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Mise hors service du réacteur CANDU-PKW

par

G.N. Unsworth

Résumé

Ce rapport contient les résultats d'une étude faite sur divers

aspects de la mise hors service des réacteurs. Cette étude met en

relief l'importance du travail, les risques encourus, le coQt et l'impact

environnemental.

Les trois stades acceptés internationalement de la mise hors

service, à savoir la mise en cocon, 1'enseveliissement et le démontage,

sont définis et commentés. Une unité CANDU 600 MW(e) est choisie comme

type de réacteur dont on commente la mise hors service mais les

conclusions auxquelles on arrive fourniront une base de jugement quant

aux coûts et aux proDlèmes associés à la mise hors service de réacteurs

d'autres tailles et d'autres types.

En supposant que des dispositions satisfaisantes soient prises

pour le stockage du combustible, de l'eau lourde, des déchets radioactifs

et des composants actifs, l'impact environnemental de la mise hors

service d'un réacteur ne sera pas plus importent que celui de n'importe

quel grand ouvrage.
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DECOMMISSIONING OF THE CANDU-PHW REACTOR

by

G.N. Unsworth

ABSTRACT

This report contains the results of a study of various aspects

of decommissioning of reactors. The study places in perspective the

size of the job, the hazards involved, the cost and the environmental

impact.

The three internationally agreed "stages" of decommissioning,

namely, mothballing, entombment and dismantling are defined and dis-

cussed. The single unit 600 MW(e) CANDU is chosen as the type of

reactor on which the discussion is focussed but the conclusions reached

will provide a basis for judgement of the costs and problems associated

with decommissioning reactors of other sizes and types.

Assuming that satisfactory provisions are made for disposal of

the fuel, D-0 and radwaste, and active components, the environmental

impact of decommissioning a reactor will be no greater than that of any

large construction project.
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1. INTRODUCTION

This report describes the techniques and effort required to

decommission a power reactor. It discusses the size of the job, the

hazards involved, the costs and the environmental impact of such an

undertaking.

Many factors can influence when and how a reactor is decom-

missioned, and it is not the intention of this report to attempt to

justify using any particular procedure or identify when a reactor should

be decommissioned. It is worthwhile, however, to describe some of the

factors that would influence su":h a decision.

The "design" life of a reactor is 30 years and usually this is

chosen as the capital repaymen ; period. There will be considerable

economic incentive to operate a reactor beyond its design life. There-

fore, it is reasonable to assume that a utility will not decommission

until many years beyond the c jpita.i repayment period.

A utility will, obviously, decide to decommission a reactor

when it is no longer econom'.cal to continue operating it. For example,

maintenance costs could become excessive, particularly if obsolete

equipment has to be replaced with new and different equipment. Op-

erating costs could become excessive in comparison to that for newer or

more efficient plants. The utility would also have to take into account

the cost of decommission :.ng and decide when it will be more expensive to

continue operating than to pay for decommissioning.

There are many ways of decommissioning a reactor. These range

from simply shutting it down and minimizing operating and maintenance

costs to dismantling Lt and releasing the site for other uses. The

economics of the various choices will be influenced by such factors as:
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(1) The radioactive material inventory - number of curies,
volume and weight of the material, predominant isotopes.

(2) transportation costs and availability of a suitable
radioactive waste repository.

(3) the value of the site to the utility or to prospective
buyers.

(4) existing regulations regarding radioactive hazards -
man-rem exposure limits, surveillance requirements,
design life for an entombed reactor.

"k +

A variety of CANDU -PHW reactor sizes and number cf reactors

per site could be considered. This report, however, focuses on the

single unit 600 MW(e) CANDU'PHW Reactor but it is intended that the

basic conclusions reached will be applicable to any specific situation.

The report reviews the various aspects of decommissioning and presents

sufficient data to provide a basis for judgement as to the magnitude, and

significance of the radioactive hazards and costs. It thus provides a

basis for judgement now as to the effects 30 to 40 years from now of a

reactor decommissioning operation and shows that the construction and

operation of nuclear reactors will not present an unmanageable "legacy"

in the future.

The term "decommissioning" means shutting down a facility and

placing it permanently out of service. It has been generally agreed

internationally that, when referring to nuclear facilities, there would

be 3 "stages" for a decommissioned facility although it is recognized

that, in practice, the owner of a facility may choose to decommission to

a stage that is intermediate to or a combination of the defined stages.

These three stages were defined by the IAEA and further elaborated

at the October 1975 meeting of the IAEA Technical Committee on Decom-

missioning of Nuclear Facilities .

CANada J)euterium IJranium

jPressurized Iteavy Jtfater
ft*

International Atomic Energy Agency
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These three stages are: mothballing, entombment, and dis-

mantling and removal. They are listed in decreasing order from the

point of view of operating or surveillance costs and residual activity

but are in increasing order from the point of view of initial or de-

commissioning costs, man-rem exposure required to decommission and

transportation and burial costs.

In essence, each stage can be described by defining two

parameters: (1) the physical state of the plant and its equipment, (2)

the surveillance, inspection and tests required.

Before any stage of decommissioning is achieved, however, all

fuel and radioactive waste produced from normal operation (spent ion-

exchange columns, filters, decontamination solutions, tritiated heavy

water, radioactive components removed during maintenance and alterations)

will be removed from the site.

(1) Stage 1 - Mothballing

In this stage, the primary containment (piping and equipment
associated with the primary cooling circuits) is retained. All
systems containing radioactive liquids are drained and sealed.
The secondary containment (building) is maintained in a con-
dition such that the probability of a release of above normal
levels of radioactive materials to the atmosphere is no greater
than during reactor operation. The atmosphere inside the con-
tainment building is controlled to prevent the spread of con-
tamination and access to the inside of the containment building
is subject to monitoring and surveillance procedures. The
entire facility is also maintained under surveillance,and equip-
ment for monitoring radioactivity both inside and ouLside the
containment building is kept in working order. Inspections are
carried out to check that both the primary and secondary con-
tainment systems are being maintained in an acceptable condition.

(2) Stage 2 - Entombment

All easily removable parts are dismantled and removed. Also removed
are all components that have radioactivity associated with them of
such a nature that they will remain a health hazard for a
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period of time longer than the life of the proposed entombment
structure. All radioactive components remaining inside the
biological shield are sealed into the shield and the building
is modified as necessary to provide adequate shielding and
containment. The containment building and ventilation system
can be modified or removed since they no longer are required
as part of the safety system. If the containment building is
left standing, then access into it would normally be permitted
without any Tnonitoring of personnel for radiation exposure.
Surveillance must be maintained, but at a reduced level from
that of Sta§;e 1 since the only concern is to detect the possible
dispersal of radioactivity from within the entombment due to
deterioration of the entombment structure with age. Such a
dispersal, or the appearance of radiation fields from cracks,
etc., would occur slowly and not warrant continuous monitoring.

(3) Stage 3 - Dismantling and Removal

All material containing any radioactivity above acceptable
levels will be removed and the site will be released without
restriction for other uses. No surveillance, inspection or
tests are required after Stage 3 has been accomplished.

Figure 1 presents a schematic representation of the different

stages.

Figure 1 (a) shows the operating plant wi»:h its normal inventory

of fuel and heavy water. Access is controlled, nou only to the reactor

building but to an exclusion area around the plant.

In Figure 1 (b) the plant is mothballed. It is no longer

operating or connected to the electrical power grid. Its inventory of

fuel and heavy water has been removed and access need only be controlled

to the reactor building itself.

Figures 1 (c) and 1 (d) depict two possible arrangements that

could be used for entombment. In Figure I. (c) the original containment

building is left standing and the boilers are still in place?. However,

the actual "entombment" involves only the small volume immediately sur-

rounding the reactor core structure and access is only controlled to
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this area. This arrangement would probably be adopted if demolition

costs for the original containment building are prohibitive and it is

possible to decontaminate the boilers to the extent that they no longer

present a direct radiation hazard. Figure 1 (d) depicts the arrangement

where the original containment building and boilers have been removed

and all that is left is the "entombment".

Figure 1 (e) indicates one possible result of a complete dis-

mantling and removal operation where the site has been released for use

other than the generation of nuclear power.

2. PRE-DECOMMISSIONING ACTIVITIES

Two activities are common to each of the three decommissioning

stages and will be undertaken before any particular decommissioning

operation.

The first is measurement or calculation of the total inventory

of radioactive substances on the site. The information obtained from

the radioactivity inventory will include:

(1) The radioactive nuclides present and the type of radio-
active emissions (alpha, beta, gamma).

(2) The rate of decay of the various radioactive sources.

(3) The specific activity of the radioactive nuclides in the
reactor structures (curies per gram).

(4) The amount of activated and contaminated material (weight
and volume).

These data influence the choice of decommissioning stage since

they permit the following calculations to be made: the man-rem exposure

expected for any operation; the merits of delaying completion of decom-

missioning to permit the activity to decay; the weight, volume and



(a)
exclusion area

OPERATING MOTHBALLED ENTOMBMENT

c
1
1

" • • - - I
1
1
1

shoe factory

ENTOMBMENT DISMANTLING S REMOVAL
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specific activity of the material to be shipped to and buried in a

radioactive waste repository; and the weight, volume and specific

activity of the equipment which will be left on site.

The other pre-decommissioning activity is to obtain a change in

the operating licence for the plant so that manpower and surveillance

requirements can be reduced. The concern here is cost since a large

staff is required to be consistent with the requirements and regulations

associated with an operating reactor. In the case of the CANDU reactor,

if the facility owner removes all irradiated fuel, tritiated heavy water

and liquid and solid radwaste material generated during operation of the

reactor, he will have eliminated the capability of operating the reactor

and will have significantly reduced the amount of radioactive material

and the probability of its release. These actions would obviously

justify an application to the regulatory authorities for a reduction in

manpower and/or surveillance requirements.

To be more specific regarding the reductions in radioactive

material and the probability of its release:

(1) • The decay heat rate from the fuel is reduced to 6.5 x 10
times the reactor full power rating one day after the re-
actor is shut down and decays at a lower rate from then on.

(2) The primary heat transport system and turbine steam supply
system will be cooled down (the total contained energy above
100°C for these systems is approximately 300 x 10" joules).

(3) The inventory of radioactive fission products in the core
10 days after the reactor is shutdown is only about 20%
of the inventory 1 hour after shut down.

(4) It will be shown later that removal of all irradiated fuel,
heavy water and radwaste generated during operation will
result in an approximate 98.5% reduction in the radioactivity
inventory present immediately after the reactor has been
shut down.

(5) The only radioactivity left after removing the fuel, heavy
water, etc., will be essentially "fixed" since it will be
due to the irradiation of reactor structures or in the form



of irradiated solid corrosion products adhering to the walls
or trapped in crevices in enclosed systems like the Primary
Heat Transport System.

3. STORAGE AND TRANSPORTATION OF ACTIVE WASTE

The availability of facilities for the storage of radioactive

waste material and the cost of transporting this material to the storage

site affect decisions regarding decommissioning. This report will not

attempt to specify the characteristics of a suitable repository or to

develop a definite philosophy about disposal methods for large quantities

of low activity solid wastes. However, some of the points that must be

considered when developing the specification for a repository for waste

from a decommissioned reactor are:

(1) It is expected that decontamination procedures will be
effective in removing long-lived fission products or
actinides that may be present in piping and components of the
Primary Heat Transport System. Therefore, the material to
be stored will be solids at relatively low specific activity
primarily produced by activation of the materials of con-
struction. Most of the gamma activity will have short
half-lives and even the °°Co with a half-life of 5.3 years
will decay fast enough to preclude the necessity of con-
structing garsna shielding having high endurance against
ageing. The major concern needs only be to provide facil-
ities that ensure the stored solid material will not corrode
or leach at a rapid rate. Materials such as ion-exchange
resins and decontamination products which will contain
some fission products and actinides will be easy to
separate from the bulk of the material.

(2) Consideration would have to be given to retrievable storage
of the bulk of the material. At first glance it would seem
worthwhile to store much of this material in retrievable
fashion for possible re-use after the radioactivity has
decayed. The advantages of this approach are that the
facility does not need to provide permanent storage
(perpetual care) and a future scrap value can be attached
to a large proportion of the waste. Unfortunately, in
some cases the material with a high scrap value (such as
the stainless steel vessel walls) will have a long-lived
beta emitter (63Ni) associated with it.
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(3) It may be most economical simply to transport the waste to
a spent fuel waste repository and use it as fill in the
underground rooms of that ^^)

Transportation regulations regarding radioactive materials can

have a considerable influence on the costs of decommissioning and pos-

sibJy on the stage of decommissioning chosen. It should be emphasized,

however, that since the specific activity levels are low and the ma-

terial will consist primarily of large pieces of solid material, the

hazards and risks involved in transportation will be low and easy to

manage.

4. TIME AND COST ESTIMATES

Time and cost estimates are included in this report: (1) to

help place the costs of each decommissioning stage in perspective, (2)

to determine what activities are significant cost items, (3) to obtain

an appreciation of what effect the cost of decommissioning might have on

a utility's financing, (4) to make the reactor designer aware of the

significant cost items so that he can investigate if changes to the

original design will reduce the decommissioning costs, (5) to help the

owner of a nuclear power plant determine the influence of the distance

between a suitable disposal facility and the reactor site and (6) to

help the station owner to determine whether it is more economical to

repair a major breakdown or to decommission the reactor.

Various assumptions were made in the estimates. These include

(1) that a radioactive waste repository is 500 miles from the reactor, (2)

that burial costs are similar to those charged in national repositories in
(2)

the U.S.A., and (3) that transportation regulations of the IAEA are

followed. Comparisons of decommissioning stages require cost estimates

only to the extent that it is possible to say that one stage is twice or

ten times more expensive than another. Similarly, cost savings in the
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range of at least $100,000 - $200,000, 40 years from now, will have to

be identified to make it worthwhile exerting any design effort or in-

creasing design costs now to effect the saving (8% interest over 40

years nets a 20-fold increase in principal). Also accuracy is not

important when considering the impact of the costs on utility financing

since, if sinking fund financing were used to cope with these eventual

costs, only minor changes in the mill rate ( uwi,/—^~ would be required

to cope with large differences in decommissioning costs (Table 1).

TABLE 1

INCREMENTS IN MILL RATE REQUIRED TO DEVELOP

A SINKING FUND OF $100,000,000 AFTER "N" YEARS

"N"
(years)

20

30

40

Increment in Mill Rate
1976 dollars x 1000

kWh(e)

0.82

0.45

0.27

Assumptions:

Discount rate

Inflation rate

True Discount rate

12% per annum

r annum

= 1.037 = 3.7% per annum

8% per annum
1.12
1.08

Another consideration that militates against attempting to

develop accurate cost estimates is the fact that many things can change

in 30-40 years that would affect costs. Land values can change dras-

tically, the scrap value of materials may become much greater than it is

now, and so on.
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Since there was no requirement for a high degree of accuracy,

most of the estimating for this report was done by comparing with costs
(A)

experienced by others and estimates of decommissioning operations

made by others . Considerable information was obtained through

discussions with the author of a document prepared for the Atomic

Industrial Forum on decommissioning of reactors in the U.S.A.

Although these can only be considered as gross-order-of-magnitude

estimates, they meet the requirement of providing a basis for judgement

about the size of the job and the relative costs of the various stages.

All estimates are given in 1975 dollars.

5. DECONTAMINATION

Decontamination will be required if the gamma fields associ-

ated with the out-of-core portions of the Primary Heat Transport System

are high or if the system is contaminated with fission products and

actinides as a result of fuel defects during the life of the reactor.

Decontamination costs are high, and therefore, when decommissioning

plans are being made, consideration should be given to the merits of

either allowing the activity to decay (and paying for surveillance costs

during the decay period) or carrying out a decontamination. This report

assumes decontamination is required and an estimate of decontamination

costs is included.

Decontamination costs have been estimated based on using a

procedure similar to the "AP-Citrox" method. This procedure has been

employed quite extensively and uses an alkaline permanganate solution

followed by an inhibited mixture of citric and oxalic acid. It is

normally used on systems where operation will be resumed after the

decontamination and, it is therefore important to minimize corrosion.

For decontamination before decommissioning, corrosion will not be a

major concern and, therefore, more aggressive reagents might be used to
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ensure that a high decontamination factor is obtained. The cost of this

should be similar to that estimated for the A?-Citrox method. It is

assumed that the decontamination will reduce the fields to a level at

which they will not contribute to increased costs due to high man-rem

expenditures.

In the case of a 600 MW(e) CANDU-PHW Reactor, the total volume

of the Primary Heat Transport (PHT) System, Purification Circuit, Gland-

Seal Circuit, Coolant Storage Transfer and Recovery Circuit, Pressure-

Control System and Feed-and-Bleed System could become contaminated with

PHT system coolant and would, therefore, require decontamination. The

total volume requiring decontamination would be approximately 300 m .

Using the figure of $4.00 per litre of system volume decontaminated as

suggested by Charlesworth , this results in a total cost of $1,200,000.

No charge will be included for an evaporator or other waste

processing equipment since it is assumed that either this equipment will

have been installed on the site to handle the liquid waste associated

with reactor operation or that a portable evaporator is available. It

is logical to assume the availability of a portable evaporator since

this type of equipment will be required to handle decontamination wastes

whenever a reactor or nuclear facility is decontaminated.

6. RADIOACTIVITY INVENTORY

In Section 2, the need for a radioactivity inventory was dis-

cussed. Table 2 is a survey of total activity of long-lived isotopes in

reactor components. In this section, the amount and type of radioactivity

will be discussed in relation to its effect on the choice and timing of

various activities.
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As mentioned earlier, pre-decommissioning activities will re-

sult in the removal of approximately 98.5% of the long-lived radioactive

inventory. It is the radioactive material remaining ("v 1.5%) that is of

concern from the point of view of decommissioning. Since the decontam-

ination solution resulting from the pre-decommissioning decontamination

will have been treated, reduced to solid form and disposed of, the

residual activity will essentially be due to activation of materials of

construction such as the pressure tubes, the reactor vessel and bio-

logical shielding. A negligible amount of fission products and acti-

nides will be present.

The dose rate and activity of the long-lived isotopes that

will be present are shown in Table 2 and Figures 2, 3, and 4 which are

derived from data prepared by Doran and Boss (see Table Al). The pre-
60 95 95

dominant gamma emitters will be Co, Zr and Nb with corresponding

half-lives of 5.3 years, 65 days and 35 days. It is evident that the

predominent gamma emitter after a decay period of a year will be Co.

Therefore, shielding requirements and the possible radiation exposure

due to decommissioning activities will essentially reduce with a half-

life of 5.3 years.

Figure 3 and Table 2 show the total activity (curies) in the

structures due to each isotope of concern. Cobalt-60 is one of the

major contributors and there are significant quantities of Nx and

Fe. The Ni decays by emmitting a 0.067 MeV 3-particle with no Y-

rays and has a half-life of 92 years. The 55Fe has a half-life of 2.6

years and decays by electron capture, emitting X-rays with a maximum

energy of 6.5 keV and bremsstrahlung with a maximum energy of 0.231 MeV.

The Co decays by 8- and Y-emission with 1.17 and 1.33 MeV Y-photons

being emitted.
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TABLE 2

SUMMARY OF TOTAL ACTIVITY OF LONG-LIVED ISOTOPES IN REACTOR COMPONENTS

IMMEDIATELY AFTER REACTOR SHUTDOWN

Item (Quantity)

Pressure Tubes (380)

Calandria Tubes (380)

Adjuster Rods (21)

Adjuster Rod Guide
Tubes (21)

Solid Zone Control
Absorbers (4)

Solid Absorber Guide
Tubes (4)

Shutoff Rods (28)

Shutoff Rod Guide
Tubes (28)

Liquid Zone Control
Tubes (6)

Vertical and Horizontal
Flux Detector Tubes
(26V)+(5H)

Lead Housing for Ion
Chambers (6)

Calandria Shell

Calandria Tube Sheet

Carbon Steel Shot in
End Shields (178 Mg)

Fuelling Machine Tube
Sheet

Steam Generators

Feeders

Headers

TOTAL

3

1

6

4

3

9

1

6.

3.

1.

1.

1.

1.

0.

2.

1.

1.

3.

60Co

.5xl05

.3xl05

.5xlO5

.8xl03

2x10

2xl02

4

4xlO3

7xlO3

7xl03

4xlO6

OxlO6

8xlO5

2xl02

5x10 3

13x10

7xl02

75xlO6

3

1

5

1

6.

4.

1.

5

95Zr

.8xlO6

.5xl06

2xl04

OxlO4

9xl04

2xl04

9xl04

.47x10

Isotope and Activity

3

1

5

1

6.

4.

1.

6 5

95... 108m.Nb Ag

.8xlO6

5xl06

2xlO4

OxlO4

9xl04

2xl04

9xlO4

18

.47xl06 18

(Ci)

124Sb

64

64 1

9

3

1

3.

3.

2.

55Fe

.8xlO4

.6xlO4

.4xlO6

4xlO6

5xlO6

6xlO6

.10x107

5

3

3

7.

63Ni

.2xlO4

4xl05

6xl05

52xlO5

1 Ci = 37 GBq
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10 20 30 40
Years After Reactor Shutdown

FIGURE 2

50 60
T-4-66

DOSE RATE vs TIME FROM REACTOR COMPONENTS FOR PREDOMINANT y EMITTERS
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10 6 20 25
Years After Reactor Shutdown

ACTIVITY OF RADIOACTIVE ISOTOPES
vs

YEARS AFTER REACTOR SHUTDOWN
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2 3 4
Years After Reactor Shutdown

7
T-4-68

FIGURE 4: CHANGE IN TOTAL RADIOACTIVE INVENTORY WITH TIME AS A
RESULT OF PRE-DECOMMISSIONING ACTIVITIES AND DECAY
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The Fe is predominant only in the stainless steel components

which will also contain Co. It is not a major concern since it decays

quicker than the Co and is associated with lower energy emissions and,

therefore, will not be the major factor affecting shielding requirements

and radiation exposure.

The Ni must be considered since there is a significant

amount of it and it has a long half-life. Its effects will be a factor

when considering the requirements for long-term storage of decommissioning

waste and also when determining the necessary life of an entombed re-

actor.

Figure 4 is a summary of the effect on the total activity of

pre-decommissioning activities and decay.

The initial inventory will consist of:

Fuel - 8.1 x 108 Ci

D20 - 1.3 x 107 Ci

Structures - 2.64 x 107 Ci

Total - 8.49 x 108 Ci

It is assumed that at the time the reactor is shutdown there

is irradiated fuel in the storage bays equivalent to the amount gener-

ated from the last 10 years of operation (43,800 bundles @ 18.5 kgU per

bundle and 1 Ci/g of uranium) and that the moderator heavy water has an

equilibrium activity of 56 Ci/£ (see Appendix A).

After the fuel and D O have been removed, the systems have been de-

contaminated =ind all radwaste has been removed off site, the remaining activity

will be primarily induced activity in the structures. If we assume it

will take one year to accomplish the removal of the fuel, D O etc., then

the residual activity after one year is 1.21 x 10 curies (see Figure

4). This residual activity is 1.43% of the initial inventory.
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After the first year, if we assume decay V the only effect

which reduces activity, the activity levels drop at a considerably lower

rate and after approximately 20 years will be primarily affected only by

the 92 year half-life cc Ni (see Figure 3).

The IAEA regulations for transportation of radioactive materials

state that material specified as Low Specific Activity (LSA) material

will have no limit on total activity for transportation by truck or

rail. The packaging requirements for LSA material are minimal and re-

quire little extra expense, other than shielding, above that required

for shipment of similar non-radioactive material. Table 3 lists the

maximum specific activity that would be permitted in material designated

LSA of isotopes of concern in the decommissioning of a CANDU reactor.

Table A-l of Appendix A lists the specific activity of the various

isotopes in the reactor components immediately after shutdown.

(3)

TABLE 3
MAXIMUM SPECIFIC ACTIVITY PERMITTED IN MATERIAL DESIGNATED

(3)
LOW SPECIFIC ACTIVITYv '

Isotope
108m,

Ag
140Ba
60Co
137Cs
55Fe
59Fe
131r

140La
95Nb
63Ni

Mo
124 t

Sb
65Zn
95Zr

Maximum Specific
Activity
mCi/g

0.7

2.0

0.7

0.9

100.0

1.0

1.0

3.0

2.0

10.0

10.0

0.5

3.0

2.0
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Table 4 lists the number of years of decay required for the

isotopes in a particular component to decay to the point that it can be

handled as LSA material. Components not mentioned in Table 4 will

either not require a decay period to meet LSA specifications (e.g. vault

concrete and liner) or have specific activities similar to those of

components listed in Table 4.

TABLE k

Item

Adjuster Rods

Pressure Tube

Calandria Tube

Calandria Tube Sheet

Carbon Steel balls

Shield Plugs

Years to decay
to LSA limit

61.1

23.4

23.4

16.4

2.6

9.7

The characteristics of the radioactivity of concern vhen

considering decommissioning a 600 MW(e) CANDU reactor can be summarized

as follows:

(1) The total activity involved is approximately 1.5% of
that existing just after the reactor is shut down.

(2) All activity is "fixed" and associated primarily with
large sections of solid material.

(3) After 2 to 3 years, the primary source of gamma activity
is 60 C o.

(4) After about 20 years, the rate of decay of total activitv
will be governed by the half-life of 63Ni and there will
be approximately 10^ curies of activity.

(5) After about 25 years, most of the material will meet IAEA
transport regulitions for Low Specific Activity material.

(6) The major proportion of the activity is associated with
the Calandria Shell, End Shields and associated equipment.
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7. PERMISSIBLE RESIDUAL ACTIVITY LEVELS

When considering the various decommissioning alternatives, it

will be necessary to define the Permissible Residual Activity Levels (PRAL).

There are no regulations presently existing in Canada but there have been

cases in the U.S.A. where reactors were decommissioned and as a result

PRAL were established . The PRAL that can have a significant influence

on the decision as to what stage to decommission a reactor is the level

of activity below which no special precautions must be taken to prevent

ingestion of or exposure to a contact dose.

One of the cases requiring a PRAL is the situation where a

reactor has been dismantled and it is necessary to define to what levels

the contamination must be reduced in the area where the reactor used to

exist. These levels have been defined in the U.S.A. (see Table 1 of

Reference 9) and are considered acceptable for the purposes of this re-

port.

These PRAL limits are of particular interest when attempting

to establish the "design life" for an entombed reactor. In this situa-

tion it is necessary to show how many years (design life) it will take

for the various isotopes to decay to their PRAL and that the entombment

structure will maintain its integrity during this period.

For purposes of discussion here, it was necessary to assume a

PRAL for the various isotopes of concern during decommissioning a re-

actor. It is emphasized that these are suggested reasonable limits but

they have not been established by the regulatory authorities in Canada.

The PRAL for the various istopes were chosen to be the same as those

used for the BONUS reactor and in the study of decommissioning

alternatives for the Elk River reactor . Appendix B describes the

PRAL and resultant Entombment Design Life based on 3 criteria (contact
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dose rate, maximum permissible concentration in water (MPC ) and safe
w

specific activity (SSA)). Table 5 lists the entombment design life for

various reactor components based on these 3 criteria.

Since it is not the purpose of this report to establish a

practical life for a concrete structure it was arbitrarily decided that,

for consideration in this report, an entombment design life greater than

100 years would not be acceptable. Therefore, items like pressure

tubes, calandria tubes, adjuster rods, etc. have not been listed since

the entombment design life of the calandria vessel is greater than 100

years and these items would have to be removed in order to remove the

vessel.

A review of Table 5 indicates that in order to reach an en-

tombment design life less than 100 years for a 600 MW(e) CANDU reactor

the vessel shell, calandria tube sheet, shield tank shot and all as-

sociated equipment such as pressure tubes and reactivity mechanisms must be

removed from the site. The entombment design life would then be 65 years.

8. DISMANTLING

The most involved decommissioning stage is dismantling. The

other two stages require some of the activities necessary for disman-

tling. Therefore, dismantling is described first and then this description

is used as a reference when discussing the other two stages. The Gentilly-

2 (G-2) reactor was chosen as a "typical 600 MW(e) CANDU reactor" (see

Figures 5, 6, 7, 8, 9, 10, 11, 12).

8.1 PRE-DECOMMISSIONING ACTIVITIES

The following operations will be required involving reactor

systems: (see Appendix C for notes & details)



TABLE 5

ENTOMBMENT DESIGN LIFE

Component

Calandria Shell

Calandria Tube Sheet

Shield Tank C/S Balls

Fuelling Machine Tube

Concrete Vault Liner

Concrete

On Contact
Dose Rate

R/h

9.0x10*

2.0xl04

2.6xlO3

Sheet 25xlO~3

9x10"1

3x10"X

Specific Activity
mCi/g

6°Co 63Ni

41 10

11 4

0.98

O.4xlO~9 2.0xl0~7

0.38x10"3

ixiO"4

5 5Fe

100

39

14

1.9xlO~6

9.1xlO"3

5.6xlO~5

T i m e '••.

to 0.2
o Decay
mR/h

Contact Dose
Rate, years

152.

141

125

36.

64.

55.

9

3

9

Time
tn

6 0Co

47

37

31

0

0

0

4
3

5

to Decay
MPCw
years

6 3Ni

703

581

0

0

0

0

5 5Fe

14.9

11.6

8.1

0

0

0

Time

60.
Co

89.6

82.4

74, S

0

15.6

5.3

to Decav
to SSA
years

63...
Ni

548

427

0

0

0

0

55Fe

29.3

26.0

21.9

0

0

0

I
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1 DOUSING WATER TANK
2 DOUSING WATER VALVES
3 MODERATOR PUMP ~-
4 MODERATOR HEAT EXCHANGER
5 FEEDER CABINETS
6 REACTOR FACE *
7 REACTOR
8 REACTIVITY MECHANISM -
9 PRIMARY HEAT TRANSPORT SYSTEM PUMP -

10 FUELLING MACHINE BRIDGE

FUELLING MACHINE CARRIAGE
FUELLING MACHINE CATENARY

t3 FUELLING MACHINE MAINTENANCE LOCK
FUELLING MACHINE MAINTENANCE LOCK DOOR
END SHIELD COOLING WATEPOELAY TANK
VAULT COOLEF; ^ \ ^
PRESSURIZER ^*^

18 STEAM GENERATOR
19 60-TON CRANE

n J100O '
.11 v '6

FIGURE 5 600 MW REACTOR BUILDING CUTAWAY
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HELIUM STORAGE/
TANKv

DELAY TANK ;

EMERGENCY CCflE
COOLING SYSTEM

EMERGENCY CORE COOLING
4ND SHUTDOWN VALVE AREA

EMERGENCY CORE COOLING ANO
SHUTDOWN VALVE AREA

S3

L_

DEGASSER"

PRESSURIZER-'

FIGURE 6 REACTOR BUILDING-PLAN P5

87.21000-7
NOV. 1976
87 PSR
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VAPOUR BARRIER

-~-I-2*_-2- i i , — " — —^~^<—:-*^ ^ ~ ̂ ^SS~ ' MALHINL HI I , fUt l-Li 'vu >viHL.nnvt « u » i u « n i t s | ,• ' " T* " " " l ' ' . . jr~-r.

^™—EL ?5'0"

SEPARATION MEMBRANE

FIGURE 7 REACTOR BUILDING SECTION SI
87.21000-9
NOV. 1976
87 PSR
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— EL 193' 0"

— EL 1280"

UZ:,. ,-•••''••;•'•;.:-v V frv^y/ff' R î"- ^ V ^ • # ^ 1 ^ 1 ^ ^
MI f Tt R ROOM FUELLING

MACHINE;
TRANSMITTER ROOM

PLOOR EL. 45'0'

GRADE EL. 4-»'6'<

M.I

: ' . : i i~E L 2 5 ' ° "

SEPARATION MEMBRANE

FIGURE 8 REACTOR BUILDING SECTION S2
87.21000-10
NOV. 1976
87 PSR
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VAPOUR SHIELD
— El 1930'-

SERVICE WATER

FLOOR EL 45' 0"

:>f :: : GRADE fL <M'-6"

\

SEPARATION MEMBRANE

FIGURE 9 REACTOR BUILDING SECTION S3
87.21000-11
NOV. 1976
87 PS Ft
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TYPICAL THIMBLE FOR
REACTIVITY MECHANISM

CONCRETE VAULT

LlOUJQ POJSON INJECTION
SHUTDOWN CHANNEL (61

HORIZONTAL IN CORE
FLUX DETECTOR 151

ION CHAMBER
HOUSING
(3 EACH SIDE)

MODERATOR INLET

END SHIELD

CARBON STEEL
VAULT LINER

CALANDRIA ACCIDENT
DISCHARGE PIPES (4>

HEAVY WATER MODERATOR

FUEL CHANNEL (3601

CALANOR1A TUBE
IZIRCALOY)

RESERVED SITES
FOR ADDITIONAL
HORIZONTAL FLUX
DETECTORS(4)

MODERATOR OUTLET (2)

FIGURE 10 REACTOR GENERAL ASSEMBLY-(SECTION)
HEV. 1 NOV. 1976
37 PSR
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CALANDRIA
CALANDRIA SHELL
CALANDRIA TUHES
€MB£DMfWr RING
FUELLING TUBESHEEI
END SHIELD LATTICE TUHEJi
END SHHLD CODLING PIPES
INLET-OUTLET STRAINER

STEEL BALL SHIELDING
END FITTINGS
FEEDER PIPES
MODERATOR OUTLET
MODERATOR INLET
FLUX MONITOR AND POISON INJECTION

[QNCHAMBCR
EARTHQUAKE H6S1HAINT
VAULT WALL
VAULT COOLING PIPES
MODERATOR OVERFLOW
ACCIDENT DISCHARGE PIPE
RUPTURE DISC
REACTIVITY CONTftOU ROD NOZJLES
VIEWING PORT
SHUTOFF ROD
ADJUSTER ROD
CONTROL ABSORBER HOD
ZONE CONTROL ROD
VERTICAL FLUX MONITOR

FIGURE 11 REACTOR ASSEMBLY
87,31000-1
HE V. 1 NOV. 1976
87 PSR
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FIGURE 12 CONCRETE CALANDRIA VAULT
87.31 300-1
NOV. 1976
87 PSR
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1. Remove fuel from reactor and ship all irradiated fuel from
spent-fuel bays off site.

2. Remove all D2O and ship off site. No decommissioning
charge should be assessed for this since the D2O will un-
doubtedly be shipped to another site for future use.

3. Decontaminate systems as required.

4. Clean up the fuel rod bays. These bays may be contaminated
as a result of storage of failed fuel.

5. Flush and purify the shield water system if necessary.
Since the shield water will be used as primary shielding
during the dismantling of the vessel, this system must be
maintained in operation.

6. Flush light water zonal control system.

7. Drain containment dousing system and fuel emergency
cooling system.

8. Drain boiler feedwater system.

9. Decontaminate, flush and drain the fuelling machines. When
the machines are clean and dried, they will probably be
removed off site for use at another reactor either as re-
placement equipment or for spare parts. If not suitable
for this purpose, they would have to be disposed of as
active material.

10. Process and ship to an active disposal area all active
waste such as ion-exchange resin, filters, and decontamina-
tion solutions.

In addition to the above activities involving the operation of

the reactor systems, the following activities will have to be carried

out by the technical staff. This work is primarily concerned with

making a submission to the appropriate authorities for a change in

licence and permission to dismantle the reactor.

1. Perform a detailed radiation survey and calculate total
amount of activity on the site.

2. Apply for a change in licence which will specify a reduced
minimum staff requirement based on the fact that the poten-
tial hazards and risks have been reduced.

3. Calculate and tabulate an inventory of the activity, volume,
weight and type of both the material to be disposed of and
the material to remain on site.

4. Perform a safety analysis of the decommissioning operations.
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5. Submit a dismantling plan to the appropriate authorities
for approval.

6. Prepare contract documents and negotiate with the contractor
over the details of the dismantling contract.

It is estimated that the pre-decommissioning activities will

require approximately a year to accomplish. The major costs during this

period will be for wages and salaries. However transportation of active

waste will cost approximately $100,000 assuming a trucking distance

(one-way) of 500 miles and use of commercial trucking. Transportation

of spent fuel is not included since it is reasonable for a utility to

have accounted for fuel disposal costs as part of the operating ex-

penses.

The maturity staff for an operating 600 MW(e) CANDU reactor

will be in the neighborhood of 225 people with a yearly cost in salaries

wages and overhead of $7,300,000. It is expected that as soon as the

reactor is shutdown, but before a "possession only" licence is obtained,

it will be possible to reduce the staff to about 150 people and the cost

will then be $4,800,000 per annum. As soon as the "possession only"

licence is obtained it should be possible to reduce staff to about 125

people. They will be required to provide surveillance and assist in de-

contamination work, shipping of fuel, D«0 and active waste, draining and

flushing of systems and to carry out the studies, planning and measure-

ments required to formulate a dismantling plan and obtain a permit to

dismantle. The cost of maintaining this staff will be about $4,000,000

per annum. Once the pre-decommissioning activities are completed it

should be possible to reduce to a staff of 33 with a cost of $1,000,000

per annum. This is staff sufficient only to provide surveillance,

maintain ventilation, heating and purification systems where necessary

and supervise the work of the contractor doing the actual dismantling.

Therefore total costs incurred during the pre-decommissioning

period of 1 year are estimated at:
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Wages and Salaries $4,500,000
Transportation 100,000
Decontamination 1,200,000

$5,800,000

8. 2 DECOMMISSIONING ACTIVITIES

The prerequisites and status of systems, size of staff, etc.,

that should be achieved before decommissioning activities are begun can

be summarized as follows:

1. Pre-decommissioning and decontamination activities will have
been completed and all decontamination solutions wall have
been processed and shipped off site.

2. All the radwaste will have been solidified and shipped
off site.

3. All process systems will have been drained and dried ex-
cept the Shield Cooling System whi.'.h will be maintained in
a normal operating condition.

4. All service systems will be operable, e.g. service air,
service water, electrical distribution system, etc.

5. The ventilation system will be maintained in operation
to the extent required to maintain contamination zone
control.

6. The ambient radiation monitoring system will be main-
tained in operating condition as will various air monitors
and other contamination and radiation detection equipment.

7. The utility staff will have been reduced to the minimum
required to supervise the contractor, maintain and operate
necessary systems and provide the necessary security and
surveillance.

The dismantling activities will involve the following major

steps: (see Appendix D for notes and details).

1. Disconnect, cut and/or remove as much of the process piping
and equipment as can be handled using the existing access
to the building. The Shield Cooling System will not be
dismantled and the calandria will be connected to this
system so as to make the shield tank and calandria both
parts of one system.
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2. Build a water-filled "work bay" in the Moderator Room to
permit handling and loading of active sections removed
from the core.

3. Remove pressure tubes and ship off site.

4. Remove and ship off site all adjuster rods, ion chambers,
flux detectors and other in-core equipment that was
essentially designed for removal and for which removal
facilities and flasks are available as routine maintenance
equipment•

5. Install a water-tight cover plate over the outer face of
each end shield. Cut out calandria shell, calandria tubes,
and end shield inner tube sheet. Place in shielded containers
in the "work bay" and ship off site. Remove the steel shot
and drain the shield cavity or shield tank. Dismantle the
"work bay".

6. Remove the boilers and dismantle the remainder of the active
material and ship off site, including active concrete from
the biological shield.

7. Dismantle remaining equipment and structures associated
with the containment and service building, ship material to
a local inactive burial site, then backfill and grade the
reactor site.

8.3 COST AND TIME ESTIMATES

Costs of the decommissioning activities can be lumped into

four major areas: (1) salaries and wages for supervision and surveillance,

(2) transportation and burial costs, (3) costs for materials and special

equipment, (4) costs for contract labour.

Although the methods of dismantling will be different for a

CANDU reactor than for other reactors, primarily due to differences

between a pressure vessel and pressure tube reactor, the type of work,

amount of material, and times required will not vary significantly from

those for other types of reactors. Therefore, information obtained from

discussions about dismantling an 1150 MW(e) PWR reactor was used

extensively to arrive at the following breakdown of costs:

*
Pressurized Water Reactor
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1. Salaries and wages for supervision and surveillance: $12,000,000.
This includes the utility operating staff, consultants, in-
spectors, security force and administrative staff required
to plan and supervise the project as well as operate nec-
essary systems and maintain required surveillance and security.

2. Transportation and burial costs: $2,500,000.
This includes the cost of cask rental plus special liners or
containers required for shipment of the material and disposal
at the burial site.

3. Costs for materials and special equipment: $2,500,000.
A major expenditure will be required for equipment for
underwater cutting of the vessel. It is expected that a
plasma arc torch will be used together with remote manipu-
lators. This equipment alone could cost at least $1,000,000.
In addition, a Work Bay must be fabricated, cover plates
must be installed on the end shields and the Moderator
System and Thermal Shield Cooling System must be connected
together. Equipment will also be required to provide dust
containment during blasting when demolishing the biological
shielding. Cranes and other equipment for moving heavy loads
will have to be rented.

4. Costs for contract labour: $7,000,000.
This amount is required to dismantle and remove all equip-
ment as well as to backfill and grade the site after the
structures have been removed. It is assumed that this work
will be contracted to a demolition contractor and other
specialists such as explosive experts. In summary, the cost
of dismantling a 600 MW(e) CANDU reactor is estimated at:

1. Pre-decommissioning costs - $ 5,800,000
2. Salaries and wages - 12,000,000
3. Transportation and burial costs - 2,500,000
4. Materials and special equipment - 2,500,000
5. Contract labour - 7,000,000

TOTAL $ 29,800,000

It is estimated that the time required to carry out the de-

commissioning work will be approximately 5 years. The critical path

activities will be:

1. Connect calandrxa to Thermal Shield Cooling System.

2. Remove Moderator System.

3. Construct Work Bay.

4. Remove and ship pressure tubes.



- 37 -

5. Remove and ship in-core components.

6. Dismantle and remove reactor vessel and internals.

7. Dismantle and remove remaining systems.

8. Demolish building.

9. Backfill and release site.

The total lapsed time from plant shutdown to site release will

be about 6 years.

8.A COST SENSITIVITY TO SIZE

It is estimated that the dismantling costs for a plant double

the size and half the size of the 600 MW(e) station will be 45% greater

and 25X less respectively than that for the reference station. Pre-

decommissioning costs will be relatively independent of size. However,

salaries and wages will vary with the length of time required for dis-

mantling and contract labour costs will be quite closely related to

size. Transportation and burial costs will not be directly proportional

to size since the amount of material for, say, a 1200 MW(e) reactor is

less than twice that required for a 600 MW(e) reactor. (Power is ipprox-
2

imately proportional to diameter .) Materials

costs will be relatively insensitive to size.

8.5 AMOUNT AND TYPE OF RADIOACTIVITY

The amount and type of radioactivity that must be disposed of

is discussed in Section 6 of this report. To summarize, after the pre-

decommissioning activities are completed, there will be 1.21 x 10

curies of radioactivity to be disposed of. This will consist primarily

of Co, Ni and Fe. After 6 years when demolition is complete,

there will be roughly 1 x 10 curies each of Co, Ni and Fe that

will have been sent to burial as a result of this decommissioning

activity.

2
imately proportional to diameter .) Materials and special equipment



- 38 -

9. ENTOMBMENT

To have an entombment design life less than 100 years for a

600 MW(e) CANDU reactor the vessel and all internals including the shield tank

shot must be removed from the site (see Section 7). If this is done, it

will result in an entombment design life of 65 years for the remaining

equipment.

The activities associated with entombment can be divided into

3 groups: pre-decommissioning activities, decommissioning activities,

and post-decommissioning activities.

9.1 PRE-DECOMMISSIONING ACTIVITIES

These activities will be the same as for dismantling.

9.2 DECOMMISSIONING ACTIVITIES

The prerequisites that should be achieved before decommissioning

activities are begun will be the same as for dismantling. Also the

decommissioning activities will be essentially identical to those des-

cribed for dismantling the reactor up to and including the step to remove

the carbon steel balls from the end shields (see Appendix D). One

exception might be to remove only the feeders and leave the Primary Heat

Transport System and pump bowls to facilitate filling the boilers and

associated piping and equipment with inert gas to prevent corrosion.

9.3 POST-DECOMMISSIONING ACTIVITIES

When all the active parts from inside the vault have been

removed, the following activities will be carried out to complete the

entombment:

1. Replace the reactivity mechanisms deck.
2. Seal all openings to the vault.
3. Close the 'construction opening' that was made in the

containment to facilitate flask removals.
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4. Replace walls where necessary to prevent uncontrolled
access to the Reactor Access Areas at each end of the
reactor.

5. Survey and decontaminate all surfaces to remove all con-
tamination above levels that would restrict unlimited
access to all areas other than the Vault and Reactor Access
Areas.

6. Provide evidence that the entombment meets the requirements
of the appropriate regulatory authorities and establish the
required security and surveillance procedures.

It should be noted that in the U.S.A. it is not necessary to
(9)

maintain an around-the-clock security force at the site . However,

periodic checks are required and quarterly inspections and semi-annual

environmental surveys are specified. Surveillance and monitoring equip-

ment must be kept in working condition and security fences, doors, locks

and seals must be maintained in satisfactory condition. It is assumed

that similar requirements will be satisfactory to Canadian authorities.

9. 4 COST AND TIME ESTIMATES

The pre-decommissioning activities will cost $5,800,000 and

last for 1 year.

The decommissioning activities costs can be categorized under

the same headings as for dismantling.

1. Salaries and wages for supervision and surveillance: $7,000,000.
These costs are lower than for dismantling because of the
shorter length of the project.

2. Transportation and burial costs: $1,700,000.
This cost remains high since although the amount of material
to be buried is considerably less than for dismantling,
the total activity is rearly the same.

3. Costs for material and special equipment: $2,000,000.
It will still be necessary to obtain equipment for under-
water cutting of the vessel, to build a Work Bay, to in-
stall cover plates, etc.

4. Contract labour: $1,000,000.
This item is considerably lower than for dismantling since
a relatively small crew will be required, and only for
cutting and removing the vessel.
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It will be necessary to provide monitoring and surveillance

during the life of the entombment. If no permanent staff are required,

the only costs will be wages for the staff performing quarterly inspections

and semi-annual environmental surveys and preparing the necessary reports,

plus maintenance costs. These costs are estimated to be no greater than

$60,000 per year.

The total costs involved with entombing a 600 MW(e) CANDU

reactor are estimated at:

Pre-decommissioning costs $ 5,800,000
Salaries and wages 7,000,000
Transportation and burial 1,700,000
Materials and special equipment 2,000,000
Contract labour 1,000,000

TOTAL $17,500,000

Annual costs for life of entombment (65 years) $60,000

The time to carry out the work required for entombment will

be approximately 3 years. Therefore, the total lapsed time from plant

shutdown till the entombment is complete will be about 4 years.

9.5 COST SENSITIVITY TO SIZE

It will cost approximately 30% more to entomb a reactor double

the size of the reference reactor and 20% less for a reactor half its

size.

9.6 AMOUNT AND TYPE OF RADIOACTIVITY

The greatest amount of activity will be contained in the

reactor vessel and internals (see Appendix A), and since these must be

disposed of for an entombment design life less than 100 years, there will

be very little activity left after the entombment work is complete. A

very conservative (high) estimate is 20 curies of Co in the vault liner

and 1 curie of Fe in the concrete. There will be less than 100 milli-
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curies of Ni in the Fuelling Machine Side Tube Sheets.

The amount of radioactivity that will be sent to burial will

be essentially the same as for the dismantling operation which was approxi-

mately 1 million curies each of Ni, Fe and Co.

10. MOTHBALLING

10.1 DECOMMISSIONING ACTIVITIES

The decommissioning activities required to mothball a CANDU

reactor consist of essentially the pre-decommissioning activities required

for dismantling or entombment plus the establishment of an adequate sur-

veillance and monitoring system.

There will be no need to draw up contract documents for demo-

lition or dismantling work. A certain amount of additional work may

be done to provide a method of rendering all drained systems inert to

minimize the possibility of corrosion. The Thermal Shield Cooling Water

System will probably be operated for a few years to provide maximum

shielding and, therefore, minimum man-rem exposure to personnel required

to provide surveillance and monitoring service and to operate the re-

quired systems. It may be necessary to operate a few ventilation fans

to maintain a correct pressure balance between contamination zones.

Necessary lighting, heating and other services and systems such as the

instrument air systems will be operated as required.

The surveillance and monitoring requirements will consist of

gathering data and submitting reports for quarterly inspections and semi-

annual environmental surveys plus the additional effort required to main-

tain and operate the necessary systems. A continuous (around-the-clock)

crew will not be needed but security fences and locked and monitored doors
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will probably be required together with a remote alarm system to provide

warning of any unauthorized intrusions. The hazards to an intruder will

be minimal since the highest ambient radiation field that he will be able

to enter by forcing locked doors would be in the order of 10 - 20 mR/h

from the Fuelling Machine Side Tube Sheet of the reactor end shields.

10.2 COST AND TIME ESTIMATES

Some work Is required in addition to those activities pre-

viously outlined for pre-decommissioning, such as establishing a remote

alarm system and a system for rendering the process systems inert. It

is expected that the total cost and time required for activities necessary

to mothball a 600 MW(e) CANDU reactor will be approximately $6,000,000

and one year. The annual expenses to maintain and operate the mothballed

facility would be approximately $80,000.

10.3 COST SENSITIVITY TO SIZE

Since most of the decommissioning costs are associated with

wages and salaries to prepare the facility for decommissioning, the cost

of mothballing will not be affected greatly by changes in reactor size.

10.4 AMOUNT AND TYPE OF RADIOACTIVITY

Mothballing has essentially the opposite result to dismantling

since all the radioactive substances left after the pre-decommissioning

activities will remain on site. Therefore, at the beginning of the period

when mothballing is complete (one year after reactor shutdown) the pre-

dominant amounts and types of radioactivity remaining on site will be:

of Ni and 1 x 105 Curies of 25Zr.

(see Figure 3) 8 x 10 curies of Fe, 3 x 10 curies of Co, 7 x 10 curies
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In contrast, alter 25 years, the predominant activities will

be: 6 x 105 curies of 63Ni, 1 x 105 curies of 60Co and 7 x 103 curies

of 55Fe.

11. MAN-REM EXPOSURE

No attempt has been made to estimate the man-rem exposure that

will result from each individual decommissioning activity. It appears,
(4)

however, based on the experience in dismantling the Elk River Reactor ,

that there should be no need to experience higher exposures or have a

higher man-rem expenditure as a result of decommissioning than would be

encountered during normal operation and maintenance of the plant.

All highly active components will be handled underwater or

by placing the operating personnel behind adequate shielding while using

remote viewing and operating equipment for transfers in air. The ex-

perience in dismantling the Elk River Reactor indicated that most of

the radiation exposure was caused by chronic exposure to relatively low-

level ambient fields. The Elk River experience can be summarized as

follows:

Total exposure - 75 rem
Average whole body exposure per man - 0.8 rem
Maximum total exposure received by one person - 4.5 rem
Period of exposure - 24 months

Distribution of exposure versus activities:

Cutting and removing reactor internals - 12 rem
Cutting and removing reactor vessel - 45 rem
Demolishing and removing biological shield - 12 rem
Removal, of remainder of system - 6 rem

If we use the Elk River experience of an average of 0.4 rem

per man per year and consider that dismantling a 600 MW(e) CANDU will

involve 'vlOO men for 6 years, then the total rem exposure would be

6 x 100 x 0.4 = 240 rem over the decommissioning period.
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It has been estimated that an exposure of 630 man-rem will

1 for a 1150 MW(e) PWR(7) which

exposure per man of approximately 0.8 rem.

be required for a 1150 MW(e) PWR which corresponds to an average yearly

It would appear safe to say that, based on the above data,

dismantling of a 600 MW(e) CANDU reactor should not result in a total

exposure greater than 600 rem or in an average yearly exposure greater

*:han 1.0 rem per man.

Entombment should result in a lower total exposure due to

the shorter time required to carry out the decommissioning while Moth-

balling will have the lowest total exposure for the decommissioning acti-

vities but of course will involve a continual exposure of personnel over

a long period of time due to surveillance requirements.

The following table is a summary of estimated maximum

exposures for each decoLinissioning stage.

TABLE 6

Stage

Dismantling

Entombment

Mothballing

0.

0.

Total Exposure
rem

600

400 plus
I/year of surveillance

250 plus
5/year of surveillance

Average Exposure
per Man per Year

rem

1.0

1.0 plus 0.05 during
period of surveillance

1.0 plus 0.1 during
period of surveillance



- 45 -

The exposure from ingestion of radioactive dust and gases will

be negligible, based on Elk River experience.

12. ENVIRONMENTAL IMPACT

Achieving any of the decommissioning stages will have a very

minimal effect on the local environment and the only effect that would

not normally be encountered with any large construction project will be

that produced by the disposal of the radioactive inventory.

The number of people employed will be small (50 to 100), the

amount of new material required will be low (lead for shielding, materials

for the Work Bay and other structures required to facilitate decommissioning

plus materials for demolition such as dynamite, drill bits, etc.). There

will be an above normal amount of truck traffic involved to hardle ship-

ments of active and inactive material. The ambient noise levels will be

increased at times, particularly if the reactor is being dismantled, but

they should not be abnormally high compared to that experienced at any

construction site.

All shipments of radioactive material will be in approved

shipping containers and carried out in such a way as to meet all the

applicable requirements laid down by the IAEA and approved by the

Atomic Energy Control Board and/or the Canadian Transport Commission.

Therefore, these shipments will not create any undue hazard to the public

or result in exposure of the public to excessive levels of radiation.

For the case of complete dismantling there will be 62 truck-

loads containing highly active material in shielded casks (vessel internals,

etc., which contain the majority of the activity). It will require approx-

imately 300 truckloads to carry the material designated as Low Specific

Activity material (contaminated piping, tanks and activated vault concrete

and liner). None of the latter material will contain large amounts of

activity (approximately 25 curies for the entire amount) and the radiation
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fields on contact will not be greater than 900 millirem/hour from the

liner and 300 millirem/hour from the concrete (see Table A-l).

None of the decommissioning activities will result in the

release of any significant amount of active gases or dust to the atmosphere

or external to the containment. The only decommissioning activity that

will have the potential for producing any significant amount of active

dust or gas is the demolition of the biological shield.

There should be no problem in arriving at a satisfactory

method to carry out this operation. Various methods were examined when

consideration was being given to demolishing the Elk River Reactor
(4)

biological shield. They decided upon blasting and their experience

indicated that blasting mats and a water fog spray system can control

th.; spread of airborne contamination.

12.1 ACTIVITY AND VOLUME OF RADIOACTIVE MATERIAL FOR DISPOSAL

The amount of radioactive material that must be disposed of

has already been discussed in Sections 8, 9 and 10. The following

summarizes the amount of activity and estimated number of cubic metres

of burial volume required for each stage.

12.1.1 DISMANTLING

1. The highly active material (vest. :1 and internals) will
contain approximately 1 x 10& curies each of 6°Co, 63ni
and 55]re, All of it will be encased in concrete or lead
containers for burial and will require a burial volume of
approximately 250 m-̂ .

2. The remaining active material will consist of piping,
tanks, heat exchangers, etc. from all the active systems
plus the activated concrete and the steel liner from the
vault. The amount of activity will be in the order of
25 - 50 Ci with the major source being 60Co in the vault
liner. This material will require a burial volume
roughly estimated at 7000 m3.
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The components of systems that are not contaminated
(primarily service systems like process water, instrument
air, heating, etc., plus the steam turbine and auxiliaries)
could be sold as scrap. The remaining material to be dis-
posed of will be the reactor building and non-contaminated
and non-radioactive portions of the internal walls and
ceilings. This will have to be buried in a local land-fill
area and will require a burial volume of approximately
16,000 m3. If we assume the turbine building and service
building are also demolished, then a total burial volume
of about 25,000 m3 will be required.

12.1.2 ENTOMBMENT

1. The highly active material will be the same as for dis-
mantling and will require the same burial volume of 250 m

2. No other equipment or materials will be buried.

12.1.3 MOTHBALLING

No burial will be required.

13. SUMMARY AND CONCLUSIONS

Table 7 summarizes the more pertinent data for each decommis-

sioning stage considered.

In addition, the following conclusions have been arrived at

relative to the decommissioning of a 600 MW(e) CANDU reactor.

1. Decommissioning to any of the three stages is possible and can

be carried out without relying on the development of new technologies or

equipment.
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TABLE 7

1.

2.

3.

4.

5.

6.

7.

8.

9.

Item

Decommissioning cost

Time required to
decommission

Amount of activity on
site at beginning of
pre-decommissioning
stage (immediately
after reactor shutdown)

Amount of activity on
site at beginning of
decommissioning stage

Amount of activity on
site at end of decom-
missioning period

Amount of activity in
disposal at end of
decommissioning period
(does not include fuel,
T>-0 and radwaste)

Burial volume required
(does not include fuel,
D-0 and radwaste)

Number of shipments by
truck of active
material

Radiation exposure to
personnel during
decommissioning

Decommissioning Stage
Dismantling Entombment

$29,800,000

6 years

8.5xlO8 Ci

1.2xl07 Ci

Negligible

4.2xlO6 Ci

7,250 m3 of
active burial
volume

25,000 m3 of
inactive burial
volume

(inactive equip-
ment disposed
of as scrap
metal)

300 - 400

600 rem

$17,500,000 plus
$60,000 per annum
for 65 years

4 years

8.5xlO8 Ci

1.2xlO7 Ci

20 Ci

6.3xlO6 Ci

250 m3 of active
burial volume

60

400 rem

Mothballing

$6,000,000 plus
$80,000 per annum
perpetual care

1 year

8.5xlO8

1.2xl07

1.2xlO7

0

0

0

250 rem

i

Ci

Ci

Ci
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2. Both Dismantling and Entombment require active waste reposi-

tories with activity possession limits of at least 10 Ci.

3- The predominant radioactive isotope from the point of view of

radiation and shielding is Co which is a Y-emitter and has a half-life

of 5.3 years. It is of major concern when considering the activity of

stainless steel components.

4. The predominant radioactive isotope from the point of view of

entombment design life and radioactive decay is Ni which is a p-

emitter and has a half-life of 92 years. It, too, is of primary concern

when considering activated stainless steel.

5. The cost of decommissioning a reactor should not be a major

concern to a utility since it can be covered by sinking fund financing

which would increase the mill rate by less than 0.2 mills per kWh for

the most expensive stage (Dismantling).

6. Assuming that satisfactory provisions are made for disposal of

the fuel, D_0 and radwaste, and active components, the environmental

impact of decommissioning a reactor will be no greater than that of any

large construction project.
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APPENDIX A

The three tables in this appendix were prepared by C.R. Boss

and F.W. Doran and are based on measurements taken in various reactors

or in activation calculations.



TABLE A-l

ACTIVITIES OF MAJOR COMPONENTS IN A 600 MW(e) CANDU REACTOR

ITEM ACTIVITY DOSE RATE SPECIFIC ACTIVITY

'RIMARY COOLANT The major activity during operation is in the form
of short-lived intrinsic activities e.g. 16N, 1 9O,
19F, etc. The half-lives of these isotopes are
short and they will present no significant radia-
tion hazard during decommissioning. Other activi-
ties are present as corrosion products ^"Co, 5^Co,
^ F e , or as fission products * 3 Cs, l^^La, etc.
These isotopes present a significant hazard which
is described in the next column. The main activity
associated with the primary coolant is from tri-
tium.

The total tritium inventory calculated at equili-
brium assuming no leakage is 3.0 x 10^ Ci.

MODERATOR The major activity during operation is in the
form of short-lived intrinsic activities e.g.
1 6N, 1 9 0 , 1 9 F etc. The half-lives of these iso-
topes are short and they will present no signi-
ficant radiation hazard during decommissioning.
Other activities are present as corrosion products

60r 59e.g. °uCo, -'Co, " F e . Fission products are not
present in most reactors. (The booster rods in
the Bruce design constitute the exception)

The main activity associated with the moderator
is H. The total tritium inventory calculated
at equilibrium assuming no leakage is 1.6 x 107 Ci.

Tritium is not a radiation hazard
while it is contained. During
handling of the primary coolant,
spillages, etc. will create a
tritium concentration in air of
5 MPCa.

Corrosion products and fission
products could give dose rates
of 100 mrem/h as an external
dose rate.

Tritium is not a radiation hazard
while it is contained.

The typical concentration of
tritium in air is 50 MPCa during
decommissioning.

Corrosion products and fission
products could give dose rates of
100 mrem/h as an external dose
rate.

JH 2.5
(No leakage - no make up
virgin heavy water - see
Remarks)

60_
0.0125
0.01
0.005
3.0
2.0
0.3
0.3
2.0

UCi/kg
jiCi/kg
PCi/kg
PCi/kg
PCi/kg
PCi/kg
PCi/kg
PCi/ke

JH = 56 Ci/l

50Co
59 F e
58Co
131j
13'cs
l^uLa
1<|0Ba
99Mo

0.0005
0.0001
0.005
0.0003
0.0002
0.00003
0.00003
0.0002

liCi/kg
PCi/kg
pCi/kg
liCi/kg
pCi/kg
PCi/kg
PCi/kg
PCi/kg

fo



TABLE A-l (CONT'D)

ITEM ACTIVITY DOSE RATE SPECIFIC ACTIVITY REMARKS

'RESSURE TUBES

CALANDRIA TUBES

ADJUSTER RODS

Although other shorter lived isotopes will be created,
the important isotopes during decommissioning are
95Zr 1.0 x lO* Ci per tube
95Nb 1.0 x 10* Ci per tube
60Co 9.3 x 10 2 Ci per tube

As before, the important isotopes during decommission-
ing are
9 5Zr 3.9 x 10 Ci per tube
95Nb 3 . 9 A 103 Ci per tube
60Co 3.5 x 10 2 Ci per tube

MAs before, the short-lived activity Mn will have de-
cayed to insignificant values. During decommissioning
the significant activity will be 60Co at 3.1 x lO^ Ci
per adjuster

ADJUSTER ROD The guide tube constructed of zircaloy will be dom-
IUIDE TUBES inated by the induced activity:

95zr 2.5 x 103 Ci per tube
95Nb 2.5 x 10 3 Ci per tube
6 0Co 2.3 x 10 2 Ci per tube

MECHANICAL CON- The mechanical control absorbers are constructed of
TROL ABSORBERS cadmium sheathed between stainless steel.

6 0Co 8.0 Ci per absorber

MECHANICAL CON-
TROL ABSORBER
CUIDE TUBES

As for Adjuster Rod Cuide tubes

2.1 x 10 rem/h at 1 m
2.1 x '0 3 rem/h at 1 in
6.3 x 10 2 rem/h at 1 m
TOTAL CONTACT
Dose rate 1.0 x 10 rem/h

800 rem/h at 1
830 rem/h at 1
240 rem/h at 1

1.6 x 10 rem/h at 1 m

420 rem/h at 1
420 rem/h at 1
130 rem/h at 1

7 rem/h at 1 m

See above

"zr 170 mCi/g
95Nb 170 mCi/g
60Co 15 mCl/g

As for pressure tubes

60,
Co 2Ci/g

95,

60,

Zr 85 mCi/g
Nb 85 raCi/g
fCo 7.5 mCi/g

Co 950 uCi/g

See above

The adjusters are han-
dled during normal
station operations. A
handling flask facility
will therefore be
available

I

Activities corrected to
allow for insertion
time of 1 hour per
month.

See above
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ITEM

SHUT-OFF RODS

SHUT-OFF ROD

GUIDE TUBES

LIQUID ZONE
CONTROL TUBES

VERTICAL AND
HORIZONTAL FLUX
DETECTORS

VERTICAL AND
HORIZONTAL FLUX
DETECTOR IN-

CORE TUBES

ACTIVITY

The total long-lived activity is 52 mCi of Co

As for MCA guide tubes

The long-lived activity of the liquid zone control

tubes will be dominated by
95zr 7050 Ci per tube
95ub 7050 Ci per tube
60Co 610 Ci per tube

The long-lived activity of the detectors is dominated
by the activity of the sheath material.
6 DCo = 610 Ci per detector

The long-lived activities in the Zircaloy tubes
are as in the liquid zone control tubes. The
activity of each tube is estimated as:
9 5Zr 620 Ci
95Nb 620 Ci
6 0Co 54 Ci

45 m

See

1.0
1.4
3.9

5 x

1.0
1.1
3.0

2GSE RATE

rem/h at 1 m

above

2
x 10 rem/h at
x 103 rem/h at
x 102 rem/h at

10^ rem/h at 1.

9
x 10 rem/h at
x 10 2 rem/h at
x 10 1 rem/h at

1 m
1 m
1 m

5 m

1 m
1 m
1 m

SPECIFIC ACTIVITY

60Co 6.2 uCi/g

See above

" z r 190 mCi/g
95Nb 190 mCi/g
60Co 16 mCi/g

fin
6OCO 1.9 Cl/g

" Z r 190 mCi/g
95Nb 190 mCi/g
60Co 16 mCi/g

REMARKS

This assumes an ef-
fective insertion of
6.2 s. Shut off rods
have been inserted for
longer periods - one
rod was inserted for 1
month during full power
operation. In these
circumstances, consid-
erably higher activi-
ties and higher dose
rates will be encoun-
tered.

See above

The vertical flux de-
tectors are handled
during normal station
operations. A hand-
ling flask facility
will therefore be
available.

1



TABLE A - l (COST'D)

ITEMS

HORIZONTAL ION
CHAMBERS

LEAD HOUSING

LIQUID IN ZONE
CONTROL SYSTEM

LIQUID IN SEC-
OND SHUTDOWN
SYSTEM

CALANDRIA SHELL

CALANDRIA TUBE
SHEET

ACTIVITY

The long-lived activity of the aluminium ion
chamber is dominated by <>0co activity.

The long-lived activity of the lead housing will
be dominated by the activation of impurities.
108lI1Ag 2.7 Ci
1 2 4Sb 64 Ci
1 1 O mAg 7 Ci

The major activity during operation will be short-lived

intrinsic activities. l 5N, 1 9 0 , 1 9F etc. The half-
lives of these isotopes are short and they will
present no significant radiation hazard during decom-
missioning. Traces of tritium will also be present. Cor-

rosion products will be present.

The liquid poison storage tanks are located outside the
reactor vault so only small masses of moderator are ex-
posed to a significant thermal flux.

The long-lived activity of the calandria shell will be
dominated by the cobalt impurity of the stainless steel
60co = 1.4 x 10

6 Ci

Again, the long-lived activity of the calandria tube
sheet will be determined by the cobalt impurity of the
stainless steel.
6 0Co - 1.0 x 10 6 Ci

DOSE RATE

200 mrem/h at contact

2.8 rem/h on contact
140 rem/h on contact
19 rem/h on contact

Dose rate from tank
containing system liquid
200 mreoi/h

9,0 x 10 rem/h on con-
tact with outer surface

r

2.0 x 10 rem/h on con-
tact with outer (i.e.
away from core) surface

SPECIFIC ACTIVITY

fin
WZo 30 nCi/g

1 fiftm
"™mAg 3.8 uCi/g
124 s b 9i u C i/ g

1 1 O nAg 10 yCi/g

60C0 0.14 Ci/m3

See figures for
Moderator

Average activity
of 6 0Co through
the core mid-
plane 41 mCi/g

Average activity
through calandria
tube sheet along
core axis 11 mCi/g

REMARKS

Estimate of specific
activity is approxi-
mate. The low level is
not considered to

justify further so-
phisticated analysis.

The liquid zones in-

core were assumed to
behave as a low ef-
ficiency filter. At
shutdown, the accumu-
lated activity is
assumed to be dis-
tributed through the
entire circuit volume.

The cobalt content of
the calandria stainless
steel has been taken as
1000 wg/g

The cobalt content of
the calandria tube
sheet stainless steel
has been taken as
700 ug/g

I
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ITEM

SHIELD TANK
CARBON STEEL
SHOT

F/M SIDE TUBE
SHEETS

SHIELD TANK
HATER

CONCRETE
VAULT LINER

CONCRETE

ACTIVITY

The long-lived activity of the carbon steel shot will

be 6"co. The activity of shot will be proportional

to the thermal flux.

Again, the long-lived activity of the fuel machine
tube sheet will be determined by the cobalt impurity
of the stainless steel.

Activity in the shield tank water is in the form of short-
lived intrinsic activities. The half-lives of these
isotopes are short so they will present no significant
radiation hazard during decommissioning. Other activities
such as Na are present as impurities but the significant
radiation hazard will be the activation of corrosion

products.

The long-lived activity of the carbon steel liner at the
concrete surface will be dominated by activation of the
cobalt impurity. The highest activity is in the axial
direction at the junction of the end shield and concrete

vault.
The carbon steel liner which forms part of the radial
shield is relatively inactive.

Activity of concrete will vary with the aggregate used.
As with the carbon steel liner, maximum activities will
be encountered at the junction of the end shield and
concrete vault.

DOSE RATE SPECIFIC ACTIVITY

2.6 x 10 rem/h at sur-
face of 10 cm layer of
maximum activity.

25 mrem/h on contact
with outer surface

3 mrem/h on contact with
surface

890 mrem/h on contact

with liner surface

5.4 urem/h at contract
with liner surface

Zn-8 mrem/h on contact

6"co-300 mrem/h on con-
tact
&5Zn-negligible
60co-2yrem/h on contact

Maximum Co
activity 0.98
mCi/g

Maximum Co
activity 380

PCi/g

60Co = 65 nCi/g

ouCo = 0.38 uCi/g

60Co = 2 . 3 pCi/g

END SHIELD/CONCRETE
fi5zn 12 nCi/g
60Co 100 nCi/g
RADIAL
fi5zn 0.07 pCi/g
60Co 0.58 pCI/g

REMARKS

The cobalt content of
the fuel machine sheet

stainless steel has
been taken as 500 ug/g

A model calculation
based on Douglas
Point data

The cobalt impurity
of the carbon steel
linear has been taken
as 150 ug/g

VAULT Measurements made
at ORNL indicated
long lived activity
of concrete was dom-
inated by 60Co and
*^Zn (Sopp and
Sisman, Nucleonics
Jan.1956). Their
estimate of acti-
vation cross section
was used to derive
activities quoted

I
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ITEM ACTIVITY DOSE RATE SPECIFIC ACTIVITY REMARKS

:ND FITTINGS The long-lived activity of the stainless steel end
fittings will be dominated by the Induced 60Co activity.
The Induced activity will fall along the length of the
end fitting.

;HIELD PLUGS

CHANNEL
CLOSURE

FUELLING
1ACHINE ROOM

PRIMARY CIR-
CUIT FEEDER

60Co-3.5 x 10 3 mrem/h on
contact with most active
section. 60co-37 rera/h on
contact measurement on
Pickering 3 unit at a
distance of 300 mm from
most active section.

6 0Co 2.8 x 10 3 rera/h on
contact with most active
section

60

The channel closures are located outside the end shield.
The induced activity of the closure is relatively small.
Active crud is assumed to deposit to the same level as
the levels measured on end fitting.

The induced activity of the concrete is negligible since
at full power, thermal fluxfs outside the end shield are
small. Active crud deposited in the end fittings and
the headers will dominate ! Lelds in the Fuelling Machine
room.

The induced activity of the feeders is negligible but
active crud deposited from the primary coolant introduces
a severe radiation hazard.

PRIMARY CIR- The induced activity of the headers is negligible but
CUIT HEADER active crud deposited from the primary coolant intro-

duces a severe radiation hazard.

60

60

Co 11 mrem/h on contact

Co 50 mrem/h on contact

Co 0.24 mrem/h on contact
0.01 mretn/h on contact

60Co 800 mrem/h on contact

60
Co 5 rem/h on contact

Co 3.1 niCi/g

60
Co 2 .5 mCi/g

60Co 10 nCi/g

60Co 0.36 mCi/m2

60Co 80 pCi/g
65Zn 10 pCi/g

60CO 64 mCi/m2

6 0CO 2.7

The cobalt specifi-
cation has been
fixed as 250 vig/g
for end fittings.

The measured dose
rate of 7 rem/h was
corrected for sat-
uration activity.

The cobalt impurity of
the shield plugs taken
as 200 Pg/g based on
test certificates for
Pickering.

The neutron dose rate
on power measured at
Pickering is 20 rem/h.

The cobalt contamination
given was derived from
the measured dose rate
for the wall thickness
of a typical feeder.

The cobalt contaminatio
has been derived for th
wall thickness of the
header.
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ITEM

PRIMARY CIR-

CUIT HEAT
EXCHANGERS

PRIMARY CIR-
CUIT PUMPS

MODERATOR
CIRCUIT
PIPEWORK

MODERATOR
HEAT EX-
CHANGER

MODERATOR
PUMP

D2O STORAGE
TANK

FUELLING
MACHINE

1

ACTIVITY

The long-lived activity of active crud introduces a

significant radiation.

60Co

As indicated previously, corrosion products are present
in the moderator. The longest-lived activity is &®Co.

Art
60Co

60co

Active corrosion products from the primary coolant will
collect in the D^O storage tank.

The fuelling machine ram extension is exposed to high
thermal neutron flux for short periods of time during
refuelling

DOSE RATE

Co 30 mrem/h on contact
with shell.
6 0Co 3.0 rem/h inside head

Co 30-250 mrem/h on con-
tact with pump bowl.

Co 200 mrem/h on contact
with pipework

Co 200 mrem/h on contact
wi>"h the outside of tube
bundle.

Co 100 mrem/h on contact
with the outside of pump
bowl.

Co 200 mrem/h on contact
with storage tank

Co 7 rem/h in contact
with ram

SPECIFIC ACTIVITY

fin ?
Co 0.18 Cl/ni

on head surfaces

60Co 56 mCi/m2

60Co 25 mCi/m2

fifl 9
Co 190 mCi/ra

60Co 31 mCi/m2

60Co 0.95 uCi/g

REMARKS

No correction for the
specific activity of a
mature station is in-
cluded. An improved
selection of materials

and improvement in the
purification is expected
to cancel this increase.

The specific activity is
calculated on the as-
sumption that the dose
rate at the surface of
the storage tank is from
corrosion products.

Specific activity is
calculated for a cobalt
content in steel of 100

ug/g.

oo



TABLE A - l (CONT'D)

ITEM

FAILED FUEL
MONITORING
EQUIPMENT

SPENT FUEL
BAY

SPENT RESIN
VAULTS

ACTIVITY

Failed fuel is detected by monitoring the activity of the
primary coolant. The half-lives of the induced activities
such as ^ N are short and present no hazard during decom-
missioning. As with the remaining components of the primary
circuit, the corrosion products 'will present a contamination
hazard.

Defects of the fuel cladding introduce soluble fission pro-
ducts and traces of uranium into the spent fuel bay

Spent resin vaults collect activity accumulating from the
ion exchange units of

PHTS
Moderator
Spent Fuel Bay
Liquid Waste Management

DOSE RATE

Co-25 rem/h at surface
of resin assuming uniform
activity throughout, thus
allowing for °°Co decay
over a period of 30 years.
If the resin is not mixed,
the most recent change

SPECIFIC ACTIVITY REMARKS

Total activity accumulated

at end of station life
estimated as 2000 Ci 6°Co
for a single 600 MW(e) unit.
Total volume is 226 m3.

could result in a local hot
spot % 300 mR/h.
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TABLE A-2
55Fe and Ni Specific Activities

Item

Pressure tubes

Calandria tubes

Adjuster rods

Adjuster rod guide tubes

Mechanical control absorbers

Shut off rods

Lead housing ion chamber

Calandria shell

Calandria tube sheet

Shield tank carbon steel shot

F/M side tube sheet

Concrete vault liner at junction
of end shield and concrete

Concrete vault liner in horizontal
mid plane - radial

Concrete at junction of end shield
and concrete

Concrete in horizontal mid plane -
radial

Spent resin storage vaults

Specific Activity, Ci/g
55Fe 63Ni

4.2xlO~3

4.2xl0~3

A.3

2.1xl0"3

2.1xlO~3

1.4xlO~5

l.lxlO"6

0.10

3.9xl0~2

1.4xl0~2

1.9xl0"9

9.1xl0~6

6.1xl0~1:L

5.6xlO~8

3.2xl0"13

Total Activity
at end of life

3700 Ci

-

0.16

-

7.8x10"5

5.1xl0~7

-

l.OxlO"2

4.0xl0"3

2.0X10"10

-

-

-
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TABLE A-3

Total Co and Zn Activity in Concrete of the Reactor Vault

Description of Concrete Volume Estimated
Concrete
Mass, Mg

Total Activity, Ci

60
Co

65
Zn

End Region in Figure A-l defined
as an annulus 1.22 m thick and 97 per
with inner diameter = the outer End Region
diameter of the end shield and
with outer diameter = half width
of the reactor vault.

orner Region in Figure A-l de-
fined as an annulus 1.22 m thick 123 per
and with inner diameter = the Corner
inside width of the reactor Region
vault and with outer diameter =
outside width of the reactor
vault.

0.11 per
End Region

4.8x10 5

per Corner
Region

Two side regions in Figure A-l
each defined as a cuboid with
cross section as shown and ex-
tending 3.20 m either side of
the horizontal mid plane (over-
11 height 6.41 m).

96 per Side
Region

1.2xl0"6 per
Side Region

-2
1.4x10
per End
Region

5.9xl0"6

per Corner
Region

1.5xlO~7 per
Side Region
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CORNER
REGION

END
REGION

END
SHIELD

SIDE REGION

CALANDRIA SHELL

AXIS OF

REACTOR

END
REGION

CORNER
REGION SIDE REGION

FIGURE A-l

SKETCH IN PLAN THROUGH REACTOR AND VAULT AT REACTOR HORIZONTAL MID-PLANE



- 63 -

APPENDIX B

Definitions of PRAL and Examples of Calculations of

Entombment Design Life

The defined PRAL Mil) arg based o n c o n t a c t dose and in-

gestion dose limitations.

(a) Contact Dose Limitation

Defined as a fi-y radiation level of 0.2 mrem/h and is based

on the average contact dose rate of the most active component

with all other components within the entombment in place.

(b) Ingestion Dose Limitations

Two criteria were established:

(1) The concentration of the nuclide present must be such

that, if the material containing the nuclide were to

form a saturated solution in water, this would not ex-

ceed the Maximum Permissible Concentration in Water

(MPC)w for that nuclide.

(2) The amount of each nuclide present must be such that,

if it were to replace all that element in a "standard

man" (70 kg), this would not exceed the Maximum Per-

missible Body Burden (MPBB). This value is called the

Safe Specific Activity (SSA).

The MPBB and (MPC)w are based on Recommendations of the Inter-
(13)

national Commission on Radiological Protection (ICRP) . Table B"l

lists these values for some nuclides of interest as well as the mass of

these elements in a "standard man" and the derived Safe Specific Activ-

ities (SSA) for these nuclides.
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TABLE B-l

Non-occupational Permissible Doses For Internal

Radiation And Safe Specific Activities (St>A)

Nuclide

55Fe
6°CO
63Ni

Maximum Permissible
Concentration in Water

(MPC)w
tiCi/cm3

8 x 10"4

5 x 10~5

3 x 10"5

Maximum Permissible
Body Burden

(MPBB)
yCi

100

1

20

Mass of
in

Standard

g

4

0.003

0.01

Element

Man

SSA

uCi/g of
element

25

330

2000

* C13t
Values from Table 6K ;

To determine the entombment design life based on (MPC)w, it is

assumed that the material containing the nuclide dissolves in water and

forms a saturated solution. In most cases, the material will be an alloy

of iron and therefore the concentration of a saturated solution of iron

will be used (0.6 yg/cm at 26°C). If Co is present, we assume the pro-

portion of Co to Fe in solution will be the same as it was in the metal.

Therefore, if we are considering the calandria shell which has 4.1 x 10

yCi of Co per gram of steel initially (see Appendix A), the activity
—2 3

of the saturated solution will be 2.5 x 10 pCi/cm . Therefore, the

entombment design life for Co in the calandria shell to decay suf-

ficiently to not exceed the (MPC)w if dissolved in water is equal to the

time for Co to decay from 2.5 x 10" to 5 x 10 nCi/cm which is 47.4

years.

To determine the maximum limiting specific activity based on

SSA for a particular nuclide, the concentration of the element in the

material must be determined. Therefore, considering the calandria shell

again, the Co activity is 4.1 x 10 pCi/g (steel) and the cobalt

concentration in the stainless steel is 1000 Ug/g (see Appendix A).
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Therefore, the specific activity of the Co in terms of activity per

gram of cobalt is 4.1 x 104 x 103 = 4.1 x 107 uCi/g. Therefore, the

design life of the entombment must be a minimum of 89.6 years to allow

the Co to decay to the SSA level of 330 MCi/g.

If we consider the contact dose rate due to Co of 9.0 x 10

R/h for the calandria shell (see Appendix A) it will require 152 years

for this to decay to a contact dose of 0.2 mR/h. Therefore, considering

Co activity only, the entombment design life for the calandria shell

is determined by the contact dose level. However, when other nuclides

are considered, it is found that the entombment design life for the

calandria snell will be 703 years based on the time for the Ni to

decay to an acceptable MPCw (see Table 5).
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APPENDIX C

PRE-DECOMMISSIONING ACTIVITIES - NOTES AND DETAILS

C.I DISPOSAL OF IRRADIATED FUEL

The following assumptions were made:

(1) The reprocessing plant or burial site is 500 miles from the

reactor site.

(2) All shipments will be made by road using a truck with a

maximum gross load of 40 tons.

(3) The bays contain fuel corresponding to 10 years operation

when the reactor is shut down.

(4) Transportation costs are based on renting a cask and paying

commercial trucking fees'1 .

(5) Transportation costs will be $1,360,000 and it will require

3.5 years to ship all the fuel if only one cask is available.

(6) The minimum amount of fuel requiring shipment would be that

corresponding to 6 months operation (assuming fuel requires

6 months cooling before shipment) plus the reactor charge.

The transportation costs and time required to ship this min-

imum amount would be $190,000 and 1 year.

C.2 DISPOSAL OF TRITIATED HEAVY WATER

The water will be shipped in drums since it will be highly

tritiated. Assuming 80 drums per truck and 225 kg per drum, this

will require 25 shipments.

C.3 SYSTEM DECONTAMINATION

If fission and corrosion product contamination is high, a

decontamination will be required that could cost $1,200,000 (see Section

5).
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C.4 FUELLING MACHINES

These machines will likely be severely contaminated and quite

possibly will require decontamination with the same solution used for

the Primary Heat Transport System.



- 68 -

APPENDIX D

DISMANTLING ACTIVITIES - NOTES AND DETAILS

D.I DISPOSE OF PROCESS SYSTEMS

(1) Connect the inlet and outlet piping of the calandria to the

shield cooling system and the piping for the calandria cover-

gas system to the expansion tank of the shield cooling system.

This will ensure that the calandria and shield cavity both

contain water which will be circulated by the shield cooling

system pumps and purified by the filters and ion exchangers in

the shield cooling system.

This modification is required to provide shielding water when

cutting up the vessel and other internals and to provide a

facility for maintaining water clarity while the cutting is in

progress.

(2) Remove all piping and equipment associated with the moderator

system except the resin transfer system (which is required to

charge and discharge resin to the ion exchangers of the

shield cooling water system).

This is to clear out the area where a hole will be cut in the

containment to provide access for removal of equipment. It is

also intended to use this area later for construction of a

work bay to facilitate handling of highly active components.

(3) Remove the Annulus Gas System piping.

(4) Cut an access hole in the wall of the containment building at

least the same size, and in the same location, as the original

construction opening. Construct a temporary "air lock" ven-

tilation barrier in the access hole to assist in controlling

the spread of contamination and to make it possible to maintain

the reactor Juilding air pressure negative relative to the

outside pressure.
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(5) Remove shielding walls between access areas at each end of the

reactor and the moderator room. Sufficient room must be

provided to permit the 50 ton crane in the reactor hall to

move equipment from the reactor access areas to the moderator

room.

(6) Remove the main pump motors from the primary heat transport

system.

(7) Cut off the primary heat transport system pumps and remove.

(8) Disconnect, cut up and dispose of the feeders and headers.

(9) Cut off and remove the fuel channel end fittings. This

is to minimize the bulk of material to be handled when dis-

posing of the active pressure tube section of the fuel chan-

nels.

D.2 CONSTRUCT A WORK BAY

Construct a work bay in the moderator room suitable for under-

water transfer of active components. A typical method of using the

bay will be:

(1) Install a concrete "liner" or cask in the bay.

(2) Remove an active component from the shield cavity to the

bay. This will involve transferring the component in air

using the reactor hall crane which will be controlled by an

operator standing behind the boiler room shielding wall.

(3) Install the active component in the concrete "liner" and

put a lid on the liner. This will take place under suffi-

cient water in the work bay to provide adequate shielding

for the crane operator.

(4) Lift the liner and payload out of the bay and into a shipping

cask or directly onto a truck for shipment. The liner will

provide sufficient shielding to make it safe and practicable

to handle the load. It must be installed in a shipping cask
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if the external, on-contact, radiation fields are greater
(3)

than 1 R/h to comply with the IAEA regulations .

D.3 REMOVE AND SHIP PRESSURE TUBES

(1) Construct a shielded cask to mount on the fuelling machine

bridge. This cask will be required to facilitate cutting

of pressure tubes and transferring of cut sections of pres-

sure tubes to the work bay.

(2) Cut up pressure tubes into 2 m lengths and transfer to the

work bay and then ship to burial.

D.4 REMOVE AND SHIP IN-CORE COMPONENTS

Remove all reactivity mechanisms and in-core instrumentation.

This will include:

28 shut-off rods and associated guide tubes,
6 liquid injection shutdown system nozzle assemblies,
6 liquid zone control units,
4 solid zone control rods,
21 adjuster rods and associated guide tubes,
6 ion-chamber units,

26 vertical flux detectors and associated guide tubes,
5 horizontal flux detectors and associated guide tubes.

D.5 DISMANTLE REACTOR VESSEL AND INTERNALS

(1) Weld cover plates over the outside of each end shield. Thi..

is to provide a seal so the water in the calandria will not

drain out when the calandria tubes are cut.

(2) Remove the reactivity mechanisms deck to provide access for

cutting and removing the calandria vessel and end shields.

(3) Install the necessary equipment for cutting the vessel walls

under water (plasma arc torch).
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(4) Cut a hole in the top of the vessel large enough to permit

access with remotely operated equipment to cut out the

calandria tubes.

(5) Cut out the calandria tubes, remove to work bay and ship

to burial.

(6) Cut up the remainder of the vessel including the inner tube

sheets of the end shields, remove to work bay and ship to

burial.

(7) Remove the carbon steel balls from the end shields and ship

to burial.

(8) Drain the water from the shield tank and cut out the fuelling

machine end shields and vault liner. Ship to burial.

(9) Dismantle the work bay.

D.6 DISMANTLE REMAINING ACTIVE MATERIAL

(1) Demolish the biological shield and ship to burial.

(2) Remove the boilers and ship to burial.

(3) Dismantle the Thermal Shield Cooling System and other

building equipment and ship to burial.

D.7 DEMOLISH REACTOR CONTAINMENT

Dismantle the remaining service systems in the reactor

building and demolish the building.

D.8 DISMANTLE AND DISPOSE OF REMAINING MATERIAL

(1) Dismantle all active equipment in the service Building and

ship to disposal: This includes the resin tanks and up-

grading tower.
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(2) Dismantle the turbine and turbine building.

(3) Dismantle the service building, administrative building,

pumphouse, water intakes and discharge tunnels.

(4) Remove all concrete structures to 1 m below grade, then

fill and level.

D.9 RELEASE SITE

(1) Take samples and make measurements to establish the amount

of residual activity.

(2) Prepare a submission to the Atomic Energy Control Board

based on the above data to request permission for release

of the site for either unrestricted or restricted use.
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