerable design modification and retrofitting to meet
new regulations contributed to cost increases. From 1971 to 1980, the most
expensive nuclear plant (in constant dollars) increased by 30 percent. The
highest cost for a nuclear plant beginning commercial operation in the United
States was twice as expensive (in constant dollars) from 1981 to 1984 as it was
from 1977 to 1980.
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Construction Time

Although plant size also increased, the average time to construct a U.S.
nuclear plant went from about 5 years prior to 1975 to about 12 years from
1985 to 1989. U.S. construction times are much longer than those in other major
nuclear countries, except for the United Kingdom. Over the period 1978 to
1989, the U.S. average construction time was nearly twice that of France and
more than twice that of Japan.

Prudency

Billions of dollars in disallowances of recovery of costs from utility
ratepayers have made utilities and the financial community leery of further
investments in nuclear power plants. During the 1980s, rate base disallowances
by state regulators totaled about $14 billion for nuclear plants, but only about
$0.7 billion for non-nuclear plants.

Operation

Operation and maintenance (O&M) costs for U.S. nuclear plants have
increased faster than for coal plants. Over the decade of the 1980s, U.S. nuclear
O&M-plus-fuel costs grew from nearly half to about the same as those for fossil
fueled plants, a significant shift in relative advantage.

Performance

On average, U.S. nuclear plants have poorer capacity factors compared to
those of plants in other Organization for Economic Cooperation and
Development (OECD) countries. On a lifetime basis, the United States is barely
above 60 percent capacity factor, while France and Japan are at 68 percent, and
West Germany is at 74 percent. Moreover, through 1988 12 U.S. plants were in
the bottom 22. However, some U.S. plants do very well: 3 of the top 22 OECD
plants through 1988 were U.S. U.S. plants averaged 65 percent in 1988, 63
percent in 1989, and 68 percent in 1990.

Except for capacity factors, the performance indicators of U.S. nuclear
plants have improved significantly over the past several years, If the industry is
to achieve parity with the operating performance in other countries, it must
carefully examine its failure to achieve its own goal in this area and develop
improved strategies, including better management practices. Such practices axe
important if the generators are to develop confidence that the new generation of
plants can achieve the higher load factors estimated by the vendors.
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Public Attitudes

There has been substantial opposition to new plants. The failure to solve
the high-level radioactive waste disposal problem has harmed nuclear power's
public image. It is the Committee's opinion, based upon our experience, that,
more recently, an inability of states, that are members of regional compact
commissions, to site low-level radioactive waste facilities has also harmed
nuclear power's public image.

Several factors seem to influence the public to have a less than positive
attitude toward new nuclear plants:

•   no perceived urgency for new capacity;
•   nuclear power is believed to be more costly than alternatives;
•   concerns that nuclear power is not safe enough;
•   little trust in government or industry advocates of nuclear power;
•   concerns about the health effects of low-level radiation;
•   concerns that there is no safe way to dispose of high-level waste; and
•   concerns about proliferation of nuclear weapons.

The Committee concludes that the following would improve public
opinion of nuclear power:

•   a recognized need for a greater electrical supply that can best be met by
large plants;

•   economic sanctions or public policies imposed to reduce fossil fuel
burning;

•   maintaining the safe operation of existing nuclear plants and informing
the public;

•   providing the opportunity for meaningful public participation in
nuclear power issues, including generation planning, siting, and
oversight;

•   better communication on the risk of low-level radiation;
•   resolving the high-level waste disposal issue; and
•   assurance that a revival of nuclear power would not increase

proliferation of nuclear weapons.

Safety

As a result of operating experience, improved O&M training programs,
safety research, better inspections, and productive use of probabilistic risk
analysis, safety is continually improved. The Committee concludes that the risk
to the health of the public from the operation of current reactors in the United
States is very small. In this fundamental sense, current reactors are safe.
However, a significant segment of the public has a different perception and also
believes that the level of safety can and should be increased. The
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development of advanced reactors is in part an attempt to respond to this public
attitude.

Institutional Changes

The Committee believes that large-scale deployment of new nuclear power
plants will require significant changes by both industry and government.

Industry

One of the most important factors affecting the future of nuclear power in
the United States is its cost in relation to alternatives and the recovery of these
capital and operating charges through rates that are charged for the electricity
produced. Chapter 2 of this report deals with these issues in some detail. As
stated there, the industry must develop better methods for managing the design
and construction of nuclear plants. Arrangements among the participants that
would assure timely, economical, and high-quality construction of new nuclear
plants, the Committee believes, will be prerequisites to an adequate degree of
assurance of capital cost recovery from state regulatory authorities in advance
of construction. The development of state prudency laws also can provide a
positive response to this issue.

The Committee and others are well aware of the increases in nuclear plant
construction and operating costs over the last 20 years and the extension of
plant construction schedules over this same period.1 The Committee believes
there are many reasons for these increases but is unable to disaggregate the cost
effect among these reasons with any meaningful precision.

Like others, the Committee believes that the financial community and the
generators must both be satisfied that significant improvements can be achieved
before new plants can be ordered. In addition, the Committee believes that
greater confidence in the control of costs can be realized with plant designs that
are more nearly complete before construction begins, plants that are easier to
construct, use of better construction and management methods, and business
arrangements among the participants that provide stronger incentives for cost-
effective, timely completion of projects.

It is the Committee's opinion, based upon our experience, that the principal
participants in the nuclear industry—utilities, architect-engineers, and suppliers—
should begin now to work out the full range of contractual arrangements for
advanced nuclear power plants. Such arrangements would

1 See discussion of costs and construction schedules in Chapter 2.
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increase the confidence of state regulatory bodies and others that the principal
participants in advanced nuclear power plant projects will be financially
accountable for the quality, timeliness, and economy of their products and
services.

Inadequate management practices have been identified at some U.S.
utilities, large and small, public and private. Because of the high visibility of
nuclear power and the responsibility for public safety, a consistently higher
level of demonstrated utility management practices is essential before the U.S.
public's attitude about nuclear power is likely to improve.

Over the past decade, utilities have steadily strengthened their ability to be
responsible for the safety of their plants. Their actions include the formation
and support of industry institutions, including the Institute of Nuclear Power
Operations (INPO). Self-assessment and peer oversight through INPO are
acknowledged to be strong and effective means of improving the performance
of U.S. nuclear power plants. The Committee believes that such industry self-
improvement, accountability, and self-regulation efforts improve the ability to
retain nuclear power as an option for meeting U.S. electric energy requirements.
The Committee encourages industry efforts to reduce reliance on the adversarial
approach to issue resolution.

It is the Committee's opinion, based upon our experience, that the nuclear
industry should continue to take the initiative to bring the standards of every
American nuclear plant up to those of the best plants in the United States and
the world. Chronic poor performers should be identified publicly and should
face the threat of insurance cancellations. Every U.S. nuclear utility should
continue its full-fledged participation in INPO; any new operators should be
required to become members through insurance prerequisites or other
institutional mechanisms.
Standardization.

The Committee views a high degree of standardization as very important
for the retention of nuclear power as an option for meeting U.S. electric energy
requirements. There is not a uniformly accepted definition of standardization.
The industry, under the auspices of the Nuclear Power Oversight Committee,
has developed a position paper on standardization that provides definitions of
the various phases of standardization and expresses an industry commitment to
standardization. The Committee believes that a strong and sustained
commitment by the principal participants will be required to realize the
potential benefits of standardization (of families of plants) in the diverse U.S.
economy. It is the Committee's opinion, based upon our experience, that the
following will be necessary:
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•   Families of standardized plants will be important for ensuring the
highest levels of safety and for realizing the potential economic
benefits of new nuclear plants. Families of standardized plants will
allow standardized approaches to plant modification, maintenance,
operation, and training.

•   Customers, whether utilities or other entities, must insist on
standardization before an order is placed, during construction, and
throughout the life of the plant.

•   Suppliers must take standardization into account early in planning and
marketing. Any supplier of standardized units will need the experience
and resources for a long-term commitment.

•   Antitrust considerations will have to be properly taken into account to
develop standardized plants.

Nuclear Regulatory Commission

An obstacle to continued nuclear power development has been the
uncertainties in the Nuclear Regulatory Commission's (NRC) licensing process.
Because the current regulatory framework was mainly intended for light water
reactors (LWR) with active safety systems and because regulatory standards
were developed piecemeal over many years, without review and consolidation,
the regulations should be critically reviewed and modified (or replaced with a
more coherent body of regulations) for advanced reactors of other types. The
Committee recommends that NRC comprehensively review its regulations to
prepare for advanced reactors, in particular, LWRs with safety features. The
review should proceed from first principles to develop a coherent, consistent
set of regulations.

The Committee concludes that NRC should improve the quality of its
regulation of existing and future nuclear power plants, including tighter
management controls over all of its interactions with licensees and consistency
of regional activities. Industry has proposed such to NRC.

The Committee encourages efforts by NRC to reduce reliance on the
adversarial approach to issue resolution. The Committee recommends that
NRC encourage industry self-improvement, accountability, and self-
regulation initiatives. While federal regulation plays an important safety role, it
must not be allowed to detract from or undermine the accountability of utilities
and their line management organizations for the safety of their plants.

It is the Committee's expectation that economic incentive programs
instituted by state regulatory bodies will continue for nuclear power plant
operators. Properly formulated and administered, these programs should
improve the economic performance of nuclear plants, and they may also
enhance safety. However, they do have the potential to provide incentives
counter to safety. The Committee believes that such programs should focus
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on economic incentives and avoid incentives that can directly affect plant
safety. On July 18, 1991 NRC issued a Nuclear Regulatory Commission Policy
Statement which expressed concern that such incentive programs may adversely
affect safety and commits NRC to monitoring such programs. A joint industry/
state study of economic incentive programs could help assure that such
programs do not interfere with the safe operation of nuclear power plants.

It is the Committee's opinion, based upon our experience, that NRC should
continue to exercise its federally mandated preemptive authority over the
regulation of commercial nuclear power plant safety if the activities of state
government agencies (or other public or private agencies) run counter to nuclear
safety. Such activities would include those that individually or in the aggregate
interfere with the ability of the organization with direct responsibility for
nuclear plant safety (the organization licensed by the Commission to operate the
plant) to meet this responsibility. The Committee urges close industry-state
cooperation in the safety area.

It is also the Committee's opinion, based upon our experience, that the
industry must have confidence in the stability of NRC's licensing process.
Suppliers and utilities need assurance that licensing has become and will remain
a manageable process that appropriately limits the late introduction of new
issues.

It is likely that, if the possibility of a second hearing before a nuclear plant
can be authorized to operate is to be reduced or eliminated, legislation will be
necessary. The nuclear industry is convinced that such legislation will be
required to increase utility and investor confidence to retain nuclear power as an
option for meeting U.S. electric energy requirements. The Committee concurs.

It is the Committee's opinion, based upon our experience, that potential
nuclear power plant sponsors must not face large unanticipated cost increases as
a result of mid-course regulatory changes, such as backfits. NRC's new
licensing rule, 10 CFR Part 52, provides needed incentives for standardized
designs.

Industry and the Nuclear Regulatory Commission

The U.S. system of nuclear regulation is inherently adversarial, but
mitigation of unnecessary tension in the relations between NRC and its nuclear
power licensees would, in the Committee's opinion, improve the regulatory
environment and enhance public health and safety. Thus, the Committee
commends the efforts by both NRC and the industry to work
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more cooperatively together and encourages both to continue and strengthen
these efforts.

Department of Energy

Lack of resolution of the high-level waste problem jeopardizes future
nuclear power development. The Committee believes that the legal status of the
Yucca Mountain site for a geologic repository should be resolved soon, and that
the Department of Energy's (DOE) program to investigate this site should be
continued. In addition, a contingency plan must be developed to store high-level
radioactive waste in surface storage facilities pending the availability of the
geologic repository.

Environmental Protection Agency

The problems associated with establishing a high-level waste site at Yucca
Mountain are exacerbated by the requirement that, before operation of a
repository beans, DOE must demonstrate to NRC that the repository will
perform to standards established by the Environmental Protection Agency
(EPA). NRC's staff has strongly questioned the workability of these quantitative
requirements, as have the National Research Council's Radioactive Waste
Management Board and others. The Committee concludes that the EPA
standard for disposal of high-level waste will have to be reevaluated to ensure
that a standard that is both adequate and feasible is applied to the geologic
waste repository.

Administration and Congress

The Price-Anderson Act will expire in 2002. The Committee sought to
discover whether or not such protection would be required for advanced
reactors. The clear impression the Committee received from industry
representatives was that some such protection would continue to be needed,
although some Committee members believe that this was an expression of
desire rather than of need. At the very least, renewal of Price-Anderson in 2002
would be viewed by the industry as a supportive action by Congress and would
eliminate the potential disruptive effect of developing alternative liability
arrangements with the insurance industry. Failure to renew Price-Anderson in
2002 would raise a new impediment to nuclear power plant orders as well as
possibly reduce an assured source of funds to accident victims.
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Other

The Committee believes that the National Transportation Safety Board
(NTSB) approach to safety investigations, as a substitute for the present NRC
approach, has merit. In view of the infrequent nature of the activities of such a
committee, it may be feasible for it to be established on an ad hoc basis and
report directly to the NRC chairman. Thereffore, the Committee recommends
that such a small safety review entity be established. Before the establishment
of such an activity, its charter should be carefully defined, along with a clear
delineation of the classes of accidents it would investigate. Its location in the
government and its reporting channels should also be specified. The function of
this group would parallel those of NTSB. Specifically, the group would conduct
independent public investigations of serious incidents and accidents at nuclear
power plants and would publish reports evaluating the causes of these events.
This group would have only a small administrative structure and would bring in
independent experts, including those from both industry and government, to
conduct its investigations.

It is the Committee's opinion, based upon our experience, that responsible
arrangements must be negotiated between sponsors and economic regulators to
provide reasonable assurances of complete cost recovery for nuclear power
plant sponsors. Without such assurances, private investment capital is not likely
to flow to this technology.

In Chapter 2, the Committee addressed the non-recovery of utility costs in
rate proceedings and concluded that better methods of dealing with this issue
must be established. The Committee was impressed with proposals for periodic
reviews of construction progress and costs—"rolling prudency" determinations—
as one method for managing the risks of cost recovery. The Committee believes
that enactment of such legislation could remove much of the investor risk and
uncertainty currently associated with state regulatory treatment of new power
plant construction, and could therefore help retain nuclear power as an option
for meeting U.S. electric energy requirements.

On balance, however, unless many states adopt this or similar legislation, it
is the Committee's view that substantial assurances probably cannot be given,
especially in advance of plant construction, that all costs incurred in building
nuclear plants will be allowed into rate bases.

The Committee notes the current trend toward economic deregulation of
electric power generation. It is presently unclear whether this trend is
compatible with substantial additions of large-scale, utility-owned, baseload
generating capacity, and with nuclear power plants in particular.
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It is the Committee's opinion, based upon our experience, that regional low-
level radioactive waste compact commissions must continue to establish
disposal sites.

Summary

The institutional challenges are clearly substantial If they are to be met, the
Committee believes that the Federal government must decide, as a matter of
national policy, whether a strong and growing nuclear power program is vital to
the economic, environmental, and strategic interests of the American people.
Only with such a clearly stated policy, enunciated by the President and backed
by the Congress through appropriate statutory changes and appropriations, will
it be possible to effect the institutional changes necessary to return the flow of
capital and human resources required to properly employ this technology.

Alternative Reactor Technologies

Advanced reactors are now in design or development. They are being
designed to be simpler, and, if design goals are realized, these plants will be
safer than existing reactors. The design requirements for the advanced reactors
are more stringent than the NRC safety goal policy. If final safety designs of
advanced reactors, and especially those with passive safety features, are as
indicated to this Committee, an attractive feature of them should be the
significant reduction in system complexity and corresponding improvement in
operability. While difficult to quantify, the benefit of improvements in the
operator's ability to monitor the plant and respond to system degradations may
well equal or exceed that of other proposed safety improvements.

The reactor concepts assessed by the Committee were the large
evolutionary LWRs, the mid-sized LWRs with passive safety features,2 the
Canadian deuterium uranium (CANDU) heavy water reactor, the modular high-
temperature gas-cooled reactor (MHTGR), the safe integral reactor (SIR), the
process inherent ultimate safety (PIUS) reactor, and the liquid metal reactor
(LMR). The Committee developed the following criteria for comparing these
reactor concepts:

2 The term ''passive safety features'' refers to the use of gravity, natural circulation, and
stored energy to provide essential safety functions in such LWRs.
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•   safety in operation;
•   economy of construction and operation;
•   suitability for future deployment ha the U.S. market;
•   fuel cycle and environmental considerations;
•   safeguards for resistance to diversion and sabotage;
•   technology risk and development schedule; and
•   amenability to efficient and predictable licensing.

With regard to advanced designs, the Committee reached the following
conclusions.

Large Evolutionary Light Water Reactors

The large evolutionary LWRs offer the most mature technology. The first
standardized design to be certified in the United States is likely to be an
evolutionary LWR. The Committee sees no need for federal research and
development (R&D) funding for these concepts, although federal funding could
accelerate the certification process.

Mid-sized Light Water Reactors with Passive Safety Features

The mid-sized LWRs with passive safety features are designed to be
simpler, with modular construction to reduce construction times and costs, and
to improve operations. They are likely the next to be certified.

Because there is no experience in building such plants, cost projections for
the first plant are clearly uncertain. To reduce the economic uncertainties it will
be necessary to demonstrate the construction technology and improved
operating performance. These reactors differ from current reactors in
construction approach, plant configuration, and safety features. These
differences do not appear so great as to require that a first plant be built for
NRC certification. While a prototype in the traditional sense will not be
required, the Committee concludes that no first-plant mid-sized LWR with
passive safety features is likely to be certified and built without government
incentives, in the form of shared funding or financial guarantees.

CANDU Heavy Water Reactor

The Committee judges that the CANDU ranks below the advanced mid-
sized LWRs in market potential. The CANDU-3 reactor is farther along in
design than the mid-sized LWRs with passive safety features. However, it has
not entered NRC's design certification process. Commission requirements are
complex and different from those in Canada so that U.S. certification
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could be a lengthy process. However, the CANDU reactor can probably be
licensed in this century.

The heavy water reactor is a mature design, and Canadian entry into the
U.S. marketplace would give added insurance of adequate nuclear capacity if it
is needed in the future. But the CANDU does not offer advantages sufficient to
justify U.S. government assistance to initiate and conduct its licensing review.

Modular High-Temperature Gas-Cooled Reactor

The MHTGR posed a difficult set of questions for the Committee. U.S.
and foreign experience with commercial gas-cooled reactors has not been good.
A consortium of industry and utility people continue to promote federal funding
and to express interest in the concept, while none has committed to an order.

The reactor, as presently configured, is located below ground level and
does not have a conventional containment. The basic rationale of the designers
is that a containment is not needed because of the safety features inherent in the
properties of the fuel.

However, the Committee was not convinced by the presentations that the
core damage frequency for the MHTGR has been demonstrated to be low
enough to make a containment structure unnecessary. The Oak Ridge National
Laboratory estimates that data to confirm fuel performance will not be available
before 1994. The Committee believes that reliance on the defense-in-depth
concept must be retained, and accurate evaluation of safety will require
evaluation of a detailed design.

A demonstration plant for the MHTGR could be licensed slightly after the
turn of the century, with certification following demonstration of successful
operation. The MHTGR needs an extensive R&D program to achieve
commercial readiness in the early part of the next century. The construction and
operation of a first plant would likely be required before design certification.
Recognizing the opposite conclusion of the MHTGR proponents, the
Committee was not convinced that a foreseeable commercial market exists for
MHTGR-produced process heat, which is the unique strategic capability of the
MHTGR. Based on the Committee's view on containment requirements, and the
economics and technology issues, the Committee judged the market potential
for the MHTGR to be low.

The Committee believes that no funds should be allocated for development
of high-temperature gas-cooled reactor technology within the commercial
nuclear power development budget of DOE.
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Safe Integral Reactor and Process Inherent Ultimate Safety Reactor

The other advanced light water designs the Committee examined were the
United Kingdom and U.S. SIR and the Swedish PIUS reactor.

The Committee believes there is no near-term U.S. market for SIR and
PLUS. The development risks for SIR and PIUS are greater than for the other
LWRs and CANDU-3. The lack of operational and regulatory experience for
these two is expected to significantly delay their acceptance by utilities. SIR
and PIUS need much R&D, and a first plant will probably be required before
design certification is approved.

The Committee concluded that no Federal funds should be allocated for
R&D on SIR or PIUS.

Liquid Metal Reactor

LMRs offer advantages because of their potential ability to provide a long-
term energy supply through a nearly complete use of uranium resources. Were
the nuclear option to be chosen, and large scale deployment follow, at some
point uranium supplies at competitive prices might be exhausted. Breeder
reactors offer the possibility of extending fissionable fuel supplies well past the
next century. In addition, actinides, including those from LWR spent fuel, can
undergo fission without significantly affecting performance of an advanced
LMR, transmuting the act des to fission products, most of which, except for
technetium, carbon, and some others of little import, have half-lives very much
shorter than the actinides. (Actinides are among the materials of greatest
concern in nuclear waste disposal beyond about 300 years.) However,
substantial further research is required to establish (1) the technical and the
economic feasibility of recycling in LMRs actinides recovered from LWR spent
fuel, and (2) whether high-recovery recycling of transuranics and their
transmutation can, in fact, benefit waste disposal. Assuming success, it would
still be necessary to dispose of high-level waste, although the waste would
largely consist of significantly shorter-lived fission products. Special attention
will be necessary to ensure that the LMR's reprocessing facilities are not
vulnerable to sabotage or to theft of plutonium.

The unique property of the LMR, fuel breeding, might lead to a U.S.
market, but only in the long term. From the viewpoint of commercial licensing
it is far behind the evolutionary and mid-sized LWRs with passive safety
features in having a commercial design available for review. A federally funded
program, including one or more first plants, will be required before any LMR
concept would be accepted by U.S. utilities.
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Net Assessment

The Committee could not make any meaningful quantitative comparison of
the relative safety of the various advanced reactor designs. The Committee
believes that each of the concepts considered can be designed and operated to
meet or closely approach the safety objectives currently proposed for future,
advanced LWRs. The different advanced reactor designs employ different
mixes of active and passive safety features. The Committee believes that there
currently is no single optimal approach to improved safety. Dependence on
passive safety features does not, of itself, ensure greater safety. The Committee
believes that a prudent design course retains the historical defense-in-depth
approach.

The economic projections are highly uncertain, first, because past
experience suggests higher costs, longer construction times, and lower
availabilities than projected and, second, because of different assumptions and
levels of maturity among the designs. The Electric Power Research Institute
(EPRI) data, which the Committee believes to be more reliable than that of the
vendors, indicate that the large evolutionary LWRs are likely to be the least
costly to build and operate on a cost per kilowatt electric or kilowatt hour basis,
while the high-temperature gas-cooled reactors and LMRs are likely to be the
most expensive. EPRI puts the mid-sized LWRs with passive safety features
between the two extremes.

Although there are definite differences in the fuel cycle characteristics of
the advanced reactors, fuel cycle considerations did not offer much in the way
of discrimination among reactors, nor did safeguards and security
considerations, particularly for deployment in the United States. However, the
CANDU (with on-line refueling and heavy water) and the LMR (with
reprocessing) will require special attention to safeguards.

SIR, MHTGR, PIUS, and LMR are not likely to be deployed for
commercial use in the United States, at least within the next 20 years. The
development required for commercialization of any of these concepts is
substantial.

It is the Committee's overall assessment that the large evolutionary LWRs
and the mid-sized LWRs with passive safety features rank highest relative to the
Committee's evaluation criteria. The evolutionary reactors could be ready for
deployment by 2000, and the mid-sized could be ready for initial plant
construction soon after 2000. The Committee's evaluations and overall
assessment are summarized in Figure 5-1.
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The Committee has concluded the following:
1.  Safety and cost are the most important characteristics for future nuclear

power plants.
2.  LWRs of the large evolutionary and the mid-sized advanced designs offer

the best potential for competitive costs (in that order).
3.  Safety benefits among all reactor types appear to be about equal at this

stage in the design process. Safety must be achieved by attention to all
failure modes and levels of design by a multiplicity of safety barriers and
features. Consequently, in the absence of detailed engineering design and
because of the lack of construction and operating experience with the
actual concepts, vendor claims of safety superiority among conceptual
designs cannot be substantiated.

4.  LWRs can be deployed to meet electricity production needs for the first
quarter of the next century:

a.  The evolutionary LWRs are further developed and, because of
international projects, are most complete in design. They are likely to be
the first plants certified by NRC. They are expected to be the first of the
advanced reactors available for commercial use and could operate in the
2000 to 2005 time frame. Compared to current reactors, significant
improvements in safety appear likely. Compared to recently completed
high-cost reactors, significant improvements also appear possible in cost
if institutional barriers are resolved. While little or no federal funding is
deemed necessary to complete the process, such funding could accelerate
the process.

b.  Because of the large size and capital investment of evolutionary reactors,
utilities that might order nuclear plants may be reluctant to do so. If
nuclear power plants are to be available to a broader range of potential
U.S. generators, the development of the mid-sized plants with passive
safety features is important. These reactors are progressing their designs,
through DOE and industry funding, toward certification in the 1995 to
2000 time frame. The Committee believes such funding will be necessary
to complete the process. While a prototype in the traditional sense will not
be required, federal funding will likely be required for the first mid-sized
LWR with passive safety features to be ordered.

c.  Government incentives, in the form of shared funding or financial
guarantees, would likely accelerate the next order for a light water plant.
The Committee has not addressed what type of government assistance
should be provided nor whether the first advanced light water plant
should be a large evolutionary LWR or a mid-sized passive LWR.

5.  The CANDU-3 reactor is relatively advanced in design but represents
technology that has not been licensed in the United States. The
Committee did not find compelling reasons for federal funding to the
vendor to support the licensing.
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6.  SIR and PIUS, while offering potentially attractive safety features, are
unlikely to be ready for commercial use until after 2010. This alone may
limit their market potential. Funding priority for research on these reactor
systems is considered by the Committee to be low.

7.  MHTGRs also offer potential safety features and possible process heat
applications that could be attractive in the market place. However, based
on the extensive experience base with light water technology in the
United States. the lack of success with commercial use of gas technology,
the likely higher costs of this technology compared with the alternatives,
and the substantial development costs that are still required before
certification,3 the Committee concluded that the MHTGR had a low
market potential. The Committee considered the possibility that the
MHTGR might be selected as the new tritium production reactor for
defense purposes and noted the vendor association's estimated reduction
in development costs for a commercial version of the MHTGR. However,
the Committee concluded, for the reasons summarized above, that the
commercial MHTGR should be given low priority for federal funding.

8.  LMR technology also provides enhanced safety features, but its
uniqueness lies in the potential for extending fuel resources through
breeding. While the market potential is low in the near term (before the
second quarter of the next century), it could be an important long-term
technology, especially if it can be demonstrated to be economic. The
Committee believes that the LMR should have the highest priority for
long-term nuclear technology development.

9.  The problems of proliferation and physical security posed by the various
technologies are different and require continued attention. Special
attention will need to be paid to the LMR.

Alternative Research and Development Programs

The Committee developed three alternative R&D programs, each of which
contains three common research elements: (1) reactor research using federal
facilities. The experimental breeder reactor-II, hot fuel examination facility/
south, and fuel manufacturing facility are retained for the LMR; (2) university
research programs; and (3) improved performance and life extension programs
for existing U.S. nuclear power plants.

3 The Gas Cooled Reactor Associates estimates that, if the MHTGR is selected as the
new tritium production reactor, development costs for a commercial MHTGR could be
reduced from about $1 billion to $0.3 – 0.6 billion.[DOE, 1990 in Chapter 3]
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The Committee concluded that federal support for development of a
commercial version of the MHTGR should be a low priority. However, the
fundamental design strategy of the MHTGR is based upon the integrity of the
fuel (œ1600°C) under operation and accident conditions. There are other
potentially significant uses for such fuel, in particular, space propulsion.
Consequently, the Committee believes that DOE should consider maintaining a
coated fuel particle research program within that part of DOE focused on space
reactors.

Alternative 1 adds funding to assist development of the mid-sized LWRs
with passive safety features. Alternative 2 adds a LMR development program
and associated facilities—the transient reactor test facility, the zero power
physics reactor, the Energy Technology Engineering Center, and either the hot
fuel examination facility/north in Idaho or the Hanford hot fuel examination
facility. This alternative would also include limited research to examine the
feasibility of recycling actinides from LWR spent fuel, utilizing the LMR.
Finally, Alternative 3 adds the fast flux test facility and increases LMR funding
to accelerate reactor and integral fast reactor fuel cycle development and
examination of actinide recycle of LWR spent fuel.

None of the three alternatives contain funding for development of the
MHTGR, SIR, PIUS, or CANDU-3.

Significant analysis and research is required to assess both the technical
and economic feasibility of recycling actinides from LWR spent fuel. The
Committee notes that a study of separations technology and transmutation
systems was initiated in 1991 by DOE through the National Research Council's
Board on Radioactive Waste Management.

It is the Committee's judgment that Alternative 2 should be followed
because it:

•   provides adequate support for the most promising near-term reactor
technologies;

•   provides sufficient support for LMR development to maintain the
technical capabilities of the LMR R&D community;

•   would support deployment of LMRs to breed fuel by the second
quarter of the next century should that be needed; and

•   would maintain a research program in support of both existing and
advanced reactors.
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Individual Views

NEIL E. TODREAS

April 30, 1991
The Committee's endorsement of policy Alternative #2 is an affirmation

that focused sequential exploitation of light water reactor (LWR) development
in the short term and liquid metal reactor (LMR) development for the long term
should be pursued. Acceleration of liquid metal development by an additional
ten years as envisioned in Alternative #3 was not deemed necessary at this time.
Concurrent with rejection of this acceleration it was deemed possible to conduct
liquid metal fuel irradiation technology development without the FFTF, albeit at
some risk.

However, an assessment of this risk including options to minimize it were
not explicitly detailed. The technical risk principally involves uncertainties in
extrapolating short-length (13") EBR-II fuel test specimen results to design
conditions (53"). Current long specimens (36") in FFTF will not be taken to
design burnups and examined for some years to ensure that this risk of
extrapolation is tolerable. Further, the continued availability of EBR-II, now
twenty-eight years old, is not assured. The example of the French reactor
RAPSODIE which was ultimately shutdown in 1983, following discovery the
previous year of an unrepairable leak, testifies to the uncertainties in assuring
the availability of aging test reactors.

It therefore seems prudent to the execution of the recommended LMR
development strategy that the contemplated retirement of FFTF be done in
stages including an initial approximately five-year mothball status period. This
would allow the following evaluations to be completed to ensure that the
retirement of FFTF was a cost effective decision.

1.  Complete the destructive examinations of an adequate number of fuel
specimens of long length (36") taken to design burnups in both FFTF
steady state and TREAT transient tests. This will allow assessment of the
risk inherent in extrapolating the behavior of short-length (13") fuel
specimens upon which the irradiation tests program is almost exclusively
to be based. This risk assessment will indicate the number of
demonstration plants of increasing core size that will be needed to
prudently reach prototype design conditions. Life cycle development
costs are strongly affected by this judgment since the tradeoff is between
a strategy of building multiple demonstration plants and retiring the FFTF
versus a path of building perhaps a single intermediate-size demonstration
plant and retention of the FFTF.
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2.  Perform a thorough evaluation of the maintenance and modernization
costs to ensure as best as possible the continued availability of the EBR-II
as an irradiation test bed for the LMR development program.

During this five-year period in which the determination of the U.S. to
maintain an LMR program as a strategic national program is demonstrated, it
might become possible to develop a complementary international LMR
consensus. From such a consensus would almost certainly arise a cooperative
fuel and safety program whose centerpiece would be the utilization of FFTF as
the international test reactor. The resulting FFTF support costs for the U.S.
could be significantly lower than those existing today. These reduced
maintenance costs could then be considered in conjunction with the costs
identified in (1) and (2) above to reach an informed judgment on the question of
maintenance or retirement of the FFTF.

Adolf Birkhofer and Sol Burstein agree with this separate opinion.

HOWARD K. SHAPAR

March 29, 1991
There are three issues on which I wish to state my separate views.
First, I disagree with the Committee's conclusion that there is need for the

establishment of a new entity whose functions would parallel those of the
National Transportation Safety Board. The stated bases for the Committee's
conclusion are that the establishment of such an entity would enhance safety
and public acceptance because, among other things, it would facilitate a
determination of the NRC staffs role in contributing to accidents. To think that
the establishment of such an accident-review body would have a significant
impact on safety or public acceptance of nuclear power is naive in the extreme.
The last thing this country needs is another bureaucracy to review nuclear safety
issues. To the extent that staff involvement may be a contributing factor to the
occurrence of a nuclear incident, I fail to see why NRC's Inspector General
cannot be reasonably expected to bring that involvement to light. If it were to be
shown (which I strongly doubt) that NRC's Inspector General could not perform
this function, then any small review entity created should be based on the
following:

•   make the entity part of NRC and accord the Commission sufficient
supervisory authority to assure that the entity's efforts complement
rather than conflict with NRC's regulatory responsibilities;

•   confine the entity's functions to investigative fact-finding, causal
determination and reporting thereon;

•   establish criteria for triggering safety investigations in order to assure a
focus on matters of real safety significance; and
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•   assure that the technical resources of NRC will not be duplicated or
diluted. The entity should have a small professional staff to provide
investigative leadership, with the detailing of experts from NRC or
elsewhere to fill particular investigative needs.

Second, the Committee's report should, in my view, contain a strong
recommendation for the enactment of legislation, along the lines of the
legislation put forward recently by the Administration in connection with its
National Energy Strategy, which would minimize the possibility of a post-
construction hearing in cases where a combined construction permit and
operating license had been issued. One of the major obstacles to continued
nuclear power development in the United States has been the failure of NRC's
licensing process to provide utilities and investors with requisite levels of
certainty that a completed plant will be allowed to begin commercial operation
on schedule. While NRC has made substantial progress towards the goal of
streamlining its regulatory process by issuing rules in April 1989 (10 CFR Part
52) to provide for early site permits, standardized design certifications, and
combined construction permits and operating licenses, there remains the
substantial possibility, if not likelihood, of another hearing (after the plant has
been completed) which could lead to extensive delays before the plant could go
into operation. What is needed is a nuclear power plant licensing process that
will permit operation in five or six years as is routinely the case in France and
Japan. Clearly, delays in nuclear plant construction and operation have a
fundamental impact on electric generation costs. Recent experience shows that
even when licensing hearings are focused on narrow, technical issues, it can
take many months or years to resolve those issues. Given the cost of carrying a
multi-billion dollar investment while these issues are being litigated, the
uncertainties associated with a post-construction hearing are sufficiently
daunting to deter utilities from ordering a nuclear plant. In short, legislation
such as I would recommend would go a long way to increasing utility and
investor confidence in future nuclear power plant orders.

Third, I do not believe that the Committee's report deals adequately with a
disturbing trend — the fact that an increasing (but, thus far, small) number of
States are involving themselves in matters of nuclear safety. If this trend
continues, another institutional barrier to the further development of nuclear
power in the United States will have been erected. Two of the principal reasons
why the Congress wisely decided that nuclear safety should be the exclusive
responsibility of the Federal Government was the belief (1) that dual regulation
by the States and the Federal Government would be counterproductive to safety
and (2) that Federal preemption would better serve the development of nuclear
energy in the United States. Those reasons continue to be valid today. The
Committee's report should have concluded that entry by the States into the field
of nuclear power plant safety is (in addition to being unlawful) ill-advised,
counter-productive to safety, and contrary to the National interest.
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Appendix A

Committee Meetings

First Meeting
May 31 - June 1, 1989
National Academy of Sciences
Washington, D.C.
Key Objectives: To review the task statement for the study; to hear

presentations on DOE's current reactor development program and discuss
relevant background material and perspectives; to identify the practical
technological options and an appropriate proponent group for each; to develop
evaluation criteria; and to determine future meeting dates and assignments.

Presentations:
Current DOE Reactor Development Program and Expectations for Study
Overview
Mary Ann Novak, Acting Assistant Secretary for Nuclear Energy
Advanced Light Water Reactor
David McGoff, Associate Deputy Assistant Secretary for Reactor

Deployment
Liquid Metal Reactor
Jerry Griffith, Associate Deputy Assistant Secretary for Reactor Systems

Development and Technology
High Temperature Gas Reactor
Jerry Griffith, Associate Deputy Assistant Secretary for Reactor Systems

Development and Technology
Legislative Perspective and Expectations for Study
Ben Cooper, Senior Professional Staff
Senate Committee on Energy and Natural Resources
Overview of Congressional Office of Technology Assessment Study:

Nuclear Power in an Age of Uncertainty
Alan Crane, Senior Associate
Congressional Office of Technology Assessment
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Overview of Massachusetts Institute of Technology Study: National
Strategies for Nuclear Power Development, prepared under National Science
Foundation grant

Richard Lester, Professor, Department of Nuclear Engineering
Massachusetts Institute of Technology
Overview of U.S. Department of Energy's Energy Research Advisory

Board Study: Review of the Proposed Strategic National Plan for Civilian
Nuclear Reactor Development

John Landis, Sr. Vice President and Director Stone & Webster
Dinner Speaker:
Llewellyn King, Publisher
The Energy Daily
Second Meeting
August 21–25, 1989
Beckman Center
Irvine, California
Key Objectives: To obtain information on the technological options from

their proponents and to begin evaluating the technologies. This meeting was a
Reactor Technologies Workshop at which the Committee members received
presentations on various reactor technologies from U.S. and foreign speakers.
Also during this meeting staff presented the results of interviews with various
utility chief executive officers. Following the presentations, the Committee
broke into focus groups for the evaluation.

Presentations:
EPRI Overview of Advanced LWRs and Comments on Other Advanced

Technologies
John Taylor, Vice President for Nuclear Power
John DeVine, Program Manager, Advanced Light Water Reactor Electric

Power Research Institute
Comments on Types and Status of Reviews
Thomas Murley, Director, Office of Nuclear Reactor Regulation U.S.

Nuclear Regulatory Commission
Combustion Engineering Advanced LWR Technology
Shelby Brewer, President, Nuclear Power Businesses Combustion

Engineering
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General Electric Advanced LWR Technology
Bertram Wolfe, Vice President and General Manager
General Electric Company
Westinghouse Advanced LWR Technology
Howard Bruschi, Director of AP600 Program
Westinghouse
PIUS LWR Technology
Cnut Sundqvist, Reactor Division
Kåre Hannerz, PIUS Project
ABB Atom
Heavy Water Reactor Technology
D. R. Shiflett, Vice President and General Manager
AECL Technologies
Gas Cooled Reactor Technology
Linden Blue, Vice Chairman
General Atomics
John Jones, Director of Engineering Technology Division
Frank Homan, Director, Reactor Programs
Oak Ridge National Laboratory
Dan Mears, General Manager
Gas-Cooled Reactor Associates
Liquid Metal Reactor Technology
Bertram Wolfe Vice President and General Manager
Robert Berglund, Manager, Advance Nuclear Technology
General Electric
Charles Till, Associate Laboratory Director, Engineering Research Yoon

Chang, General Manager, IFR Program
Argonne National Laboratory
Discussion of Other Promising Technologies
Steven Hall
AEA Technology, United Kingdom

APPENDIX A 205

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


Third Meeting
October 19–20, 1989
National Academy of Sciences
Washington, D.C.
Key Objectives: To achieve consensus on the evaluation of technologies;

to review progress on the analysis of institutional issues and decide on next
steps; to set in motion plans for Tasks 4 and 5 (Development Approaches and
Facilities); to meet with Admiral Watkins; and to complete the bias discussions.

Presentations:
U.S. Department of Energy Contracts and Facilities
Jerry Griffith, Acting Assistant Secretary for Nuclear Energy
Ray Hunter, Director, Office of Facilities, Fuel Cycle and Test Programs
U.S. Department of Energy
Dinner Speaker:
Admiral James Watkins, Secretary of Energy
U.S. Department of Energy
Fourth Meeting
December 7–8, 1989
Beckman Center
Irvine, California
Key Objectives: To receive the focus groups' reports on Tasks 4 and 5

(Development Approaches and Facilities) and establish the Committee's
position on these tasks; to focus the dialogue on the institutional issues and
establish the Committee's position on them; to clarify the issue on size (600
MWe versus 1000 MWe); to review a conceptual outline of the final report; to
complete the evaluation of technologies (Task 3) by determining the
Committee's views regarding development of the HTGR; to make assignments
for the next meeting in January (Task 7: Policy Alternatives and
Recommendations); and to receive a background briefing on global CO2
emissions.

Presentation:
Carbon Dioxide and Global Warming
George Hidy, Vice President
Electric Power Research Institute
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Fifth Meeting
January 29–30, 1990
Beckman Center
Irvine, California
Key Objectives: To reach preliminary consensus on the answers to the

main questions that must be addressed in the Committee's final report; to isolate
those issues requiring more analysis; and to adopt a schedule for completion of
the study.

U.S. Department of Energy Presentations on Actinide Recycle and Facility
Requirements

Speakers:
Jerry Griffith, Acting Assistant Secretary for Nuclear Energy
Sol Rosen, Director of Advanced Reactor Programs
Clifford Weber, Senior Technical Assistant
Department of Energy
Robert Berglund, Manager, Advance Nuclear Technology General Electric
William Burch, Director, Fuel Recycle Division
Oak Ridge National Laboratory
Yoon Chang, General Manager, IFR Program
Argonne National Laboratory
James Holmes, Manager, Development Department
Westinghouse Hanford Co.
Sixth Meeting
March 14–16, 1990
National Academy of Sciences
Washington, D.C.
Key Objectives: To review the first draft of the Committee's final report

and arrive at consensus about what the report should say so it can be redrafted
for Committee approval.
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Presentations:
Proliferation Panel:
Harold A. Feiveson, School of Engineering/Applied Science, Center for

Energy and Environmental Studies
Robert Williams, Center for Energy and Environmental Studies Princeton

University
Marvin Miller, Department of Nuclear Engineering
Massachusetts Institute of Technology
John Jones, Director of Engineering Technology Division
Oak Ridge National Laboratory
American Nuclear Energy Council:
Edward Davis, President
Dinner Speaker:
Kenneth Cart, Chairman
U.S. Nuclear Regulatory Commission
Seventh Meeting
August 8–10, 1990
National Academy of Sciences
Washington, D.C.
Key Objective: To reach closure on the Committee's final report so it can

be sent to peer review.
Eighth Meeting
March 4–6, 1991
National Academy of Sciences
Washington, D.C.
Key Objective: To complete the final report so it can enter the Academy's

peer review process.
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Appendix B

Criteria Developed for the Comparative
Analysis of Advanced Reactor Technologies

In accordance with the Statement of Task (see Preface, Task 2) the
Committee developed criteria to evaluate the technological options. These
criteria reflected the characteristics that the Committee deemed most important
for future U.S. nuclear power plants. These criteria also were furnished to the
reactor vendors before their presentations to the Committee. The Committee
then assessed the relative merits of the reactor technologies under each broad
heading (Criteria A through H) listed below.

A. SAFETY IN OPERATION

1.  Safety Goal - Please identify the safety goals of the technology under
discussion, why they were chosen, and the measures to achieve them. The
discussion should include estimated probabilities of major core damage
and release of radiation outside the plant, and the methodology and
assumptions for the analysis. An explicit treatment of uncertainties should
be included.

2.  Safety Features - Explain various safety features—categorized into
passive or active systems—that contribute to the total nuclear plant safety.
Please identify the major engineering or scientific questions about the
effectiveness of these features as well as the experiments or additional
analyses needed to validate them.

3.  Safety Issues - Please discuss how the proposed technology addresses
various safety issues and dominant accident sequences. Additional safety
concerns or accident sequences engendered by the technology should be
treated. The one or two dominant safety issues should be identified.

4.  Safety Indicators - Please discuss other potential safety indicators, such as
estimated frequency of unplanned scrams.

5.  Ease of Maintenance - Please discuss features of the technology that
support or detract from ease of essential maintenance. Also, address the
requirements and schedule for preventive maintenance.

6.  Worker Safety - Safety of the workers during maintenance or otherwise
should be addressed, along with expected occupational doses.
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B. ECONOMY OF CONSTRUCTION AND OPERATION

1.  Construction Costs - Please provide estimates of construction costs in
constant 1989 dollars (indicating whether or not the costs of borrowing
money are included in the estimate, and if so, what such costs are), and
provide total nuclear plant costs as well as cost per installed electrical
kilowatt. Please discuss how the estimates were arrived at, covering the
principal assumptions, numerical estimates and so forth.

2.  Time to Construct - Please provide estimates of the time likely to be
required to construct a new nuclear plant and reach commercial operation.
Discuss the estimate, including the assumptions made concerning the new
Nuclear Regulatory Commission licensing process.

3.  Uncertainties - Please estimate and discuss the uncertainties in both costs
and time to reach commercial operation.

4.  Operating Costs - Please provide estimates of operating costs over the
plant's life expressed in constant 1989 dollars. Fuel cycle costs, operation
and maintenance costs, and capital costs should be identified separately.
Outline any assumptions you have made regarding new regulatory
requirements. Expected lifetime of the plant should be discussed.

5.  Availability - Please provide and discuss estimates of expected
availability, and the frequency and duration of planned outages and
refueling outages.

C. SUITABILITY FOR FUTURE MARKETS

Your choices of technology, reactor characteristics and your organizational
commitment to particular technologies were driven in part by perceptions of the
character of future markets for new electrical generation equipment. Please
discuss your organization's perceptions of the characteristics of this market, and
discuss how your technology and reactor concepts fit these perceptions. For
example:

1.  Problems in the ''First Nuclear Era'' - Outline what you think went wrong
with the current generation of power reactors and why the technology
under discussion will not encounter the same obstacles.

2.  Competitive Non-Nuclear Technologies - What technologies will offer the
strongest competition to nuclear power in the future? How well will the
nuclear technology being discussed fare in the most important dimensions
of this competition?

3.  Operational - What electrical demand growth rates are likely? What are
the implications of current trends to deregulation of electricity generation
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and to growth of independent power producers? How does the nuclear
technology fit in the new framework you foresee? What revised mix of
generating technologies seems most likely? What will be the role of
nuclear? Can it and your technology meet revised demands such as load
following?

4.  Life Cycle Relationships - Address contemplated relationships—including
lines of communication, authority, and responsibility as well as warranties
—between organizations such as architect-engineers, vendors, nuclear
steam system suppliers, owners, and operators from the design stage
through decommissioning of a nuclear plant embodying the technology.

5.  Financial - What attitudes do you foresee in the financial community to
nuclear power and to your technology in particular? Indicate why the
financial community would be inclined to lend money for this type of
technology. For example, show how this technology can be expected to
resolve some of the concerns about nuclear power, and how the
technology would change the risk-reward ratio to make it more attractive
than it is today for nuclear power.

6.  Other Institutional Factors - Please address the technology in light of the
competence of utility management (including the "utility management
culture," a term referring to the quality and motivations of both
management and staff that operate nuclear plants), the "regulatory
compact" (State Public Utilities Commissions, Federal Energy Regulatory
Commission, and prudency), emerging trends toward deregulation of
electricity generation and acquisition of new power supply through
competitive mechanisms, standardization (multiple architect/engineers,
vendors, designers, and constructors), U.S. indemnity measures (such as
Price-Anderson), and U.S. tax and incentive policies (Public Utility
Regulatory Policies Act, Public Utility Holding Company Act).

7.  Siting - Discuss siting needs, possible restrictions, and any other related
issues.

D. FUEL CYCLE AND ENVIRONMENTAL CONSIDERATIONS

Please address the long-term environmental implications of the fuel cycle
employed by the technology being presented. Specifically speak to the
problems of spent fuel storage and long term waste disposal. Also comment on
enrichment requirements. Please discuss "day-to-day" plant-related
environmental considerations.
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E. RESISTANCE TO DIVERSION AND SABOTAGE

1.  Diversion - Please show how the technology addresses concerns about the
possible forceful theft of militarily significant nuclear materials or their
clandestine diversion. Address such events both at the nuclear plant itself
and in the process of transporting nuclear materials to or from the plant.

2.  Sabotage - Describe the features that could help prevent sabotage by
outsiders or knowledgeable insiders.

F. TECHNOLOGY RISK AND DEVELOPMENT SCHEDULE

1.  Critical Developments - Please identify the critical technical
developments needed for this technology, and highlight the "go - no go"
issues; indicate the essential elements of the R&D program to address
these important matters. Identify the tests necessary to demonstrate
critical technologies before commercialization.

2.  Status of Tests and Demonstrations - Indicate what major systems or
components have already been tested or demonstrated to a level of
assurance believed adequate for use in future plants, and what remains to
be tested or demonstrated.

3.  Demonstration - Please explain the difficulty or ease of demonstrating
whether the technology can live up to claims such as safety, economy,
environmental acceptability, and licenseability. For example, would a
demonstration plant have to be built to attain (or convince other important
decision makers of the attainment of) the level of assurance believed
necessary before deploying many such plants? How long would it have to
be operated, and so forth?

4.  Technology Readiness - Please estimate the date of availability of this
technology for demonstration, and the date of availability for
commercialization based on Nuclear Regulatory Commission certification
as a standardized plant.

5.  Research and Development Facility Requirements - Discuss the research
and development (R&D) facilities needed. If U.S. government assistance
is contemplated, identify what facilities (e.g., at the National
Laboratories) would be needed to support R&D of the technology and the
scope and estimated cost of such support.

6.  Availability of Materials and Components - Indicate whether there are any
critical materials, components, manufacturing processes, or other items
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that are not presently available but would be necessary for successful
commercialization. Discuss the resolution of any availability problems.

7.  Critical Path Schedule - Please show and discuss a "master" or "top-level"
schedule for completion of R&D, demonstration (if required) and
commercialization, indicating the critical path items.

8.  Development Cost - Provide a time phased estimate of the overall
research, development, and demonstration costs (in constant 1989 dollars)
needed to move from today's level of maturity to readiness for
commercial application. Indicate the contemplated or potential source(s)
for the money.

G. AMENABILITY TO EFFICIENT AND PREDICTABLE
LICENSING

1.  Efficiency - Discuss the ease or difficulty of meeting current or
anticipated U.S. safety, environmental, and security and safeguards
regulatory requirements (e.g., indicate whether the requirement for a
containment would have to be changed).

2.  Predictability - Identify any features of the technology that make it more
likely to be licensed in a predictable way (e.g., simplicity and
standardization). Identify any plausible regulatory requirements that could
prevent the licensing of this technology. Address ways of resolving the
"as licensed" versus "as built" issue.

H. NET ASSESSMENT

In closing please discuss, why, in your judgment the technology will be
good enough to:

•   cause the CEOs of utilities and of independent power production
companies to buy it;

•   give the financial community the reasons and the confidence to finance
it; and

•   cause the public to accept it.
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List of Acronyms

ABWR Advanced boiling water reactor
AECL Atomic Energy of Canada Limited
APWR Advanced pressurized water reactor
ALMR Advanced liquid metal reactor
ATR Advanced test reactor
BWR Boiling water reactor
CANDU Canadian deuterium uranium
CE Combustion Engineering
DOE U.S. Department of Energy
EBR-I Experimental breeder reactor - I
EBR-II Experimental breeder reactor - II
ECCS Emergency core cooling system
EIA Energy Information Administration
EPA Environmental Protection Agency
EPRI Electric Power Research Institute
ETEC Energy Technology Engineering Center
ETR Engineering test reactor
FFTF Fast flux test facility
FMF Fuel manufacturing facility.
GE General Electric
GA General Atomics
HFEF/N Hot fuel examination facility/north
HFEF/S Hot fuel examination facility/south
HWR Heavy water reactor
IFR Integral fast reactor
INPO Institute of Nuclear Power Operations
kWe Kilowatt electric
kWh Kilowatt hour
LWR Light water reactor
LMR Liquid metal reactor
MHTGR Modular high-temperature gas-cooled reactor
MWe Megawatts electric
MRS Monitored retrievable storage
MTR Materials test reactor
NPOC Nuclear Power Oversight Committee
NRC U.S. Nuclear Regulatory Commission
NTSB National Transportation Safety Board
O&M Operations and maintenance
OECD Organization for Economic Cooperation and Development
ORNL Oak Ridge National Laboratory
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PIUS Process inherent ultimate safety
PRA Probabilistic risk analysis
PRISM Power reactor, innovative small module

Copyright © National Academy of Sciences. All rights reserved.

Nuclear Power: Technical and Institutional Options for the Future
http://www.nap.edu/catalog/1601.html

http://www.nap.edu/catalog/1601.html


PUC Public Utilities Commission
PURPA Public Utility Regulatory Policies Act
R&D Research and development
PWR Pressurized water reactor
SALP Systematic assessment of licensee performance
SBWR Simplified boiling water reactor
SIR Safe integral reactor
THTR Thorium high-temperature reactor
TMI Three Mile Island
TREAT Transient reactor test
TVA Tennessee Valley Authority
WANO World Association of Nuclear Operators
ZPPR Zero power physics reactor
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