
INTERNATIONAL CONFERENCE
ON NUCLEAR POWER AND ITS FUEL CYCLE

SALZBURG, AUSTRIA • 2-13 MAY 1977

IAEA-CN-36/16

TECHNICAL AND ECONOMIC ASPECTS OF NUCLEAR POWER PLANT DECOMMISSIONING

Harold Glauberman
U. S. Energy Research and
Development Administration

and

William J. Manion
Nuclear Energy Services, Inc.

Introduction:

Nuclear power reactors as well as other fuel cycle facilities will
eventually reach the end of their useful life either due to obsolescence
or adverse economics of continued operation. Ultimately, it will be
necessary to provide for the disposition of these facilities in a way
that assures protection of public health and safety and permits the
facility and land to be released for other nuclear use or unrestricted
use.

The decommissioning of retired nuclear power plants is an area that
is receiving increased attention. A 1974 Ford Foundation Study - "A
Time to Choose" (1) addressed the need for study of the decommissioning
problem. The study stated, "A full assessment of the decommissioning
problem should be carried out—promptly—before the new reprocessing
plants coming on line are fully contaminated, and before reactors
proliferate throughout the country. Institutional and economic questions
are at least as important as technical ones." The Ford Study further
asks, "Who should be responsible for decommissioning? How should decom-
missioning be paid for? How will decommissioning costs affect the
economics of the nuclear fuel cycle?" We are in agreement with the
study's contention regarding the importance of institutional and
economic questions and in this presentation will attempt to provide
answers to them, specifically for nuclear power plants.

First, it should be noted that in October 1973, the IAEA held a
consultants' meeting in Vienna, Austria, to consider the problem of
decommissioning nuclear facilities. The consultants advised that the



IAEA should include decommissioning in its program and promote the
formulation of guides, recommendations and standards. They also prepared
a report, "Decommissioning of Nuclear Facilities: A Review of Status."(2)
The report discussed extensively the responsibilities associated with
decommissioning which are similar to those already established for the
construction of nuclear facilities. In this connection, the plant owners
must assume the technical and economic responsibilities of the decommis-
sioning, while the public authorities must define what will be acceptable
toward the future use of the facility and enforce the standards relative
to environmental, health and safety, and waste management to protect the
public. Emphasis was also placed on the point that decommissioning can
involve long-term responsibilities similar to waste management and that
long-term responsibilities for decommissioning be given to appropriate
public authorities since the assumed permanent existence of commercial
organizations may be unrealistic. The establishment of financial
arrangements for decommissioning, which will be discussed later, could
alleviate this concern.

In October 1975, the IAEA held a Technical Committee Meeting to
continue the considerations of decommissioning resulting from the 1973
consultants meeting. The report of this meeting was issued as an IAEA
technical document. (3) A number of conclusions and recommendations
were stated; however, only a few that are relevant to the remainder of
this paper are noted:

0 There are no insurmountable technical problems to decommissioning
to any stage, but considerations with respect to policy, planning,
timing, costs, waste disposal, safety criteria and regulatory
aspects need further development; and

0 Experience and cost data need to be accumulated so that realistic
planning for decommissioning can be instituted.

Regarding this latter point, establishing the future costs and
obligations of decommissioning large reactors is one of the principal
concerns of industry, utilities, government and the public. Most
discussions of cost have relied on past decommissioning experience of
small reactors as the basis for extrapolation to arrive at conclusions
about large reactor decommissionings. In order to better define decom-
missioning requirements, the Atomic Industrial Forum (USA) recently
sponsored a study (4) of decommissioning alternatives for a 1100 MW(e)
light water reactor (LWR) and a similarily sized high temperature gas
cooled reactor (HTGR). This paper reflects the information developed
in the AIF study. Basic data such as reactor structure radioactive
inventory, component contact radiation dose rates, number of cuts
required to remove vessel internals, number of feet of various size
pipes to be decontaminated, volume of contaminated or activated concrete
to be removed and buried, were specifically calculated for each reactor
type. This information led to the definition of the individual work



activities including required equipment and personnel resources, determi-
nation of program schedule, calculation of activity duration, program
costs, and other impacts such as occupational radiation exposures,
effluent releases and non-occupational exposures.

Definition of Decommissioning Alternatives

The United States Nuclear Regulatory Commission (NRC) Guide 1.86 (5)
describes methods and procedures currently considered acceptable by the
NRC staff for decommissioning alternatives leading to either a terminated
or an amended license. The guide presents three primary decommissioning
alternatives, namely, mothball ing, in-place entombment, and removal of
radioactive components and dismantling.

Mothball ing - Consists of putting the facility in protective storage.
The facility may be left intact except that all reactor fuel, radio-
active fluids and wastes should be removed from the site. Adequate
radiation monitoring, environmental surveillance, and appropriate
security procedures must be established to ensure public health and
safety. The existing license is then amended to prohibit operation
of the reactor.

Entombment - Consists of removing all fuel assemblies, radioactive
fluids and wastes, and selected components shipped off-site, followed
by the sealing of all remaining highly radioactive or contaminated
components (e.g., reactor pressure vessel and materials) within a
structure integral with the biological shield. An appropriate and
continuing surveillance program is required to assure the structural
integrity over the period of time in which significant quantities
of radioactivity remain with the material in the entombment.

Removal/Dismant1ing - Requires removal from the site of all fuel
assemblies, radioactive fluids and wastes, and other materials
having activities above acceptable surface contamination levels
established in U.S. NRC Guide 1.86. Materials which contain induced
radioactivity are evaluated on a case-by-case basis. The facility
owner may than have unrestricted use of the site with no requirement
for a license.

llOOMW(e) Reactor Radioactive Inventory

A realistic evaluation of how the various decommissioning methods,
or combinations thereof, can be applied to reactors is dependent on
accurate knowledge of the quantities of radioactive material induced
by neutron activation during the operating life of the reactor. Most
of this material will be an inherent part of the metal structures within
the reactor vessel internals, the reactor vessel, and the structures



surrounding the vessel. Radioactive contamination will also be deposited
throughout the reactor cooling system as a result of coolant circulation
during operation.

The quantities of activation products produced in the concrete
structures adjacent to the reactor vessel are dependent on the composi-
tion of the aggregate and sand used in the original mix. These may vary
from reactor to reactor; therefore, it will be necessary to analyze the
actual activated concrete of the shutdown reactor to obtain an accurate
estimate of the quantités present. In any event, the activated concrete
is not expected to be a controlling factor in selecting a decommissioning
alternative.

Initially after shutdown the reactor vessel and its internal
components together will contain greater than 99 percent of the total
activity. Therefore, it is these components which are of primary
concern for a mothballed or entombed plant and also dictate the
method of component removal in a dismantling program.

The five radionuclides which are of greatest significance during
decommissioning are iron-55, cobalt-60, nickel-59, nickel-63, and
carbon-14. Over 90 percent of the activation product inventories for
a PWR, BWR, and HTGR will consist of the shorter-lived isotopes of
cobalt-60 and iron-55.

In the Atomic Industrial Forum study, the inventory by component in
typical 1100 MW(e) reactors was calculated with time, beginning at shut-
down and continuing for 200 years. Each reactor type was assumed to
operate at full power for 80 percent of the time during its 40-year life.
The fuel and control rods were excluded from the inventory since their
disposition will not be unique to decommissioning. Based on these
assumptions, the largest total inventory at shutdown will occur in a PWR,
and will be about 15 million curies. At the end of 100 years this decreases
by a factor of 35 with over 90 percent of the remaining inventory being
nickel-63.

In carrying out the decommissioning, the radiation dose rates
associated with the activated reactor components is another important
consideration. Maximum contact dose rates expected as a function of
time were calculated at 2, 50 and 100 years after shutdown. The most
significant gamma ray emitter over this time span is cobalt-60; there-
fore, any plans for vessel internals or vessel removal work must
accommodate the hard radiation fields from this isotope. Gamma dose
rates at two years after shutdown would be in the range of 105 rad/hr
in an LWR and 103 rad/hr in a HTGR.

Because of the high contact dose rate level shortly after shutdown
any removal of vessel internals for an LWR would require sophisticated
underwater cutting and handling equipment. A delay period of about



TOO years would permit sufficient decay of the cobalt-60 to allow
manual removal techniques with local personnel shielding. Thus, the
complexity of the operation would be greatly simplified.

Of interest is the contribution of nickel-59 and nickel-63 to the
total dose rate. While the contact dose rate due to nickel-59 at shutdown
was calculated to be only 30 mrem/hr, because of its 80,000 year half-life,
the reduction in dose rate will require a long time* As a result, this
will have to be taken into consideration for future LWR decommissioning
involving protective storage alternatives. In prior decommissionings of
small reactors, nickel-59 has not been a limiting nuclide since the
operating periods were not long enough to generate a significant amount
of this nuclide.

Effects of Radioactive Inventory on Decommissioning

The magnitude and composition of the radioactive inventory bears
directly on all three primary decommissioning alternatives. For example,
the period of time during which significant quantities of radioactivity
remain will determine licensing requirements for both mothballed and
entombed facilities. One criteria that has been used in prior decom-
missionings for activated material control is the maximum allowable
beta-gamma surface dose rate. In this study a limit of 0.4 mrem/hr has
been assumed to be an acceptable level. It should be noted this is not
being suggested as a limit, but is used only as an assumption to calcu-
late effects. The immediate question is how long does it take for the
activated components of the reactor to decay to that level? The hard
gamma radiation field due to cobalt-60 will decay in 100-160 years while
the contact dose from nickel-59, which was noted before, will require
about 500,000 years to decay to 0.4 mrem/hr. The dose from nickel-63
would require 1,000-2,000 years and the carbon-14 dose from HTGR
graphite blocks would require 65,000 years.

Some interesting conclusions can be drawn from the required decay
periods.

0 To mothball or entomb a large reactor with all components in place,
after it has operated for 40 years will require surveillance and
maintenance cost for many thousands of years. For such facil-
ities, this exceeds what can be considered a credible period of
assured control for public acceptance.

0 Mothballing or entombing could be a credible form of permanent
disposition if the vessel internals were removed and, for an LWR,
the beltline region of the vessel cladding removed to eliminate
the nickel-63 concern. Of course, this is almost as much work as
complete removal of radioactive material and is not considered
to be a logical approach.



0 If a plant were placed in a state of protective storage (mothballing
or entombment) for about 100 years, the cobalt-60 maximum contact
dose rate decays to about 300 mrem/hr. This level permits manual
operation with local shielding. Therefore, a potential approach
to decommissioning of a large reactor is to mothball or entomb for
these periods of time and then remove the remaining radioactive
material for disposal. The license requirements can then be
terminated and, if desired, the remaining non-radioactive struc-
tures dismantled.

0 The entombment form typical of past decommissionings, e.g.,
BONUS (6), Hallum (7), which were intended as a permanent
mausoleum-type structure, is not practical for large reactors.
An entombment of simpler construction which is amenable to
demolition after the necessary delay period needs to be consid-
ered. This structure would preclude personnel access to the
entombed material. All openings to the entombment boundary
would be sealed closed; for example, by concrete walls and caps,
but the void volumes within the entombment boundary would be
left as is.

Estimated Costs of Decommissioning

The estimated costs associated with achieving each decommissioning
alternative and combinations are summarized in Table I. The costs in
1977 dollars represent the summation of many different work activities
and includes a contingency factor of 25 percent.

The total cost of mothballing includes such expense items as engineer-
ing, supplies and equipment, waste disposal, utility staff, and nuclear
insurance. Entombing cost would include each of the above and additional
cost for the pre-decommissloning period, decontamination, and the entomb-
ment structure. The removal/dismantling costs would include added costs
for vessel and vessel internals removal and disposal and structure removal
and disposal, backfilling and landscaping. The combination alternatives
involving periods of protective storage include the expense of maintenance
and surveillance prior to removal/dismantling.

The major cost for mothballing is the operating staff that will perform
the actual activities. The period of accomplishing the mothballing phase
is estimated to be about 10 months.

The annual post-mothball ing cost of maintaining the reactor installa-
tion is estimated to be about $185,000 in 1977 dollars for all three
reactor types. This cost includes periodic inspections, a full-time
security force, and an allowance for plant maintenance.



The estimated costs for the entombment alternative use the simple
construction approach which involves construction of a barrier around
the reactor vesel and internals within the original containment building.
Entombment is estimated to require two to three years to complete. The
annual estimated cost of maintaining the entombed facility is about
$65,000 in 1977 dollars for all three reactor types. The lower annual
maintenance cost is based on the assumption that a security force is not
required and less building maintenance will be required.

The estimated cost presented for the removal and complete dismantling
alternative assumes that it takes place shortly after shutdown. The period
of time to accomplish the program is estimated to be about five to six years.
When the reactor is dismantled, a license will not be required and there
will be no annual surveillance costs at the reactor site.

The estimated costs of the two potential combination modes of decom-
missioning are also presented, and for these, it is assumed that the
reactor is mothballed or entombed for a period of time followed by
removal/dismantling. The time period for which the reactor is mothballed
or entombed is assumed to be 108, 104, and 65 years for a PWR, BWR, and
HTGR, respectively. During these time periods, the residual radioactivity
will have decayed to levels which permit relatively inexpensive removal
and disposal. The total costs of these alternatives include the
accumulated cost of maintenance and surveillance for the protective
storage period prior to removal/dismantling. All costs are assumed to
be in 1977 dollars with no allowance for escalation.

Comments on Decommissioning Alternatives

A conclusion that can be drawn from the information presented is that
a logical approach to decommissioning is to place the shutdown reactor in
protective storage for about 100 years and then remove the residual radio-
active components and dispose of them in an approved burial ground. The
selection of the form of protective storage, i.e., mothballed or entombed,
may be based on economic and other considerations. For example, if the
shutdown reactor is on a multi-reactor site that has a continuing
requirement for a full-time security force, then mothballing may be the
preferred choice since there is no added cost for security. It should be
remembered, however, that in actual fact, there may be environmental,
societal, or political issues which may be more significant than cost
and will dictate the choice of alternative and timing for decommissioning.

Mothballing and entombing do not require any unique or unusual technical
activities. Mothball ing primarily involves cleanup of accessible plant
area, but extensive decontamination of plant systems is not necessary
because the entire site is under surveillance. Entombing will require



decontamination or removal of contaminated components external to the
entombment barrier, to levels compatible with unrestricted access to
thp.se areas.

If a reactor is required to be dismantled shortly after shutdown,
technically sophisticated procedures will be needed due to the high
radiation levels. These will involve: remote underwater cutting of
vessel internals, remote in-air cutting of the reactor vessel, and
controlled explosive demolition of heavily-reinforced activated
concrete.

Experience gained in dismantling the Elk River Reactor (8) indicates
that remote operation of a plasma arc torch is a feasible technique for
cutting heavy steel. However, che technique needs further development
for application to large reactors which have steel components that are
two to three times thicker than those cut at £lk River. The technology
exists, but the tooling and larger torches must be demonstrated.
Controlled explosive demolition of activated reinforced concrete includ-
ing control of contaminated dust, concrete separation, and rebar cutting,
has also been adequately demonstrated at Elk River. Although large
reactors will have many times the quantity of concrete to remove, the
techniques developed for the Elk River biological shield will be
applicable.

Financial Considerations of Decommissioning

The costs of decommissioning a large reactor, although significant,
can be accommodated in a manner which would have little impact on either
construction or operating costs. In order to achieve this, decommission-
ing cost must be included in the initial financial planning of the reactor.
For example, decommissioning activities costing $40 million in 1977 dol-
lars but not requiring expenditure for 40 years from now, would require
the establishment of a $18.9 million sinking fund assuming the rate of
return on investment funds is two percent greater than an assumed
inflation rate of six percent. If the rate of return is assumed to be
three percent greater, then $13.1 million would be required. The required
costs could also be established by providing an annual contribution of
$1.6 or $1.2 million ever 40 years for the respective interest percent
differentials. If the plant were shut down at a time prior to the 40-
year operating life, the latter method would not permit accumulation of
the required funds. In comparison to initial construction costs of a
large reactor, the one-time single construction period sinking fund
contribution would represent modest cash requirements. Although at
present there is no such requirement, serious consideration should be
given by regulatory authorities and reactor owners to the establishment
of a sinking fund for decommissioning at the time a new reactor is
licensed to operate. This would assure that the necessary financial
resources would be available to carry out the decommissioning
responsibility.



As an additional thought on decommissioning costs and philosophy,
we believe it is correct to say that nuclear power reactors have been
designed by architects and engineers for safety and efficiency of
operation without specifically considering eventual decommissioning
requirements. It is reasonable to hope that the same philosophy applied
to decommissioning could lead to great reductions in the costs of complete
dismantling of reactors. The physical separability of shielding and
contamination control barriers is one principle that needs to be looked
at. Another is the principal of modular shielding, which obviously may
require trade-offs with the desire for monolithic construction to provide
structural strength. Designing reactors with three goals instead of two
will not be easy, but it may well turn out to be a better choice than the
expenditures now postulated for unrestricted release of sites or the
requirement for long-term surveillance.

Fuel Reprocessing and Fabrication Plant Decommissioning

Up to this point this presentation has been focused on nuclear power
plants. The decommissioning costs and procedures applicable to reprocess-
ing and fuel fabrication plants are also of major concern and should not
be overlooked. Current experience for decommisssioning commercial size
reprocessing plants is limited; however, applicable experience has been
obtained at a number of sites using operations common to reprocessing
plants. In addition, a great deal of experience has been found in
decontaminating and dismantling of plutonium facilities using techniques
which would be used for mixed oxide fuel fabrication plants and fuel
reprocessing plants. These have been reported in a number of recent
publications and annotated bibliographies. (9, 10, 11)

A few of the reported efforts are briefly summarized:

At Savannah River five modules of a hot canyon of one of the chemical
processing plants for irridiated fuel were decontaminated for reuse. (12)
The activities included removal of processing equipment, remote decontami-
nation of canyon walls and floors using the hot canyon crane; isolation
of the five modules to be cleaned from the rest of the canyon; penetration
of the 1-2/3 meter thick wall for personnel entry; and direct decontamination
as required. The work was completed in one year at a cost of about $150,000.

A small prototype reprocessing plant at the Fontenay-aux-Roses Nuclear
Research Centre in France was totally dismantled. (13) The decommissioning
was completed in about three years and required 150,000 man-hours. The
components removed were decontaminated, baled, and shipped to Saclay for
storage with the contaminated soil and building rubble.

The Eurochemic demonstration reprocessing plant in MoI, Belgium,
stopped operations in December 1974 after approximately eight years
of operations. (14) Initial plant cleaning and rinsing, and plant
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decontamination has been completed so that access to all process cells
is possible to permit dismantling operations. The facilities are to
be decommissioned for restricted use with the option for further
removal and dismantling to release the site for unrestricted use at
a later date. Cost estimates for the dismantling operations based on
1976 U. S. dollars were about $35 million, representing about 45 percent
of the value of the initial investment. An additional $5 million has
been estimated for disposal of the conditioned waste (15,000 drums of
200 liters each) based on information from the European countries with
advanced disposal programs. The experience gained in the Eurochemic
decommissioning program will be of considerable value to others involved
in the planning for decommissioning commercial size reprocessing plants.
It should be noted that in one respect decommissioning of reprocessing
plants will require greater precautions and controls for personnel
protection than reactor facilities due to the potential for plutonium
inhalation and the spread of area contamination during dismantling
operations.

As we have indicated for nuclear power plants planning for decommis-
sioning during the initial design stage could also substantially reduce
the costs of terminating operations at fuel reprocessing plants and fuel
fabrication facilities. Financial arrangements similar to those
recommended for nuclear power plants should also be considered for new
major fuel cycle facilities to insure that the burden of decommissioning
potential nuclear monuments will not be left to future generations.
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TABLE I

ESTIMATED DECOMMISSIONING COSTS (1977 $ x IQ3)

Alternative

Mothball ing
Annual Surveillance

Entombment
Annual Surveillance

Removal/Dismantling
Annual Surveillance

Mothball ing with
Removal /Di smantl ing*

Entombment with
Removal/Dismantling*

PWR

3,200
185

10,200
65

37,000
O

38,3CO

32,300

BWR

3,400
185

10,400
65

42,900
O

38,700

33,300

HTGR

3,100
185

7,800
65

38,500
O

36,400

33,300

*Mothballing or Entombment period in years
PWR-108, BWR-104, HT6R-65
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