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ABSTRACT

The t h o r i u m f u e l c y c l e i n CANDU (Canada Deute r ium
Uranium) reactors challenges breeders and fusion as the
simplest means of meeting the world 's large-scale demands
for energy for cen tu r i e s . Thorium oxide fuel allows high
power density with excel lent neutron economy. The com-
binat ion of thorium fuel with organic caloporteur promises
easy maintenance and high a v a i l a b i l i t y of the whole plant .
The t o t a l fuel l ing cost including charges on the inventory
i s estimated to be a t t r ac t i ve ly low.
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Résumé

Le cycle de combustible au thorium employé

dans les réacteurs de la filière CANDU (Canada Deuterium

Uranium) porte un défi aux surgénérateurs et a la fusion

comme moyen ultra-simple de répondre aux immenses besoins

énergétiques du inonde pendant des siècles. L'oxyde de

thorium employé comme combustible permet d'obtenir une

haute densité de puissance avec une excellente économie

neutronique. La combinaison du thorium comme combustible

et d'un caloporteur organique promet un entretien facile

et une forte disponibilité pour la centrale. Le coût

total de combustible, y compris le coût des stocks,

devrait selon les estimations, être assez bas.
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LARGE-SCALE NUCLEAR ENERGY FROM THE THORIUM CYCLE

b y

W. Bennett Lewis, M.F. Duret, D.S. Craig
J.I. Veeder and A.S. Bain

Many people in the world associate the idea of large-
scale nuclear power only with fast breeder reactors or with
nuclear fusion. The scale of application of the thorium
cycles can be

— just as large (including agro-industrial complexes
and water desalting and synthetic
hydrocarbon production for fuel)

— just as extensive - throughout the world and for
centuries

and moreover with much fewer technical uncertainties, more
assured reliability and lower cost, because of their simpli-
city .

It was not possible at the Geneva Conference in 1964
to speak with such certainty although similar words can
be found in the Canadian papers. It had been foreseen that
the thorium fuel cycle could challenge the breeders by its
lower fuel inventory cost and much higher yield of fissions
between fuel reprocessing stages, typically 2 fissions per
initial fissile atom compared with less than 0.5 for the
fast breeder.

It is, however, experience since 1964 that has removed
many doubts and indeed nature has shown us some benefits we
had not dared to hope for. This experience is reported
briefly in paper 151* on the CANDU (Canada Deuterium Uranium)
reactors by Hart, Haywood and Pon.

The combination of characteristics that now looks so
attractive brings together heavy water moderator, an organic
heat transfer liquid or caloporteur and thorium oxide fuel
with uranium-235 or -233 operating at high power density to
high burn-up. Table 1 shows that the capital cost should be
lower than forecast in Paper P/10 at the 1964 Geneva Conference.

*The CANDU Nuclear Power System: Competitive For The Fore-
seeable Future. 4th U.N. International Conference on the
Peaceful Uses of Atomic Energy, Geneva, 6-16 September, 1971,
paper A/CONF.49/P/151; also Atomic Energy of Canada Limited,
Report AECL-3975.
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TABLE 1 - Reasons for Lower Capital Cost than Predicted at
1964 Geneva Conference

(a)

(b)

(c)

(d)

Lower Capital

High Power
Density

High Unit
Capacity

High Net
Station
Efficiency

Low Heavy
Water
Inventory

Cost From:

Av.kW(th)/kg H.E.

MW(e)

%

j g/kWe
\$/kWe

Now

45-50

1500

37 to 39

150
~$7

1964
Paper P/10

7.5

500

34 to 35

500
~$22.5

TABLE 2 - Reasons for Higher Availability than Expected in
1964

High Availability From: Experience Expected 1964

(a) Negligible Radio-
activity of Primary
Cooling Circuits

(b) Self Revealing Leaks
and Easy Maintenance

(c) A New Design for TI1O2
Fuel for Long Life
Giving High Power
Density but Negligible
Sheath Strain

Carbon-Based
Particulates

Iron-Based
Particulates

TABLE 3 - Low Fuelling and Fuel Inventory Cost

(a). High Spent Fuel Value Relative to Processing Costs
Combined with Low Fuel Inventory Cost "$18/kWe

(b) Wide Tolerance for Fuel Irradiation Time - 2 to 3 Years
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Table 2 indicates that there is a

High Availability From

(a) Negligible radioactivity of the primary coolant
circuits which is the most important and unexpected
favour from Nature's secrets and is due to

carbon-based particulates

instead of

iron-based particulates

(b) Self-revealing leaks and easy maintenance,
another bonus from Nature.

and (c) A new design for TI1O2 fuel for long life, giving
high power density but negligible sheath strain -
the result of many experiments.

Table 3 reminds us of the

Low Fuelling and Fuel Inventory Cost

(a) High spent fuel value « $200/kg thorium relative
to processing costs = $20/kg thorium combined with
low fuel inventory cost = $18/kWe

(b) Wide tolerance for fuel irradiation time which can
range from 2 to 3 years with negligible cost penalty.

Now a word of warning. In 1964 there were many countries
involved in development studies of the organic liquid caloporteur
but today Canada is standing alone, so although development
looks relatively easy compared with fast breeders or fusion, yet
it will not progress rapidly until a larger program is mounted.
I am sure the poetic bard could make much of the saga that Nature
hid her secret favours belonging with the organic caloporteur
until there was only one poor humble student left.

This, however, is a technical paper in a technical session
so I must explain how the work presented has been done and with
what result.

The CANDU reactors form a family group for which we have
developed semi-empirical reactor physics which is embodied in
a computer code named LATREP from which we can evaluate the
reactivity and then the cost in m$/kWh of typical assemblies
of fuel bundles in fuel channels that form a lattice in heavy
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water moderator. Generally we have concluded that for high
power reactors the total cost of power is least if the
channels are large in diameter; it is 133 mm (5% inches) for
the cases in this paper. Moreover for minimum changes of
reactivity with power, and coolant density the amount of
moderator is kept to a minimum by making the lattice pitch
small, 280 mm in this case. The amount of -oolant or calo-
porteur in the channels is for the same reason kept as small
as possible, and that also preserves neutron economy.

The net result is that the 1500 MWe organic-cooled
reactor would have fewer channels and less heavy water than
current 500 MWe designs.

The essence of all reactor physics is the neutron debit
and credit account and the balance. Thorium has an advantage
over uranium because of its larger cross section for thermal
neutrons so that a given amount competes more successfully
with the structural materials and the caloporteur. Moreover,
the equilibrium fissile material concentration is such that it
is destroyed at the same rate as its fertile parent thorium
or uranium-238.

This can be seen in Table 4, which shows the percentage
of neutrons absorbed in the main components in the reactor
at equilibrium for three fuels. One is 3% U-2 35 in ThC>2, the

TABLE 4 - Integrated Neutron Absorptions in Reactor Components,
Per Cent

Initia1Fuel { « « » }

Irradiation (n/kb)

Thorium

Uranium & Protactinium

Fission Products
(Including U-236)

Organic Caloporteur

Oxygen, H_0, D90 and C

Zirconium

3.

3 .

37 .

48 .

9 .

1 .

1 .

2 .

0

0

8

3

2

5

1

1

1

3

42

45

7

1

1

2

.8

.0

.6

. 1

.2

. 7

. 1

. 2

1.8

4 . 0

41.8

44.9

8.2

1.7

1.1

2 . 2
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next 1.8% U-233 in ThO2 taken to 3 n/kb and the third is also
1.8% U-233 but taken to 4 n/kb. We may note that at equilibrium
the absorption by thorium to make new fissile U-233 is nearly
equal to the absorption by the fissile material. The absorp-
tions in the heavy water, caloporteur and zirconium structural
components are relatively small percentages indicating the
success of the design for good neutron economy; for these
latter absorptions represent waste of neutrons.

Finally we note the absorptions in the fission products
accumulated in the fuel. These absorptions increase with
irradiation. If the irradiation is kept short enough the
reactor will breed, that is it produces a net gain in fissile
U-233, but when the object is to produce power at the lowest
cost one of the higher irradiations to 3 or 4 neutrons per
kilobarn is adopted.

The full paper* gives details in the large Table I on
page 9 for twenty-three identified combinations of fuels.
Table 5 identifies those numbered 21, 4, 9, 18 and 23. No.
23 is one that breeds by keeping the irradiation down to
1 n/kb or about 9 MWd/kg thorium. Normally the operator is
expected to choose the near-breeder regime where one of the
fuels such as 18 or 9 must supply some additional fissile
material; U-235 is chosen for these cases.

Note these are all fuel combinations of two fuels called
"Driver" and "Power". Individual fuel bundles are relatively
small, about 30 kg, and the operator chooses how many bundles
of each type - driver or power - he wishes to change at any
time. The driver bundles supply a greater surplus of neutrons,
so the fission products build up more rapidly and the irradia-
tion is not taken so far in neutrons per kilobarn but not so
much less in MWd/kg H.E. (heavy elements).

When starting such a reactor there may be no U-233
available; then 2% U-235 may be substituted for the 1.8%
U-233 indicated, I say again, 2% U-235 for 1.8% U-233.

The last line shows the fuelling costs which are much
the same,0.52 to 0.65 m$/kwh, except for the breeder at
1.02 m$/kWh.

Finally note that this table applies to areactor for
which the neutron economy is characterized by n = 1.05.

*4th U.N. International Conference on the Peaceful Uses of
Atomic Energy, Geneva, 6-16 September, 1971, paper A/CONF.
4&/P/157;also Atomic Energy of Canada Limited, Report
AECL-39 80.
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TABLE 5 - n" = 1.05

FUEL NO.

%U - 235
%U - 233

MWd/kg H.E.
to n/kb

%U - 233
MWd/kg H.E-

as n/kb

MWd/kg H.E.

m$/kWh

21

2.
34.
3.

1.
37.
4.

35.

0.

4

Driver

3 2.
57 29.
0 2.

Power

6 1.
66 39.
0 4.

Fuel

3
34
5

Fuel

8
56
0

Overall

22 33.30

9

1.
1.

33.
2.

1.
39.
4.

36.

Fuelling Cost

52 0..52 0.

5
5
17
5

8
56
0

30

,54

18

3.

22.
1.

1.
39.
4.

25.

0.

0

57
75

8
56
0

51

65

BREEDER
23

1.
10.
1.

1.
9.
1.

9.

1.

8
22
0

6
19
0

49

02

Figure 1 shows some of the effects if n has some other
value. By the LATREP program it is estimated that the reactor
core described by the 133 mm diameter channels and 280 mm
lattice pitch, further details of which are given later, will
have T} = 1.05 to 1.06. Recalling that 2% of the neutrons
were absorbed by zirconium, if that could be halved r\ would be
reduced 1%, for 7f is the yield of neutrons per neutron absorbed
or lost from the core.

Note first the fuelling cost which, including inventory
charges at 7.2%, and allowing for losses and processing
delays, ranges on this graph from 0.4 to 0.7 m$/kWh. Fuel
combination 18 with 3.0% U-235 in the driver component appears
higher in cost. This is due to valuing U-235 at $ll/g and
U-233 at $13/g. If the U-233 value is raised to $15.3/g the
costs for 18 and 4 converge at about 0.57 m$/kWh for rf = 1.05.
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300

200
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100

FUEL CONSERVATION

FUELLING COST
3.0% U-235

21

1.02 1.03 1.04 1.05 1.06 IX)7 1.08

V
Figure 1

0.7

0.6 ^

0.5 «*

e
0.4

Fuel No. 1 has about three-quarters of the irradiation
of No. 4 and less U-233.

The upper part of the figure explains how the near-
breeder characteristics of these thorium fuel cycles are
adequate for the world supply of nuclear energy. It shows
the MWd yield via thorium from 1 kg of natural uranium fed
to the enrichment plant that produces the U-235 required by
the various cycles. By changing r\ or the irradiation one
can achieve any curve between that labelled 21 + 18, i.e.
3% U-235, and that labelled 23 + 9 in which 23 is the breeder.
We note that if n < 1.055 the latter needs no continued supply
of uranium at all. Moreover the fuelling cost is only
1.02 m$/kWh. However, for more practical cycles about 40 to
60 MWd/kg Nat.U is achievable, and the fuelling cost would
increase by only a few percent if the price of natural uranium
quadrupled. That, however, was all explained at the 1964
Conference. What is new at this time is the practical prospect
of averaging 30 to 35 MWd/kg thorium before reprocessing in the
organic-cooled heavy-water-moderated reactor.

Table 6 gives the detail of the half metre long fuel
bundle and channel. The bundle has 61 elements in which the
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TABLE 6 - Reference Fuel Bundle and Channel Design

Bundle Diameter
Bundle Length
Number of Elements
Diameter of Elements
Zirconium-Alloy Sheath Thickness
Channel Inside Diameter
Channel Wall Thickness
Channel To Calandria Radial Gap
Calandria-Tube Wall Thickness
Calandria-Tube Outer Diameter

129.9
0.5
61
13.88
0.38

133.36
3.18
8.5
1.95

160.62

mm
m.

mm
mm
mm
mm
mm
mm
mm

fuel pellet diameter is about 13 mm, which is quite substantial.
The zirconium alloy sheath is relatively thin, 0.38 mm.

Figure 2 gives the essence of the design proposed for the
fuel. The pellets are short and spaced by graphite discs that
by their high thermal conductivity keep the fuel temperature

FUEL PELLET ASSEMBLY IN SHEATH

FUEL TO SHEATH
DIAMETRAL _
CLEARANCE
0.8% OF DIAM.

HOLLOW ThO,
PELLETS -
9.7 g / c m 3

PELLET END
DISHING TO
AVOID AXIAL
GROWTH

GRAPHITE DISC
10% OF PELLET LENGTH

AXIAL VOID
4 VOL % OF PELLET

Figure 2
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down. The pellets are hollow with an axial void that is 4%
of the pellet volume. This, together with the 0.8% initial
diametral clearance, has proved sufficient to prevent
distension of the sheath up to central melting. The rating
is, however, higher with the graphite discs and a maximum
temperature in the fuel of 2000°C occurs only in a very small
region. Fission gas that escapes is accommodated in the
voidage in the graphite and elsewhere.

It is indicated in the paper that the permissible power
rating of this fuel is so high, 1000 W/cm, that a 1500 MWe
reactor would need only 290 channels of the size given in
the last figure and only 5 metres long. The size would be
somewhat larger for the valubreeder fuel combination that
promises still lower fuelling costs.

The interest in the more highly rated fuel without
U-233 arises from keeping the size of the reactor down and
so the capital cost down, and the availability high because
of the high burn-up.

In summary, I have pointed out that the thorium fuel
cycle in CANDU reactors challenges breeders and fusion as
the simplest means of meeting the world's large-scale demands
for energy for centuries.

Moreover, Nature has favoured us with a non-radioactive
organic caloporteur that reveals any leaks and makes access
and maintenance easy.

Thorium oxide fuel allows high power density with
excellent neutron economy, confirmed by detailed reactor
physics calculations with the LATREP computer program.

The combination of thorium fuel with organic caloporteur
promises easy maintenance and thereby very high availability
of the whole plant that more than offsets a slightly higher
fuelling cost. The fuelling cost is still low but not so low
as is possible with other CANDU heavy-water-moderated reactors.
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