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Résumé

Ce rapport, préparé pour INFCE*, fournit des données relatives à un
concept extrapolé de réacteur CANDU-PHW de 1000 MWe fonctionnant avec divers
cycles au thorium. Dans tous ces cycles, le thorium est le principal élément
fertile du combustible et le recyclage de l'uranium est nécessaire.

Dans le cycle de référence, le besoin d'une matière fissile provenant
de l'extérieur est satisfait en utilisant de l'U-235. L'alimentation est réglée
de façon â obtenir un taux de combustion d'environ 30 000 MW"d/t(U). Deux
versions du cycle de référence sont prises en considération. Dans l'une, l'U-235
est fourni sous une forme très enrichie (93% d'U-235 dans l'uranium); dans
l'autre,l'U-235 est moins enrichi, de sorte que l'uranium présent dans le
combustible ajouté est "dénaturé".

Les effets résultant des variations que l'on peut faire subir au taux
de combustion et au délai de recyclage sont commentés pour les cas étudiés.

Des données sont également fournies pour les cycles au thorium utilisant
du plutonium au lieu de l'U-235 pour répondre au besoin d'une matière fissile .
provenant de l'extérieur.

Le cas particulier des "cycles au thorium auto-suffisants" qui n'ont
pas besoin de source extérieure de matière fissile pour fonctionner en équili-
bre, est également traité.

* INFCE: International Fuel Cycle Evaluation
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ABSTRACT

This report, prepared for INFCE*, gives data for an
extrapolated 1000 MW(e) CANDU-PHW design operating on various
thorium cycles. In all these cycles thorium is the main fertile
component of the fuel and all assume recycling of the uranium
component.

In the reference cycle, the requirements for externally
supplied'fissile material are met using U-235, with the feed
adjusted to provide a fuel burnup of ^30 000 MW*d/t(U). Two versions
of the reference cycle are treated. In one, the U-235 is supplied
in a highly enriched form (93% U-235 in uranium); in the other, the
U-235 is supplied at a lower enrichment, such that the uranium present
in the feed fuel is "denatured".

The effects of varying the fuel burnup and the recycle delay
time are discussed for the reference cases.

Data are also given for thorium cycles using plutonium
instead of U-235 to meet requirements for externally supplied fissile
material.

The special case of "self sufficient equilibrium thorium
cycles", which require no external source of fissile material for
equilibrium operation, is also treated.

* Jjiternational fuel Cycle Evaluation
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1. INTRODUCTION

A fairly comprehensive description of a CANDU-PHW*operating
on a once-through, natural uranium cycle was given in INFCE/WG8/CAN/DOC2.
This was based on current Canadian designs and experience.

It is anticipated that essentially the same reactor system
can be adapted to employ the thorium cycle. Therefore, in this report,
the above-mentioned document is assumed to bp available as a basic
reference, and only differences associated with the change in fuel
cycle will be discussed.

There are several different versions of the thorium cycle
which could be used with the CANDU-PHW concept. In order to simplify
the presentation, a reference system was chosen for the main body
of the report, and alternative systems are discussed in separate
sections.

The choice of reference system was difficult, in that
the range of possible systems is broad, and the characteristics vary
widely over the range with respect to economics, uranium utilization
and non-proliferation attributes. Depending on which particular aspect
is emphasized, quite different systems would be appropriate.

A rather conservative approach was taken in the choice of
the reference system. In order to maintain some consistency with
the reports on other cycles (INFCE/WG8/CAN/DOC2§3), the same basic
reference reactor design as used in those reports was assumed. The
fissile material that would be required from external sources was
assumed to be U-235, in order to make comparison with other cycles
more straight-forward. A discharge burnup near the middle of the
range of interest was chosen as a compromise between a low burnup,
which would give the best uranium utilization, and a high burnup,
which would give the best economics based on current uranium prices
and current estimates of reprocessing and active fabrication costs.
In addition, rather conservative assumptions were made in the reference
s>_tem with respect to reactivity allowances for leakage, control
margins and xenon over-ride.

* CANDU-PHW signifies a CANadian design using Deuterium oxide
(heavy water) as moderator, natural Uranium as fuel and
Pressurized Heavy Water as coolant.

AECL-6595
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The reference system is one which might well apply to the
initial introduction of the thorium cycle into CANDU-PHW reactors.
However, as experience was accumulated and if more emphasis was placed
on uranium conservation, the reactor system would move in the direction
of somewhat lower power densities, lower discharge fuel burnups and
less conservative reactivity allowances. Other fissile materials
might also be used to meet the external fissile requirements.

2. REFERENCE SYSTEM

2.1

The reference reactor is a 1000MW(e) CANDU-PHW unit in a 4-unit
station. The feed fuel is assumed to be identical in geometric form
with that described in INFCE/WG8/CAN/DOC2, but instead of being natural
uranium in the form of U02, it is a ThO2-UO2 mixture.

The composition of the mixture varies from the start of
the cycle through to equilibrium as will be described in later sections.
In general, however, the UO2 part of the mixture consists of U-235,
U-238 and recycled uranium.

Two versions of the cycle are carried through in parallel.
In the HEU/Th cycle, highly enriched uranium (93% U-235 in U) is used
as the externally supplied fissile material. In the denatured U/Th
cycle, the enrichment of the externally supplied fissile material is
chosen so that the following condition holds for the U02 part of the
feed fuel mixture:

W3 + x W5

< 0.12
WTU

where W3 is the weight of U-233,

tf5 is the weight of U-235,

W_|. is the total weight of uranium,

and x is a weighting factor with a value of 0.6.

2.2 Ma/o-fr Faci&ùbieA, lyvteAconnzatAoni and MateMÂaZ Tlom

Figure 2.2A shows the major facilities, their inter-relationship
and the flow of strategic materials per 1000 MW(e) unit operating at
equilibrium with an 80% load factor for the HEU/Th cycle. The same
information for the denatured U/Th cycle is given in Figure 2.2 B. The
assumed delay times associated with each of the facilities are given in
Table 2.2.



FIGURE 2.2A
SCHEMATIC SHOWING MATERIAL FLOWS AT EQUILIBRIUM FOR HEU/TH CYCLE
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SCHEMATIC SHOWING MATERIAL FLOWS AT EQUILIBRIUM FOR DENATURED U/Th CYCLE
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TABLE 2.2

DELAY TIMES ASSUMED FOR REFERENCE THORIUM CYCLE
IN A CANDU-PHW REACTOR

U-235 FEED

Minehead to UF6 9 months

UF6 (nat.) to UF6 (enr.) 12 months

UFs (enr. ) to fuel bundle 6 months

RECYCLE FUEL

Cooling 12 months

Reprocessing 6 months

Fabrication 6 months
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2.3 Syitm V&ilgn and PeA&omance. Vota

2.3.1

The reactor system design is assumed to be almost identical with
that described in INFCE/WG.8/CAN/D0C 2. Minor changes in design may be
required in the new fuel storage and handling areas, and some modification
to the control and safety mechanisms may be necessary. These changes,
however, are judged to be relatively minor and have not yet been investi-
gated thoroughly.

As will be mentioned in the section on "Technical Status and
R, D and D Requirements", fuel management studies have not yet been done
in enough detail to assess potential problems associated with thermal
hydraulic adequacy of the fuel design (e.g., the potential power distri-
bution "ripple" problem on refuelling, as discussed in INFCE/WG.8/CAN/
DOC 3).

The general reactor performance data are very similar to those
for the once-through natural uranium cycle, and are summarized in Table
2.3.1.

We have little statistical information on ThÛ2 fuel perform-
ance under CANDU-PHW conditions to the burnups required by the reference
case. The experience we do have to date, however, indicates that the
behaviour of TJ1O2 fuel should be similar to that of UO2 . It is antici-
pated that the basic developed UO2 fuel bundle design will prove adequate,
although some plenum space may have to be added to accommodate fission
product gases at acceptable pressures.

2.3.2 Aç£tyeFua£ Tq.bnlc.aUqn

Fabrication of fuel containing uranium produced from irradi-
ation of thorium is made difficult by the associated a and y activity.

The a-activity, similar to that involved in fabricating plu-
tonlum-bearing fuels, makes containment of the fabrication process
mandatory. Some experience on this aspect of active fabrication is being
acquired from a pilot plutonium glove box fabrication line at CRNL.

The Y-activity arises from the presence of up to 1000 ppm
U-232 in the uranium extracted from CANDU-PHW thorium fuel. The oecay
chain for U-232 has two daughter products with highly energetic gammas:
2.6 MeV from Tl-208 and 0.8 to 2.2 MeV from Bi-212. Their concentration
makes shielding and provision for remote maintenance of equipment manda-
tory. Thus a fully remote fuel fabrication plant would be required.
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TABLE 2.3.1

GENERAL REACTOR PERFORMANCE SPECIFICATIONS

A. Power Plant Performance

Fission Power
Electrical Power, Gross

Net
Thermal Efficiency

Reactor Parameters

Core Radius
Core Length
Core Volume

: 3425 MW
: 1074 MW
: 1000 MW
: 29.2%

: 3.871 m
: 5.944 m
: 279.3 m3 [2.798 x 10s L]

[N.B. A 0.655 m D20 reflector surrounds core on sides]

Core Power Density
Coolant Flow Rate
Maximum Chan.iel Flow
Reactor Inlet Temperature
Reactor Outlet Temperature
Reactor Outlet Quality
Reactor Outlet Pressure

Fuel Parameters

Maximum Fuel Temperature
Maximum Cladding Surface Temp. :
Initial Core Fuel Loading
- total heavy metal :
- fissile material (U-235) :
Discharge exposure; average :
Conversion Ratio
- for the initial fuel
generation :

- average, equilibrium cycle :

0.01224 MW/L
11.7 Mg/s
24 kg/s
267°C
310°C
4%
10.0 MPa

2100°C
326°C

120 t
2760 kg
29,300(29,100)*MW-d/t(HE)

0.81(0.79)
0.88(0.84

*Unbracketted values are for the HEU/Th cycle and bracketted values for
the denatured U/Th cycle.
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Some tentative design principles for such a plant have been
established. The design envisaged uses several shielded canyons, each
enclosed in about 1 metre of concrete shielding. The canyons would
get progressively cleaner from the powder preparation canyon to the
bundle assembly canyon. The process equipment, particularly in the
dusty areas, would be modular, easily disconnected and on platens
for easy removal. There would be more, but smaller, pieces of process
equipment than in current UO2 plants. For anything other than minor
repairs or short shutdowns the units would be replaced by a spare unit.
The inoperative unit would then be decontaminated and repaired at leisure.

2.3.3

For the reference cycle, the reprocessing plant must separate
uranium and thorium from the fission products and other heavy elements
in the spent fuel. We do not yet have a detailed design for such a plant,
but have defined the process and some of the plant requirements.

The reference process is solvent extraction. The major
operations are chop, dissolve, clarify, separate, solidify wastes
and products, and treat wastes.

In the head end, the ThO2 fuel, after chopping, is dissolved in
13mol HNO3 containing a fluoride catalyst and an aluminum ion corrosion
inhibitor for protection of the dissolver vessel. The acidity of the
dissolver product is too high for solvent extraction and is reduced by
boiling off the concentrated acid and replacing it with dilute nitric
acid.

An aqueous - TBP organic system is used for the solvent
extraction. Partition coefficients for uranium and thorium as a
function of heavy element and HNO3 concentration, in both the aqueous
and TBP organic phase have been determined. Conditions have been
selected for separation of the heavy elements from the fission products
and from each other. These conditions have been verified by inactive
testing in the laboratory with mixer settlers. Further solvent studies
are needed to select the most appropriate organic diluent for the TBP.
Kerosene causes problems with third phase formation in thorium extraction
and, while diethylbenzene has been shown to work well, it is relatively
expensive.

The thorium and uranium components of the reprocessed fuel
emerge from the separation process as liquid nitrate streams. It is
planned to carry out denitration and solidification in continuous fluid
bed calciners.
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The reprocessing plant off-gases will include four radio-
active isotopes - 1-129, Kr-85, C-14 and H-3. The iodine will be
converted to an organic form suitable for sorption into liquids or
onto solids. The krypton will be recovered by adsorption. The carbon
(CO, C02 and hydrocarbons) will be oxidized to C02, followed by sorption
into liquids or onto solids. Tritium in the off-gas will be recovered
by oxidation and sorption.

High level wastes will be solidified and contained in glasses
or crystalline solids.

2.3.4 g_ çç

Enrichment

We have had no experience with enrichment facilities but
these are being considered by WG2.

Waste Disposal

Ultimate disposal of high level wastes from the reprocessing
facility would be in deep rock repositories of the type referred to in'
INFCE/WG8/CAN/DOC2.

2.4 Fuel Management and Handling Vota

In the reference system, it is envisaged that the reactor will
initially be loaded with fuel containing a mixture of ThO2 and fresh,
enriched U02 (93% enriched in the case of the HEU/Th cycle, and 20%
enriched for the denatured U/Th cycle). No fresh fuel is required for
some 1.1 full power years of operation after initial start-up and no
discharge fuel is available for reprocessing over the same period. Then
refuelling starts at about the equilibrium rate.

Initially the feed fuel is the same as that used in the initial
core (i.e., first generation fuel). As soon as recycled uranium arising
from reprocessing discharged first generation fuel is available at the
fuel fabrication plant, it is used to make second generation feed fuel.
When recycled uranium from reprocessing discharged second generation fuel
is available, it is used to make third generation fuel, and so on.
The fuel in successive generations approaches an essentially constant
composition characteristic of the "equilibrium" fuel.

Table 2.4A summarizes some of the general fuel management
information, and Table 2.4B gives specific data in a form suitable
for reactor strategy studies such as those conducted by the IAEA.
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TABLE 2.4 A

REACTOR FUEL MANAGEMENT INFORMATION

Average Capacity Factor:

Fraction of Core Replaced:

Form of Fabricated Fuel:

Fuel Composition:

Losses

- reprocessing (and fabri-
cation) :

U3O8 Requirements

- initial core:

- annual equilibrium:-

- 30-year cumulative:

Separative Work Requirements

- initial core:

- annual equilibrium:

- 30-year cumulative:

80%

On-power refuelling is used with replace-
ment of 2 fuel bundles per channel visit.
The nominal rate of refuelling is 5.4
bundles per average day (6.8 bundles per
full power day). Therefore approximately
3 channel visits per day are required with
2/6924 of the core replaced at each visit.

0.5 m long, 37-element bundles of Zr-clad
ThÛ2/UO2 pellets with each bundle con-
taining 17.3 kg of heavy element.

Varies with fuel generation (see Table
2.4 B)

1%

543 (539) t(U)*

28.2 (37.0) t(U)

1624 (1826) t(U)**

704 (636) t SWU

36.6 (46.8) t SWU/a

2107 (2240) t SWU**

* The unbracketed numbers refer to the HEU/Th cycle and the bracketed
numbers to the denatured U/Th cycle.

** Assuming 2.0 year delay for cooling, reprocessing and fabrication.
It should be noted that these requirements apply to only the first
generation of reactors. The fissile material in the system at end-
of-life can be used to meet non-equilibrium requirements for an equal
capacity in subsequent generations.



- 11 -

TABLE 2.4 8

REACTOR CHARACTERISTICS

HKR OPERATING ON A THORIUM CYCLE

Fuel Wean Reactor Dwell Time ( f u l l poueryears
INITIAL LOADING (AND FIRST GENERATION)*

Heavy Element, t/GW(e)
Heavy Water, t/GW(e)
Composition of HE

Th (g/kg(HE))
U-235 "
U-233
U-238

REPLACEMENT REQUIREMENTS*

Heavy Water, t/(GU(e)>a)
Fuel Generation Number

Heavy Element, t / (GH(e)-a)
Composition of HE***

Th (g/kq(HE))
U-235
U-233
U-238

DISCHARGE FUEL
Fuel Generation Number

Heavy Element, t / (GH(e)-a)
Composition of HE

Th ( g / i n i t i a l kg (HE))
U-235
Pa-233 + U-233 "
U-238
Fissi le Pu "
Total Pu "

FINAL CORE

Heavy Element, t/GW(e)
Heavy Water, t/GW(e)

Composition of HE
Th (g / in1t ia l kg(HE))
U-235
Pa-233 + U-233
U-238
Fissile Pu
Total Pu

*NOTE ( in the following note, unbracketed numbers refer to the HEU/Th case and bracketed numbers to the Denatured U/Th case)

Fuelling does not start unti l 1.1(1.1) fu l l power years of operation and then proceeds at approximately the equilibrium
rate of 42.7 (43.0) t (heavy elementypw(e)a). F i rs t generation fuel (with the same composition as the I n i t i a l loading) 1s
then loaded for a period equal to the delay time, T J , from reactor-out to reactor-1n ( for cooling, reprocessing, fabrication
and hold-up). At a time (1.1/L.F.+ T J ) years, loading of second generation fuel starts (L.F. is defined as load factor ) .
Loading of second generation fuel continues for a period ( i r / L . F . + t,)) years, where T r 1s the mean reactor dwell time in
f u l l power years. Then loading of third generation fuel starts, and so on. This is i l lustrated below.

TIME •

f-

I

2
42.7

973
7.8

12.7
1.9

1
41.5

946
3.3
12.8
1.5
0.04
0.05

HEU/Th Cycle
Burnup: 29.3 MIttfkq HE

3

2.82

120
760

975
23
0
1.7

7.6
4

42.7

970
5.8

14.5
2.0

2
41.5

943
1.5
14.6
1.7
0.04
0.05

42.7

968
5.6

14.6
2.1

3
41.5

942
1.5
14.8
1.8
0.04
0.07

4
41.5

940
1.7
14.8
2.0
0.04
0.07

116
760

945
-4.5

14.5
3.0

-0.04
-0.06

(CANDU-

Equi l . * *
42.7

959
6.5

14.6
3.1

Equi l . * *
41.5

931
2.2
14.7
2.9
0.06
0.08

?HW)

' 2
43.0

854
8.5

11.6
121

1
'41 .8

859
3.3

11.7
88

0.59
0.94

Denatured U/Th Cycle
Burnup: 29.1 MWko HE

3
43.

849
7.0

12.9
124

2

41.6

827
1.5

13.0
118

0.71
1.15

2.BO

120
760

885
23

0
91

7.6
4 Equil.•*

D 43.0

846
7.0

13.0
125

43.0

835
7.7

1Î.8
127

3 4 Equil.**
41.8

864
1.6

13.1
121

0.72
1.15

41.8

822
1.7
13.1
122

0.73
1.16

41.8

811
2.2
12.9
124

0.74
1.16

116
760

823
~5

12.8
125

-0.5
-0.8

«-No fuelling* -«-1st Gen. Fuel -> * 2nd Generation Fuel

* * Equilibrium here is defined as 15th generation
•«•Equilibrium concentrations of U-234 and U-236:

" * • " * "

U-234
U-236

~7

=9

THIRD Generation

HEU/Th
.9 g/kg HE
.8 g/kg HE

Fuel -*• *• Fourth —

Denatured U/Th

=6
=11

.9 g/kg(HE)

.2 g/kg(HE)
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The radiation field as a function of cooling time at a
distance of 1 metre from a discharged bundle surface is shown in
Figure 2.4 A. Figure 2.4Bshows the discharge fuel energy generation
rate as a function of cooling time." In each case estimates are
shown for both the HEU/Th and the denatured U/Th cases.

2.5 JncknicnZ. Statin and R, V and V Re.q(jU/ime.ivt!>

2.5. /

The assumed reactor concept has been demonstrated in unit
sizes up to 750MW(e). The extension to a unit size of 1000 MW(e)
would be regarded as a normal commercial engineering development
requiring no special fundamental research and development.

A few minor modifications might be required to adapt the
design, developed for the natural uranium cycle, to operation on a
thorium cycle. These would be in the areas of fresh fuel handling
and storage, spent fuel handling, and in control and safety mechanisms.
Any necessary modifications are expected to be relatively straightforward.

2.5.2

There are uncertainties in the physics of thorium fuel cycles
arising from uncertainties in nuclear data (including that for fission
products), in the interaction effects among the various isotopes, and in
the approximations and methods used in calculations. In our judgement,
integral experiments are required to attain satisfactory accuracy in
physics estimates for final assessment and design. We envisage three
stages of such experiments as follows:

Stage 1: Clean lattice experiments for the Th-U-233 fuels as a function
of fuel assembly temperature.

Stage 2: Measurements of fuel bundle isotopic composition and reactivity
as a function of irradiation for representative fuel bundles
irradiated in a well-defined, well-controlled typical neutron
spectrum.

Stage 3: Conversion of an existing reactor to a thorium cycle and
monitoring its behaviour.

The duration of this program is expected to be some 15
years.
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FIGURE 2.4 B

DISCHARGE FUEL ENERGY GENERATION RATE

AS A FUNCTION OF COOLING TIME
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2.5.3 fuzt Management:

Fuel management simulation for thorium cycles is more
complex than for uranium cycles because the fuel properties depend
quite markedly on neutron flux history as well as neutron irradi-
ation. Considerable work remains to be done in developing suitable
methods for fuel management studies, as well as in studying alterna-
tive strategies. The results of these studies will be important in
determining the specifications for the fuel and in assessing the
thermalhydraulic adequacy of the design.

2.5.4

As mentioned above, it is not possible, without further
fuel management studies, to give final specifications for fuel per-
formance. Nevertheless, it is anticipated, on the basis of current
estimates and limited tests and experience, that no major fuel design
changes will be required. An extensive fuel irradiation testing pro-
gram will be needed to verify this, including irradiations to rela-
tively high burnups and measurements of the behaviour of fuel subjected
to power ramps, as a function of fuel burnup.

2.5 n

Enrichment is required for these cycles, either in the
form of U-235 or fissile plutonium. The alternative of using plutonium
to meet the needs for externally supplied fissile material would require
development of spent uranium fuel reprocessing facilities. Such facili-
ties require similar, but somewhat less difficult and better developed,
technology to the thorium reprocessing facilities implied by the use of
the thorium cycle.

2.5.6 TkosUum Re.pioceAA4.nQ Fac-t&tfrf

Nowhere in the world has thorium fuel reprocessing been
developed to a commercial stage, and Canadian experience is limited to
laboratory studies. We would need an extensive R, D & D program to
develop and prove the technology. The major components of this program
would be a laboratory-scale pilot plant (-10 kg(HE)/d), followed by a
demonstration plant (~100 Mg(HE)/a). These would have to be supported
by substantial R&D effort with associated smaller scale experiments and
facilities. Approximately 15 years would be required before sufficient
confidence had been accumulated to commit a commercial reprocessing
facility, although this time could be reduced given high priority.
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2.5.7 kcXboi Tabfilccutlon

Recycle (Th, U) fuel will have to be fabricated remotely.
An extensive R, D and D program, with the following main components,
will be required to develop these facilities.

a) Laboratory studies to define the process. Most of
our experience to date has been with sintered pellet fuel and this
would be chosen as the reference route. However, we recognize that
other processes may be better adapted to remote fabrication and
studies have been initiated on impregnation, extrusion and spherepac
processes. These studies involve irradiation testing as well as process
development.

b) A conceptual plant design to define the plant
containment as well as the size and arrangement of the processing and
materials handling equipment.

c) A pilot plant to provide actual experience with the
process and to manufacture small lots of fuel for irradiation tests.

d) An inactive mockup of a production line to solve
operational and materials handling problems.

e) A demonstration plant ( ̂ 50 Mg(HE)/a) to produce a
full core load for a reactor conversion demonstration and subsequent
fuel replacement requirements.

This program would be expected to take about 20 years,
at which time a commercial fabrication plant could be committed.
This time could be reduced if the program had high priority.

2.6 SajeXy and Kc.cMie.nt ConAideAaLLonA

Some effort has been devoted to examining characteristics
of a CANDU-PHW operating on a thorium cycle which are most relevant
to safety. No safety problems were identified which would pose a
feasibility block to the use of thorium cycles in CANDU-PHW reactors.
The same basic safety systems as used for the natural uranium, once-
through cycle seemed to give similar performance.

2.7 EnvÂAomizntat injoHmation

No detailed studies of the environmental impact of thorium
cycles have been made.
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The environmental effects of tie reactor system would be
similar to those discussed in INFCE/WG8/CAN/DOC2.

Effects associated with mining and milling would be
expected to be reduced due to better fuel utilization.

Effects associated with reprocessing and active fuel
fabrication plants would be additional.

Thorium would be stored and recycled until consumed.
However, fission product wastes would still require disposal.

2.8 Non-Piotif^eAcution Vota

2.S.1

The two versions of the reference case differ, both from
each other and from the uranium once-through cycles, in their non-
proliferation characteristics. The differences are mainly associated
with the materials occurring in the cycles, and the difficulty of
deriving weapons-usuable material from them.

For the purpose of this discussion, we define weapons-
usable material to be:

a) separated plutonium with any isotopic composition, or

b) separated uranium for which

W3 +0.6 W5

0.12,
WTU

where W3 is the weight of U-233,

W5 is the weight of U-235,

and W is the total weight of uranium.

The situation is summarized in Table 2.8.1 for the four cycles:
natural uranium once-through, slightly enriched uranium once-through,
HEU/Th, and denatured U/Th. In Table 2.8.1, two types of differences
have been distinguished; differences in kind and differences in degree.



TABLE 2.8.1

COMPARISON OF SENSITIVITY OF MATERIALS OCCURRING IN CANDU-PHW-CYCLES

MATERIAL
AND
CYCLE

FEED FUELfEQ^

Nat.U,Once-Thr.
1.2%Enr.U.0-T*
HEU/Th
Denatured U/Th

SPENT FUEL(EQ^)

Nat.U,Once-Thr.
1.2%Enr.U.0-T
HEU/Th
Denatured U/Th

REPROCESSING PROD.

Nat.U,Once-Thr.
1.2%Enr.U,0-T
HEU/Th
Denatured U/Th

ENR.U FOR FAB^

Nat.U,Once-Thr.
1.2% Enr.U,0-T
HEU/Th
Denatured U/Th

DIFFERENCES IN KIND

HIGHLY
ACTIVE

No
No
No
No

Yes
Yes
Yes
Yes

M / A

No
No

M/ft

No
No
No

TYPE OF SEPARATION TO MAKE
WEAPONS-USABLE MATERIAL
CHEM.+
ISOTOPIC

X

ISOTOPIC

X
X

X

X

CHEMICAL

X(U)

X(Pu)
X(Pu)
X(U)
X(Pu)

NONE

REQ'D

X

X
X

DIFFERENCES IN DEGREE

H.E.
ANNUAL
THROUGHPUT
(lGW(e)§80%)
(Mg/a)

137
47-8
34.2
34.4

136
46.5
33.2
33.4

1.27
5.35

48.1
0.16
0.30

TOTAL U

TOTAL HE

100
100
4.1
16.4

99.6
99.4
3.9
16.2

100
100

100
100
100

U-233+.6U-235

TOT.U-.4U-23S

0.43
0.72

47
10.8

0.14
0.06

44
9.1

44
0.1

0.72
89
51

TOTAL Pu

TOTAL HE

c%)

;

0.4
0.6

(<.O1)
0.12

-

-

FISSILE Pu

TOTAL Pu

(%)

-

72
55
(75)
64

-

-

I

I- 1

00

i . e . , slightly enriched uranium once-through cycle
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Two differences in kind have been recognized:

a) activity level, i.e., whether the material is highly
radioactive or not, and

b) the type of separation process required to derive
weapons-usable material, i.e., chemical, isotopic,
both, or none. The columns have been arranged
in order of decreasing proliferation resistance.

The differences in degree deal with amounts of material
and its isotopic composition. Thus, the first column is a measure
of the amount of material involved, and the second column, the
amount of uranium. The third column is a rough measure of the
suitability of the uranium component for weapons use. An entry
>12 or 13 indicates that the uranium component is weapons-usable
without isotopic separation. If the number is less than 12 or 13
it gives an indication of the amount of separative work required
to produce weapons-usable uranium, with the amount of separative
work decreasing for increasing numbers (more than linearly). If
the number is greater than 12-13 it gives an indication of the
relative difficulty of using the material for a weapon without
further isotopic separation - the higher the number, the easier
the task. The fourth column indicates the amount of plutonium
present. The fifth column gives an indication of the relative
suitability of the plutonium for weapons use - the higher the
number, the more suitable the plutonium.

In section 6, some possibilities of further reducing
the proliferation risks associated with the use of thorium cycles
in CANDU-PHWs will be mentioned.

2.8.2 Facility Location!,

The current view in Canada is that any reprocessing
or active fabrication plants built should be located on a common
site(s), preferably the same site chosen for permanent waste (or
fuel) disposal. This would have the advantages of consolidating
security, easing application of safeguards, and minimizing risks
of diversion during shipping. With such an arrangement the
reprocessing product need only be in a separated form for a short
period before being mixed with the other fuel components for fabrication.
It would not eliminate the need for shipping quantities of highly
enriched uranium for the feed fuel, unless an enrichment plant were
located on the same site, and this would appear unlikely. This then
remains one of the weaker aspects of both the HEU/Th and denatured
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U/Th cycles from the non-proliferation point of view, although the
quantities of highly enriched uranium are not large. Fabricated
reactor fuel would still have to be shipped to reactor sites and
spent fuel shipped from them.

2.S.3

Safeguard schemes similar to that discussed in INFCE/WG.8/
CAN/DOC 2 could be applied effectively to the reactor site. It would
seem feasible that similar schemes could also be devised for the re-
processing/active fabrication /waste disposal site and for the shipping
link.

2.9

2.9.7 Introduction

The base case for econom studies is a conceptual 4 x 1000 MW(e)
GANDU-PHW operating on the reference thorium cycle. The fuel geometry
assumed is identical to that described in detail in INFCE/WG.8/CAN/DOC 2,
with a heavy element composition as given in Table 2.4 B.

Table 2.9.1 gives the basic parameters for the reference case
(two versions) along with the same parameters for the reference natural
uranium, once-through case (from INFCE/WG.8/CAN/D0C 2) and the slightly
enriched uranium, once-through case (from INFCE/WG.8/CAN/D0C 3).

2.9.2

The ground rules adopted are the same as those used in INFCE/
WG.8/CAN/D0C 2 (section 2.8.2).

Key dates for reactor construction and operation are given in
Table 2.9.2 A. These show fuel purchase dates, commencement of refuelling
date and the generation number of the fuel used.

The reference values for the main relevant economic parameters
are given in Table 2.9.2 B. It should be noted that, while reference
values are included for reprocessing and active fuel fabrication costs,
these are very uncertain and are quoted primarily for convenience in the
presentation. They are treated as a prime variable in a later sub-section
dealing with variation of parameters.

2.9.3 CostingM&thqd

The costing method used is identical to that described in
INFCE/WG.8/CAN/DOC 2 (section 2.8.3). Note that 1978 Canadian dollars
have been used throughout.
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TABLE 2.9.1

BASIC PARAMETERS OF REFERENCE REACTORS

Parameters

Core Radius (m)

Core Length (m)

Reflector Thickness (m)

Lattice Pitch (m)

No. of Channels

Pressure Tube ID (ram)

Heavy Water Purity (wt% D20)

Radial Form Factor

Maximum Channel Power (MW)

Reactivity Load (mk)

Fuel Enrichment

Elements per Fuel Bundle

Av. Fuel Burnup (MW-h/kg(U)

(MW-d/t(U))

No. of Coolant Loops

No. of Pumps per Loop

No. of Boilers per Loop

Heat Transfer Area/Boiler (m )

Channel Outlet Press. (MPa)

Channel Outlet Temp. (°C)

Channel Outlet Quality (%)

Net Electric (MW(e))

Net Station Efficiency (%)

Main Heat Rejection

4 x 1000 MW(e) CANDIUPHW (per
Natural U,
Once-Through

3.871

5.944

0.655

0.28575

577

103.4

99.75

0.85

6.6

18.5

Natural

37

176

7300

3

2

2

3320

10.29

312

2.9

1000

29.2

Fresh Water

1.2% Enr. U
Once-Through

- > •

- > •

-+•

-•

->

-»•

-*

- > •

•+

15.5

1.2wt%U-235

502

20 900
-}-

->

•+

->

->

•+

unit)
Thorium Cycles

HEU/Th

-+•

->-

->

•+

~y

- * •

•+

- » •

- > •

14*
* +

703

29 300
•+

->•

->

-»-

- > •

- >

- > •

- » •

- >

- * •

Denatured U/Th

- > •

-•

- > •

- >

-•

->

->•

14*

**

698

29 100

•+

- * •

•+

- > •

- > •

-V

- * •

* This is a relatively conservative value which would seem to be amenable to
reduction. (Note that the average fuel flux is only some 40% of that in the
natural uranium case. Therefore reactivity requirements to produce a given
decision and action time for xenon over-ride are greatly reduced.)

** See Table 2.4 B
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TABLE 2.9.2 A

KEY DATES FOR REACTOR CONSTRUCTION AND OPERATION

Reference Date

Start of Construction

Heavy Water Purchase

Initial Fuel Charge Purchase

Reactor In Service

Annual O&M and Heavy Water Upkeep Begins

Commence Purchase Replacement Fuel

Commence Refuelling

Commence Fabrication of 2nd Generation Fuel

Commence Fuelling 2nd Generation Fuel

Commence Fabrication 3rd Generation Fuel

Commence Fuelling 3rd Generation Fuel

Reactor Shutdown, Decommissioning

Date*

1978.0

1978.0

1983.5

1983.5

1984.0

1984.5

1984.9

1985.4

1986.9

1987.4

1992.4

1992.9

2014

*Terminology Note:

1978.0 means beginning January 1978

1984.5 means end June 1984, etc.
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TABLE 2.9.2 B

BASE VALUES OF ECONOMIC PARAMETERS*
(Th Fuelled CANDU-PHwf

U3O8 Cost

ThO2 Cost

Heavy Water Cost

Separative Work Cost

Natural U02 Fuel Fabrication Cost

Inactive Enriched ThO2 Fabrication Cost

Active Enriched ThÛ2 Fabrication Cost

Reprocessing (includes Waste Disposal)

Conversion U3O8 •+ UF6

Enrichment Plant Tails

Plant Capacity Factor

Plant Life

Heavy Water Upkeep Rate

Escalation Rate

Discount Rate

Interest Rate

Cost of Reactor Decommissioning

99$/kg [117$/kg(U)]

20$/kg (Th)

27O$/kg

100$/kg SWU

55$/kg(U)

75$/kg(HE)

lA0$/kg(HE)

110$/kg(HE)

5$/kg(U)

0.2%

80%

30 a

1.8 kg/h

0%

h%

4%

42 M$

*A11 costs are in 1978 Canadian dollars
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2.9.4

Table 2.9.4 gives the capital cost estimates for the two
versions of the reference case CANDU-PHW operating on a thorium cycle.
Also given for comparison are the capital costs of the reference
natural uranium, once-through case and the slightly enriched uranium,
once-through case.

2.9.5

Table 2.9.5 gives the discounted capitalized operating
costs for the reference case (two versions) and also, for comparison,
those for the natural uranium, once-through reference case and the
slightly enriched uranium- once-through case.

2.9.6

In Table 2.9.6, the capital and operating costs have been
expressed as unit costs (i.e., dollars/kW(e)) and as average product
cost. Again, results for the natural uranium once-through and the
slightly enriched uranium once-through cycles have been included for
comparison.

2.9.7

The sensitivities of the product costs to changes in uranium
cost, separative work cost, thorium reprocessing cost and active fabri-
cation cost, are summarized in Table 2.9.7. It should be noted that
effects due to changes in these parameters are linear and additive.
These sensitivities can be used to derive break-even uranium costs as a
function of thorium reprocessing and active fabrication costs at various
separative work costs, for each of the thorium cycle versions, with
respect to both the natural uranium once-through cycle and the slightly
enriched uranium once-through cycle. The results using the HEU/Th
cycle are shown in Figure 2.9.7 A and those for the denatured U/Th cycle
in Figure 2.9.7 B. Note that, in both cases, there is always a uranium
cost above which the thorium cycles compete with both uranium cycles.
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TABLE 2.9.4

CANDU-PHW ONCE-THROUGH DIRECT AND INDIRECT CAPITAL COST ESTIMATES

(PER UNIT)

Description

Site/Improvements

Buildings/Structures

Reactor, Boiler, Auxiliaries

Turbine Generator S Aux.

Electric Power Systems

Control and Instruments

Common Processes § Services

Total Direct Capital Cost

Engineering 6 Other Services

Heavy Water Inventory

Contingencies

Initial Fuel Inventory

Conmissioning Cost

Interest to In-Service Date

Total Indirect Capital Cost

TOTAL CAPITAL COST (incl. Fuel)

4 x 1000 MW(e) CANDU-PHW
Natural
Ref. Case

(M$)

0.6

84.3

114.8

76.7

36.8

IS. 1

22.i

350.7

145.2

210.0

45.8

22.6

33.1

72.6

529.3

879.9

1.2% Enriched
Ref. Case

(M$)

0.6

82.3

114.8

76.7

36.8

15.1

22.4

348.7

152.9

210.0

47.0

53.2

33.1

74.0

570.2

918.9

Thorium Cycles
HEU/Th
(M$)

0.6

82.3

114.8

76.7

36.8

15.1

22.4

348.7

152.9

210.0

47.0

155.2

33.1

75.2

673.7

1022.4

Denatured U/Th
(M$)

0.6

82.3

114.8

76.7

36.8

15.1

22.4

348.7

152.9

210.0

47.0

147.8

33.1

75.0

665.8

1014.5
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TABLE 2.9.5

DISCOUNTED OPERATING COSTS

Description

0 and M

Heavy Water Upkeep

Replacement Fuel

Spent Fuel Disposal

Decommissioning

Total Discounted Capitalized
Operating Costs

* includes waste disposal

4 x 1000 MW(e) CANDU-PHW
Natural U
Ref. Case
(per Unit)

(M$)

143.(3

75.0

421.5

29.5

13.0

682.6

TABLE 2.9

1.2% Enr.
U Case
(per Unit)

(M$)

143.2

75.0

335.5

31.1

13.0

597.9

6

Ref. Thorium Case
(per Unit)

HEU/Th
(M$)

143.2

75.0

337.5*

-

13.0

568.7

UNIT COST AND PRODUCT COST SUMMARY

Description

Unit Initial Capital
($/kW(e))

Unit Total Discounted
Capitalized Operating Cost
($/kW(e))

Total Discounted Unit Cost

Average Product Cost
(M$/kW-h))

Denatured U/Th
(M$)

143.2

75.0

:65.0*

-

13.0

596.2

4 x 1000 MW(e) CANDU-PHW
Natural U
Ref. Case

879.9

682.6

1562.5

12.9

1.2% Enr.U
Ref. Case

918.9

597.9

1516.8

12.5

Ref.
HEU/Th

1022.4

568.7

1591.1

13.1

Thorium Case
Denatured U/Th

1014.5

- 596.2

1610.7

13.3
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TABLE 2.9.7

CYCLE SENSITIVITIES TO VARIATIONS IN ECONOMIC PARAMETERS

Cycle

Natural Uranium, Once-Through
Reference Case

1.2% Enriched Uranium,
Once-Through Reference Case

HEU/Thorium Reference Case

Denatured Uranium/Thorium
Reference Case

Increase in Product Cost per
Increase in:

Uranium
Cost

M$/(kW-h)

2.16

1.66

1.15

1.26

Sep. Work
Cost

M$/(kW-h)

-

0.55

1.39

1.42

Reproces-
sing Cost

M!f/CkW-h)

-

-

0.40

0.40

100$/kg

Active Fabri-
cation Cost
M$/(kW-h)

-

-

0.40

0.40
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FIGURE 2.3.7 A

BREAK-EVEN URANIUM PRICES FOR THE HEU/Th CYCLE
WITH URANIUM CYCLES

(REFERENCE DESIGNS)
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FIGURE 2.9.7 B

BREAK-EVEN URANIUM PRICES FOR THE DENATURED U/Th
CYCLE WITH URANIUM CYCLES

(REFERENCE DESIGNS)
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3. EFFECT OF VARYING REFERENCE SYSTEM PARAMETERS

3.7 VasUation oj BuAnap

The reference case of Sections 1 and 2 had an average fuel
discharge burnup of %29. 2 MW-d/kg HE. Selection of the average fuel dis-
charge burnup, assuming fuel life is determined by reactivity limitations
rather than physical deterioration, determines the U-235 feed require-
ments (for a given reactor design and set of operating conditions).

The burnup chosen for the reference case was a compromise
between the lower U-235 requirements which could have been achieved
with a lower burnup, and the reduced reprocessing and active fuel fabri-
cation requirements associated with a higher burnup. To illustrate
these effects, results are given in this section for cases at three dif-
ferent burnups: the reference burnup of ̂ 29.3 MW-d/kg HE, and burnups of
^14.2 and 7.3MW-d/kg HE. The same reactor design was assumed as for the
reference case and the same assumptions made with respect to operating
conditions.

Figure 3.1A shows the relationship between equilibrium
equivalent natural uranium requirements and burnup for both HEU/Th and
denatured U/Th cycles. The fact that there is a minimum in the curves
of equilibrium uranium requirements, rather than a curve which always
shows a decrease with decreasing burnup, is due to the increased impact
of reprocessing and fabrication losses at low burnup.

Figure 3.1 B shows the lifetime (30 year) uranium require-
ments as a function of burnup. Here too there are minima, which occur
at higher burnups than the minima of Figure 3.1 A. This is due to the
additional effect of higher out-reactor fissile inventories at lower
burnups.

Figure 3.1 C gives the unit energy cost as a function of
burnup for both the HEU/Th and denatured U/Th cycles.

Table 3.1 lists the sensitivities of the product costs (for
the two cycles and three burnups) to changes in uranium cost, separative
work cost, thorium reprocessing cost and active fabrication cost.

3.2 VatvLcutlon of^ RzcycZe. Volai] T-ône

The fuel cycle characteristics also depend on the time allow-
ance for cooling, reprocessing and fabrication. To illustrate the effects,
the cases of Section 3.1 were repeated using a delay time of 1 year for
these processes rather than the reference 2 years.

Figure 3.2 A shows the change in lifetime (30 year) uranium
requirements as a function of burnup caused by changing the recycle
delay time from 2 years to 1 year.
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FIGURE 3.' A
EQUILIBRIUM U REQUIREMENTS vs BURNUP*

(REFERENCE DESIGN)
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FIGURE 3.1 B
LIFETIME U REQUIREMENTS vs BURNUP

(REFERENCE DESIGN)
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FIGURE 3.1 C

ENERGY COST vs BURNUP

(REFERENCE DESIGNS)
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TABLE 3.1

SENSITIVITIES TO VARIATIONS IN ECONOMIC PARAMETERS

AT VARIOUS BURNUPS

Cycle

HEU/Th: 29

14

7

Denat. U/Th: 29

14

7

.2

.2

.2

.2

.2

.2

MW-d/kgCHE)

MW-d/kg(HE)

MW.d/kg(HE)

MW-d/kgCHE)

MW-d/kg(HE)

MW-dAg(HE)

Increase in Product
Increase

Uranium
Cost

(

1.15

1.22

1.56

1.26

1.32

1.74

Sep. Work
Cost

Cost per
In:

$100/kg

Reprocessing
Cost

M$(kW-

1.39

1.47

1.89

1.42

1.50

1.95

h)

0.40

0.87

1.71

0.40

0.86

1.73

Active
Fabrication

Cost

)

0.40

0.87

1.71

0.40

0.86

1.73
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FIGURE 3.2 A

CHANGE IN LIFETIME U REQUIREMENTS vs BURNUP FOR
RECYCLE DELAY TIME CHANGE FROM 2 YEARS TO 1 YEAR
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Figure 3.2 B shows the change in energy cost as a function
of burnup caused by changing the recycle delay time from 2 years to 1

Table 3.2 shows the change in sensitivities to economic
parameters caused by changing the recycle delay time from 2 years to 1
year.

4. ALTERNATIVE SYSTEMS WITH PLUTONIUM TOPPING

4.1 Sijitm V

In the cycles discussed in the previous sections, it was
assumed that requirements for fissile material, in addition to recycle
material, were satisfied with U-235. In this section, a system in which
these requirements are met with fissile plutonium is examined. This
cycle will be referred to as the Pu/Th cycle.

Plutonium does not occur naturally, but must be made. There-
fore the system operating on a Pu/Th cycle employs two types of reactors.
The first type is assumed to be a CANDU-PHW operating on a once-through,
natural uranium cycle, producing fissile plutonium. The second type is
assumed to be a CANDU-PHW operating on a thorium cycle, with uranium
recycle, and using the fissile plutonium produced by the first reactor
type for topping. The system is illustrated schematically in Figure 4.1.

Reactor types 1 and 2, shown in Figure 4.1, are assumed to be
built in 1000MW(e)mit dizes (in 4-unit stations). The characteristics
of reactor type 1 are assumed to be identical to those given in INFCE/WG.8/
CAN/DOC 2. Except for fuel composition and average discharge burnup, the
characteristics of the reference reactor type 2 are assumed to be the same
as those given in Table 2.3.1 of this report. The initial core loading is:

H.E 120 t

Th 115.1 t

Fissile Pu 3.029 t

The average discharge fuel burnup is 30,100 MW-d/t(HE).

Figure 4.1 is only schematic and, in general, there are a
different number of units of reactor type 1 and reactor type 2 in the
system.

4.1 MateAÂal Flom

Figure 4.1 shows the material flows at equilibrium for a total
system power of 1000 MW(e). Note that the power given for each of the
reactor types is not meant to be the unit size, but is the power required
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FIGURE 3.2 6

CHANGE IN ENERGY COST vs BURNUP FOR
RECYCLE DELAY TIME CHANGE FROM 2 YEARS TO 1 YEAR
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TABLE 3.2

CHANGE IN SENSITIVITIES TO VARIATIONS IN ECONOMIC

PARAMETERS AT VARIOUS BURNUPS FOR RECYCLE DELAY TIME

CHANGE FROM 2 YEARS TO 1 YEAR

HEU/Th: 29 .2 MWd/kg(HE)

14 .2 MW-d/kg(HE)

7.2 MW-d/kg(HE)

Denat. U/Th: 29 .2 MW-d/kg(HE)

14.2 MW-d/kg(HE)

7.2 MW-d/kg(HE)

Change (Due t o Delà
in Product Cost

Uranium
Cost

(-

-0.11

-0.22

-0.40

-0.13

-0.20

-0.39

Sep. Work
Cost

— M$

-0.12

-0.26

-0.48

-0.12

-0.22

-0.43

y Time Change) in Increase
>er 100$/kg Increase in:

Reprocessing
Cost

/(kW-h)

+ 0.02

+ 0.05

+0.10

+0.02

+ 0.05

+0.11

Active
Fabrication

Cost
)

-0.02

+ 0.05

+0.10

+ 0.02

+0.05

+0.11
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to give a material balance at equilibrium (using the characteristics of
1000MW(e) units) for a total system power of 1000MW(e). in practice, the
system power would be larger and the balance would be achieved by having
different numbers of units of the assumed unit size.

4.3 Sy-itzm Economic*

In deriving the economics for the system, the reactor mix
required to give a balance of material flows at equilibrium was assumed.
Of course, additional fissile plutonium is required during the initial
period of operation, and it was assumed that this would be obtained from
existing stockpiles of spent natural uranium fuel, for the cost of
processing this fuel.

The base values of economic parameters given in Table 2.9.2 B
were assumed. In addition, it was assumed that the cost of reprocessing
U fuel was 80% of that of reprocessing Th fuel.

Table 4.3 A gives the derived unit costs and product costs
for both reactor types and for the system as a whole.

Table 4.3 E gives the sensitivities of the system operating
on a Pu/Th cycle to variations in economic parameters.

Figure 4.3 shows break-even uramum prices for a system oper-
ating on the Pu/Th cycle, with other cycles, as a function of reproces-
sing plus active fabrication cost. Since the sensitivities for changes
in reprocessing and active fabrication are different in this cycle, it
was assumed that the ratio of the two was constant in deriving these
curves. The base value of $100/SWU was used throughout for separative
work.

4.4 VanÀcutlon Qj? Syitm Van.am£<vu>

As for the U-235 cycles, the burnup in the Pu/Th cycle may
be varied. The economics are also sensitive to assumptions regarding
recycle delay times and material loss allowances. The results are of a
similar nature to those for the U-235-topped cycles, as discussed in
Section 3.
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TABLE 4.3 A

UNIT COST AND PRODUCT COST FOR THE SYSTEM
OPERATING ON A Pu/Th CYCLE

Description

Unit Initial Capital
Cost ($/kW(e))

Unit Total Discounted Capital-
ized Operating Cost ($/kW(e)

Total Discounted Unit Cost
($/kW(e))

Average Product Cost (M$/(kW-h))

4 x 1000
Reactor 1

879.9

682.6

1562.5

12.9

MW(e) CANDU-PHW
Reactor 2

985.1

518.8

1503.9

12.4

System

950.1

573.2

1523.3

12.6

TABLE 4.3 B

Pu/Th CYCLE SENSITIVITIES TO VARIATIONS IN
ECONOMIC PARAMTERS

U Cost Increased by 100 $/kg(U)

Separative Work Cost Increased by
$100/SWU

Reprocessing Cost Increased by
$100/kg(HE)

Active Fabrication Cost Increased
by $100/kg(HE)

Increase in Product Cost
(M$/(kW-h))

0.72

1.52

0.35
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FIGURE 4-3

BREAK-EVEN URANIUM PRICES FOR THE Pu/Th
CYCLE WITH OTHER CYCLES
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5. SELF-SUFFICIENT EQUILIBRIUM THORIUM (SSET)

5.1 ïnùioducJxon

As shown in Section 3, the equilibrium uranium requirements
for CANDU-PHWs operating on the thorium cycle can be reduced by decreasing
the average discharge fuel burnup from the reference value of ̂ 29.2 MW-d/kg
HE. For the reference reactor design, the minimum in equilibrium natural
uranium requirements occurs at a burnup in the neighbourhood of 10 MW
kg HE. At this burnup, the equilibrium uranium requirements are finite,
but relatively small.

As was previously mentioned, the reactor design and operating
conditions chosen as a reference were conservative, as appropriate for
initial introduction of thorium cycles. It is our contention that, by
paying careful attention to neutron and material economy, it is feasible
to design and operate CANDU-PHWs, of essentially the current concept, on
thorium cycles with an average discharge fuel burnup $10 MW-d/kg HE and
zero equilibrium uranium requirements. We refer to such thorium cycles
as self-sufficient equilibrium thorium (SSET) cycles.

It is also evident from the data given in Section 3 that
SSET cycles would probably not compete economically with the reference
case, assuming the reference economic parameters. In order for SSET
cycles to compete economically with the reference cycle, reprocessing
and active fabrication costs must be relatively low and/or uranium prices
high. There is also added incentive for reduced material losses and
shorter recycle delay times.

Nevertheless, the feasibility of SSET cycles in CANDU-PHWs is
important from a strategic point of view. SSET cycles provide insurance
against uranium shortages, and an upper limit to nuclear energy costs from
CANDU-PHWs. Thus, SSET cycles guarantee the long-term viability of the
CANDU-PHW concept, regardless of future developments with respect to
uranium resources.

For this reason AECL has selected SSET cycles as the target
in planning R&D programs on advanced fuel cycles. The specific aim of
our proposed program is to demonstrate the feasibility of SSET cycles
in CANDU-PHWs. The choice of this target has the additional advantage
of imposing a strict discipline on the program. This should prove to be
beneficial to most advanced fuel cycles in CANDU-PHWs, even if SSET cycles
are never introduced.

5.2 VwAibility oj SSET Cycle*

The bulk of our investigations of SSET cycles has been done
using a conceptual reactor design which is slightly different than the
reference reactor design. The main difference is in specific power, where
the value of 26J5 MW/mol HE was used rather than the 28.6 of the reference
design for Th fuelling. This implies a slightly larger reactor with more
channels and a higher capital cost.
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If, in addition, the heavy water moderator purity is increased
from 99.75% to 99.95%, the reactivity load reduced from 14 mk to 7 mk, and
the assumed reprocessing plus fabrication losses limited to 0.5%, it is
estimated that an SSET cycle with an average fuel discharge burnup of
VL0 MW-d/kg(HEJcan be achieved. The initial fissile material requirements
could be in the form of either U-235 or fissile plutonium.

The changes mentioned above are thought to be feasible,
although at some cost. For example, some consideration has been given in
the past to higher moderator isotopic purity, but the incentive for the
natural uranium fuelled reactors has not been great enough to put it into
practice. The reduction in reactivity load (associated with control
margin, structural materials and xenon override) seems feasible, but a
final verdict must await further detailed analysis of, or experience
gained with, fuel management schemes. The practicality of reducing repro-
cessing and fabrication losses to 0.5% can not be properly, assessed until
we have accumulated some experience in this field. On the other hand,
there are other options open to gain reactivity which must be more
thoroughly investigated.

In the above we have assumed that the recycled uranium would
not be denatured. SSET cycles using denatured uranium are more difficult
to achieve and, in fact, do not appear feasible, with current technology,
if an average discharge fuel burnut) >10 MW-d/kg(HE) is postulated.

5.3 SSET Cycle. ChaAactznlitici

Table 5.3 summarizes the SSET cycle characteristics for the
use of both highly enriched uranium (93% U-235 in U) and fissile plutonium
as the fissile material to initiate the cycle.

5.4 SSET Cycle. Economic*

Estimates of SSET cycle economics have been made using the
same basic economic parameters as given in Table 2.9.2 B and as discussed
in Section 4.3-

Table 5.4 A gives the estimated unit costs and product costs.

Table 5.4 B gives the estimated SSET cycle sensitivities to
variations in economic parameters.



- 45 -

TABLE 5.3. A

SSET CYCLE CHARACTERISTICS

(Assuming 0.2% enrichment tails and the discharge fuel of a
natural uranium CANDU-PHW as the source of fissile plutonium)

Characteristics

Burnup (MW-d/kg(HE))
Effective Conversion Ratio
Net Station Efficiency
Specific Power (MW/Mg(HE))

Net Fissile Feed Rates at Equilibrium for 1 GW(e)
at 80% Load Factor

U-235 (Mg/a)
Fissile Pu (Mg/a)

Initial Core Loading for 1 GW(e)

Thorium (Mg)
U-235 (Equivalent Nat. U) (Mg)
Fissile Pu (Mg)

Lifetime Fissile Requirements* for 1 GW(e) (80% L.F.)
with 2 Year Recycle Delay Time

U-235 (Equivalent Nat. U) (Mg)
Fissile Pu (Mg)

Lifetime Fissile Requirements* for 1 GW(e) (80% L.F.)
with 1 Year Recycle Delay Time

U-235 (Equivalent Nat. U) (Mg)
Fissile Pu (Mg)

Lifetime S.W.* - 2 years delay (t SWU)
- 1 year delay (t SWU)

Lifetime U Reprocessing* - 2 years delay (Mg(U))
- 1 year delay (Mg(U))

Reprocessing + Fabrication Losses

SSET

U-235
Topping

10
1.00
0.291
26.3

0
0

128.0
2.53 (494)

6.39 (1248)

4.46 (871)

1618
1130

-

0.5%

Cycle
Fissile Pu
Topping

10
1.00
0.291
26.3

0
0

127.4

2.78

7.08

4.93

-

2622
1826

0.5%

* Note that at the end of life, the fissile material in the system can be
used to initiate the same capacity in the next generation with no
further fissile material requirements. Therefore these figures apply
only to the first generation of reactors.
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TABLE 5.4 A

SSET CYCLE UNIT AND PRODUCT COSTS

Unit Initial Capital
Cost ($/kW(e))

Unit Total Discounted
Capitalized Operating
Cost ($/kW(e))

Total Discounted Unit
Cost ($/kW(e))

Average Product Cost
(M$/kW-h))

U-235
2 a Delay

1029.4

863.8

1893.2

15.6

SSE^Cycles
Topped
1 a Delay

1029.4

788.6

1818.0

15.0

(4 x 1000 MW(e))
Fissile Pu Topped

2 a Delay

1005.6

831.4

1837.0

15.2

1 a Delay

1005.6

772.4

1778.0

14.7

TABLE 5.4 B

SENSITIVITIES OF SSET CYCLES TO
CHANGES IN ECONOMIC PARAMETERS

SSET Cycles

U-235 Topped

- 2 Year Delay

- 1 Year Delay

Fissile Pu Topped

- 2 Year Delay

1 Year Delay

Increase in Product Cost Per
100$/kg Increase In:

Uranium
Cost

(

1.01

0.71

0

0

Sep. Work
Cost

Reprocessing
Cost

Active
Fabrication

Cost
M$/(kW-h) )

1.31

0.91

0

0

1.28

1.36

2.97

2.54

1.28

1.36

1.55

1.55
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6. WON-PROLIFERATION ENHANCEMENT

A number of technical and institutional measures for increasing
the proliferation resistance of CANDU-PHW reactors operating on the thorium
cycle have been proposed.

The proposed technical measures include the use of denatured
uranium, co-processing schemes, and radioactive protection. These are
discussed briefly below.

Use of Denatured Uranium

The suggestion is that fissile uranium isotopes, occurring at
any point in the fuel cycle, be associated with enough U-238 that an
isotopic separation would be required to obtain weapons-usable material.

Data have been given in this report on the economic and
resource utilization impact of the use of denatured uranium. It should be
noted that, in the cases presented, the topping material used was >20 wt%
U-235 in U. This is because the use of <20 wt% U-235 in U leads to a
continuous buildup of U-238, until the cycle eventually degenerates into
essentially a U cycle. Therefore the topping material is weapons-usable,
although at all other points in the fuel cycle the uranium would require
isotopic separation to obtain weapons-usable material. The other signifi-
cant aspect of the use of denatured U, from a non-proliferation point of
view, is the associated production of plutonium, albeit in relatively
small amounts.

Co-Processing Schemes

Concepts have been developed for fuel reprocessing schemes
associated with all the thorium cycles in CANDU-PHW reactors that do not,
at any stage, separate pure fissile material. These are currently being
assessed.

Radioactive Protection

Various schemes for increasing the proliferation resistance of
fet J fuel to CANDU-PHW reactors by high radiation levels are being
assessed.

Consideration is also being given to the institutional measures

which have been suggested.

•» m m»
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