
chance for success, it is necessary to en- 
list the enthusiastic cooperation of ap- 
propriate villagers. This means villagers 
must be involved in selecting the village 
task to be energized, in selecting the 
technology, and in determining what vil- 
lage institutions should be responsible 
for its maintenance and use. 

The subject of finding renewable ener- 
gy sources for Third World rural areas is 
not just a matter of humanitarian con- 
cern for those people. It may directly af- 
fect the availability of world energy sup- 
plies. Third World rural areas are not sig- 
nificant commercial energy users at pres- 
ent. However, influential leaders in the 
international community have set a tar- 
get of eliminating the worst aspects of 
absolute poverty by the end of the cen- 
tury. The Overseas Development Coun- 
cil has examined the energy consump- 
tion of the 25 developing countries that 
have largely achieved this target to gauge 
what might happen to energy demand if 
all developing countries were to do so. 
Three preliminary important conclusions 
appear warranted. First, those nations 
(such as Brazil and Mexico) that have 
emphasized growth alone are relatively 
much higher per capita energy users than 
those countries (such as Taiwan) that 
have pushed growth with equitable dis- 
tribution of incomes, or those (such as 
Sri Lanka) that have focused exclusively 
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on equitable income distribution and 
have not made such headway on growth. 
Second, even if all Third World coun- 
tries follow the relatively energy efficient 
growth with equity strategy, the goals of 
eliminating the worst aspects of absolute 
poverty cannot be met without imposing 
a claim on world oil resources larger than 
world oil production will permit. Third, 
therefore these development goals can 
only be met if nonpetroleum sources of 
energy are made available to these rural 
areas. Under these circumstances, ex- 
ploring the use of small-scale renewable 
sources of energy appears to be an at- 
tractive path. 
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The Canadian CANDU (Canada Deu- 
terium Uranium) power reactor does not 
fit easily into categories of U.S. reactors. 
Pickering nuclear generating station, 
which is operated by Ontario Hydro and 
consists of four 500-megawatt (electric) 
CANDU reactors, has produced more 
electricity than any other nuclear gener- 
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ating station, at roughly half the cost of 
electricity from the available alternative, 
a coal-fired plant. CANDU reactors are 
therefore "currently commercial," and 
comparable to the U.S. light-water reac- 
tors. In the United States, however, 
heavy-water reactors, along with mol- 
ten-salt and high-temperature reactors, 
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are usually considered as "advanced" 
because of their low uranium consump- 
tion. Neither description does the CAN- 
DU reactor full justice. Good neutron 
economy gives CANDU reactors the 
ability to operate on a thorium fuel cycle 
at, or near, breeding. This means that the 
energy costs are virtually independent of 
the fuel supply cost, making CANDU 
comparable to the fast breeder reactor. 
As a commercially proved reactor able 
to adapt to changing circumstances, 
CANDU has a useful role to play in the 
world's future energy supply. 

To a physicist, the essence of a CAN- 
DU reactor is its use of heavy water as 
the moderator. In any thermal reactor 
the moderator must slow down neutrons 
efficiently while capturing as few as pos- 
sible. Both requirements are factored in- 
to a figure of merit called the moderating 
ratio. Table 1 shows how heavy water 
stands out from other potential materi- 
als. To an engineer, pressure tubes are 
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the major distinguishing feature of a 
CANDU reactor. In light-water reactors 
(Fig. 1) there is no distinction between 
moderator and coolant, and the core is 
contained within a large, thick-walled 
pressure vessel. The CANDU moder- 
ator, essentially unpressurized and cool, 
is contained in a reactor vessel (ca- 
landria) through which pass some hun- 
dreds of identical pressure tubes contain- 
ing the fuel and coolant. Each tube, 
made of a zirconium alloy, is about 6 me- 
ters long and 10 centimeters in diameter 
and has a wall 4 millimeters thick. 

The pressure-tube design facilitates 
on-power fueling, achieved by mobile 
machines which connect to opposite 
ends of the pressure tube to be fueled [a 
diagram of the fueling machines, togeth- 
er with further details of CANDU reac- 
tors, is provided by Haywood (1)]. On- 
power fueling minimizes the inventory 

reactor without jeopardizing the corro- 
sion control of the primary coolant cir- 
cuit. 

5) The separate moderator at relative- 
ly low temperatures constitutes a very 
large heat sink capable of absorbing any 
energy that might be released in postulat- 
ed accidents. It also facilitates the design 
of control and shutdown devices. 

History 

The selection of reactor types for na- 
tional power systems is not determined 
by physics alone. The United States, 
Britain, and Canada cooperated in the 
wartime development of atomic energy, 
and all three were aware of the merits of 
heavy water as a moderator. Indeed, all 
three have had development programs 
for heavy-water power reactors, but only 

Summary. CANDU power reactors are characterized by the combination of heavy 
water as moderator and pressure tubes to contain the fuel and coolant. Their ex- 
cellent neutron economy provides the simplicity and low costs of once-through natu- 
ral-uranium fueling. Future benefits include the prospect of a near-breeder thorium 
fuel cycle to provide security of fuel supply without the need to develop a new reactor 
such as the fast breeder. These and other features make the CANDU system an 
appropriate technology for countries, like Canada, of intermediate economic and in- 
dustrial capacity. 

of neutron-absorbing fission products. 
Heavy water, on-power fueling, and con- 
stant attention to neutron economy at 
all stages of design enable CANDU re- 
actors to enjoy the economies of natural 
uranium fuel now and the prospect of a 
near-breeder thorium fuel cycle for the 
future. 

Other attractive features result from 
these primary characteristics. 

1) The use of natural uranium in a 

very simple fuel design (Fig. 2) provides 
exceptionally low fueling costs. 

2) On-power fueling contributes to a 

high net capacity factor (the energy ac- 
tually delivered in a particular period di- 
vided by the energy delivered if the unit 
had operated continuously at its maxi- 
mum rated output) by eliminating the 
need for fuel changing during reactor 
shutdowns. 

3) Any fuel assembly that develops a 
leak during operation can be traced to a 
particular pressure tube, and even to its 
position in that tube. On-power fueling 
allows the leaking assembly to be re- 
moved before it can release significant 
radioactivity to the coolant. 

4) The separation of coolant and mod- 
erator means that their chemistries can 
be independently optimized. Specifical- 
ly, neutron poisons can be added to the 
moderator to control or shut down the 
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Canada has pursued the concept to the 
commercial stage. History shows why. 

Naval propulsion was the first appli- 
cation of nuclear power in the United 
States. Minimum physical size was the 
dominant criterion and light-water reac- 
tors were a reasonable choice. Enriched 
fuel was available from diffusion plants 
built during the war, and construction of 
the large pressure vessels was within 
U.S. industrial capability. In Britain the 
first application was to plutonium-pro- 
duction reactors for a weapons program. 
Again, long-term economy was not the 
primary criterion, and gas-graphite reac- 
tors were a reasonable choice. In the 
early 1950's, when both countries recog- 
nized an early need for civilian nuclear 
power, these two reactor types had the 
tremendous advantages of demonstrated 
engineering viability and established in- 
dustrial infrastructure. 

In postwar Canada, abundant hydro- 
electric resources postponed the need 
for nuclear power and provided a tough 
economic challenge. (Even in 1977 do- 
mestic customers in some parts of Cana- 
da pay as little as 2 cents per kilowatt- 
hour.) The widespread use of hydro- 
electricity had accustomed Canadian 
utilities to capital-intensive plants with 
very low operating costs. It was recog- 
nized that a low fueling cost would be 

crucial to the success of a reactor and 
that neutron economy was the key (2). 
Heavy water was therefore the first 
choice for the moderator when Canada 
began civilian power reactor studies in 
the middle 1950's. The choice was rein- 
forced by two practical factors: good ex- 
perience with the heavy water-moder- 
ated NRX research reactor (3) and suc- 
cessful operation of heavy-water produc- 
tion plants in the United States. These 
two factors, incidentally, illustrate the 
mutual benefits of early U.S.-Canadian 
collaboration. The design of the Savan- 
nah River production reactors drew 
heavily on NRX experience, while the 
development of the process to supply 
heavy water to the production reactors 
helped the Canadian program. 

The initial design of our first, 20-MWe, 
nuclear power demonstration (NPD) re- 
actor (4) was similar to that of a light-wa- 
ter reactor. Since scaling up would be 
limited by the industrial capacity for fab- 
ricating large pressure vessels, the ad- 
vantages of a modular pressure-tube de- 
sign were becoming apparent. The devel- 
opment of Zircaloy-2 by the U.S. Bettis 
Laboratory in Pittsburgh, made this con- 
cept practicable. Even so, the designers 
would probably not have had the con- 
fidence necessary to base a reactor de- 
sign on Zircaloy-2 had not Bettis work- 
ers been testing the material in NRX as 
part of a collaborative program. This 
same collaboration also contributed 
greatly to an early selection by both 
groups of uranium dioxide and Zircaloy 
as fuel and cladding materials, respec- 
tively. 

The NRX reactor and later the NRU 
(5) and WR-1 (6) research reactors 
played a vital role. Their outstanding ca- 
pabilities for testing fuel and structural 
materials have attracted U.S. groups, as 
well as some from other countries, to 
conduct development programs. Full- 
size CANDU fuel bundles can be tested 
under realistic operating conditions in 
actual pressure tubes in these experi- 
mental reactors. 

Operating Experience 

The NPD reactor, in operation since 
1962, demonstrated the engineering via- 
bility of the CANDU design, especially 
the concept of on-power fueling, which 
had not previously been attempted for a 
water-cooled power reactor. Its net ca- 
pacity factor has exceeded 90 percent for 
the past 3 years, despite its use to train 
utility staff and as a test-bed for new fuel 
designs and other reactor equipment. If 
NPD's good operation failed to alert the 
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designers to possible problems, the same 
cannot be said of the 200-MWe Douglas 
Point prototype reactor (7), which began 
operation in 1967. Douglas Point's per- 
formance has improved substantially 
over the years, but its greatest contribu- 
tion, as befits a prototype, has been to 
identify design and operational improve- 
ments for future reactors. 

The Douglas Point experience contrib- 
uted greatly to the exceptionally smooth 
commissioning of the four Pickering re- 
actors (8) between February 1971 and 
June 1973. The Pickering net capacity 
factor to July 1977 has averaged 78 per- 
cent; during the last fiscal year (April 
1976 to March 1977) all four units ex- 
ceeded 90 percent and were in the top 
five of an international table of 67 reac- 
tors of comparable size ranked by capac- 
ity factor (9). 

The fuel for all CANDU reactors con- 
sists of short (50 cm) bundles of Zircaloy 
tubes containing uranium dioxide pellets 
(Fig. 2). The simplicity of the design and 
the use of natural uranium result in ex- 
ceptionally low fuel supply costs. Al- 
though the design burnup (energy pro- 
duced per unit mass of fuel discharged) is 
much lower than for light-water reactors, 
the resulting fueling costs (fuel cost per 
unit of energy produced) are less than 
half those for any other nuclear station in 
North America. Pickering's fueling costs 
have varied from 0.9 mill/kWh in 1973 to 
1.2 mill/kWh in 1976 (10, 11). The near- 
continuous fueling of CANDU reactors 
serves as a coarse reactivity control and 
allows the burnup to be measured to a 
high accuracy (Fig. 3), confirming design 
estimates (12). 

The high capacity factors are partly 
due to good fuel performance. Of more 
than 84,000 bundles irradiated at Pick- 
ering, less than 0.03 percent have exhib- 
ited any leaks (11). In 1971, observation 
of a slightly higher than average failure 
rate for Douglas Point fuel led to the 
identification of a new failure mecha- 
nism-and the means of controlling it 
(13). When a fuel bundle that has had 
prolonged exposure at low power is sub- 
jected to a sudden increase in power its 
Zircaloy cladding is liable to fail by 
stress corrosion cracking. This mecha- 
nism was responsible for the failure of 
about 100 bundles in the first Pickering 
unit to operate, during its first year. 
Since the introduction of remedial mea- 
sures in 1972, only about 20 bundles 
have failed in all four units. 

Another common cause of reactor in- 
capacity, boiler leaks, has had very little 
effect on CANDU reactors. In nearly 50 
reactor-years of operation only five 
tubes have leaked, one each at NPD, 
10 FEBRUARY 1978 

Table 1. Merit ratings 
ators. 

of potential moder- 

Material Moderating ratio 

Zirconium hydride 49 
Organic liquids 60-90 
Light water 72 
Beryllium 159 
Graphite 160 
Beryllium oxide 190 
Heavy water 

Pure 12,000 
99.8 atom percent 2,300 

Pickering, and Bruce, and two at Doug- 
las Point (14). No failures have been at- 
tributed to corrosion, probably because 
of selection of appropriate materials 
combined with careful control of the wa- 
ter chemistry on both primary and sec- 
ondary sides of the boilers. Before the 
most recent boiler-tube failure at Pick- 
ering in 1974, a method for rapidly locat- 
ing and plugging a leaking tube had been 
developed; this leak was fixed during a 
reactor shutdown lasting only 5 days. 

The single most important cause of in- 
capacity at Pickering was an installation 
error that led to the development of 
cracks in some of the pressure tubes of 
two of the reactors. These cracks did not 
prejudice the safety of the reactors, and 
there was never any risk to the public or 
the operating staff from the resulting 
coolant leaks, which were contained and 
collected within the reactor vaults. The 
cost of replacing 69 pressure tubes, in- 
cluding the cost of supplying energy 
from an alternative source during re- 
pairs, amounted to $75 million. Even af- 
ter these costs are debited, operation of 
the Pickering station resulted in a net 
saving for the utility's customers during 

the period in question. (During 1976 the 
saving exceeded $100 million.) The in- 
vestigation of the cracking (15) provided 
not only an immediate remedy to prevent 
further cracks but also a much better un- 
derstanding of the process used to roll 
pressure tubes into end fittings, thereby 
providing improved techniques for the 
future. 

The demonstrated ability to replace 
the NRX and NRU calandrias (16) and 
Pickering pressure tubes provides con- 
fidence that even the most radioactive 
parts of CANDU reactors can be re- 
paired, if necessary. 

Other Distinctive Features 

The design, construction, and opera- 
tion of CANDU reactors have other dis- 
tinctive features. 

1) At present, the Pickering station 
consists of four identical reactor-turbine- 
generator units, each of which operates 
independently; a second group of four 
units is now under construction at the 
same site (Fig. 4). The multi-unit design 
has proved most effective in saving costs 
and in preventing delays in construction 
and commissioning (8). The period from 
first critical to full power progressively 
decreased from 95 days for the first unit 
to 12 days for the fourth. 

2) The design of the reactor and asso- 
ciated equipment was undertaken by the 
federal agency Atomic Energy of Can- 
ada Limited, while the design of the 
remainder of the plant, the project man- 
agement, and the on-site construction 
were the responsibility of the provincial, 
publicly owned utility, Ontario Hydro. 
This arrangement exploited the com- 

Fig. 1. Schematic diagrams of (a) a light water-cooled, pressure-vessel reactor and (b) a heavy 
water-cooled, pressure-tube reactor. 
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Fig. 2. Individual fuel channel and fuel bundle. 

plementary expertise and experience of 
the two organizations. Although com- 
pletion of units 1 and 2 was late by a few 
months according to the original sched- 
ule set at the start of construction, units 
3 and 4 were completed within schedule 
(8). 

3) While each reactor is within its own 
containment building, the multi-unit de- 
sign features a negative-pressure con- 
tainment system that minimizes stresses 
in the containment building in the event 
of a loss-of-coolant accident. The four 
containment buildings are connected 
through a pressure relief duct to a large 
vacuum building (Fig. 4) normally held at 
about 10 kilopascals, which contains a 

pressure-actuated dousing system for 
pressure suppression. The same vacuum 
building will serve the four additional re- 
actors now under construction. 

4) The vacuum building, with a 1-m- 
thick concrete wall, was poured by a 

slip-form method in 7/2 days of continu- 
ous pouring. The method has sub- 

sequently been further developed for re- 
actor buildings, with the formwork of the 
roof dome being assembled at ground 
level and raised with the forms (9). 

5) CANDU reactors pioneered the 
use of direct computer control. The op- 
erative computer is monitored and 
backed up by an identical standby com- 
puter; if both fail the reactor is shut 
down automatically. 

6) As a result of a strong incentive to 
prevent leaks of valuable heavy water, 
significant improvements have been 
made in "conventional" equipment. As 
an example, packed-stem valves have 
been modified so that the packing is 
maintained in compression by spring- 
loading (17). This very simple modifica- 
tion greatly reduces leakage and thereby 
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minimizes maintenance requirements in 
areas with high radiation fields. 

7) Measures to minimize losses of 
heavy water also prevent radioactive re- 
leases. As a result the present situation is 
satisfactory; releases from the Pickering 
station (18) have been within the design 
target of 1 percent of the regulatory re- 
quirements based on recommendations 
of the International Commission on Ra- 
diological Protection. 

8) Radiation fields that impede main- 
tenance are mostly due to corrosion 
products in the primary coolant circuit 
that have been activated in the reactor 
and subsequently deposited on out-reac- 
tor components such as the boilers. Sev- 
eral methods for controlling and reduc- 
ing these fields without the necessity of 

D 
0) 

D 

-4 

c 

a- 

z 
cc 

m rQ 

D 

0 
LU 
C 

M 

Li 
D 
U- 

200 

150 

100 h 

50 

0 

150 

100 

50 

n 
0 5 10 15 20 25 30 

TOTAL HEAT OUTPUT (TWh(th)) 

Fig. 3. Fuel consumption and burnup for Pick- 
ering units 1 and 2 (12). 

removing the fuel or draining the coolant 
have been investigated (19). The most at- 
tractive is a mild chemical process in 
which the cleaning agents are continu- 
ously regenerated and the radioactivity 
is removed in solid form rather than as 
bulky acid solutions. In 1971 and 1972, 
fields (behind shielding) at the Douglas 
Point reactor were reduced sixfold by 
simple changes in physical and chemical 
conditions of the coolant, and were sub- 
sequently maintained at the reduced lev- 
el. More recently, the chemical cleaning 
process was applied during a 3-day shut- 
down of the reactor to reduce fields in 
certain areas by a further factor of 6. 

9) Exposure to tritium generated in 
the heavy water of the moderator and 
coolant is a possible impediment to 
maintenance work. A new process, com- 
bined electrolysis and catalytic exchange 
(CECE), offers great promise for remov- 
ing tritium from heavy water and also for 
upgrading heavy water that contains 
traces of light water (20). 

An Appropriate Technology 

The CANDU reactor system is appro- 
priate for countries of intermediate eco- 
nomic and industrial capacity, such as 
Canada. Producing heavy water is basi- 
cally simpler than enriching uranium, 
and commercial heavy-water plants have 
been built in smaller sizes than would 
have been possible for uranium enrich- 
ment plants. 

Serious problems were, nevertheless, 
encountered in developing a Canadian 
heavy-water industry (21). Perhaps be- 
cause the process used-countercurrent 
exchange between liquid water and gase- 
ous hydrogen sulfide-had operated well 
in U.S. plants, the difficulties of transfer- 
ring the technology to Canada were un- 
derestimated. However, Ontario Hy- 
dro's Bruce heavy-water plant has been 
operating well since 1974, and by 1983, 
when all plants now under construction 
are expected to be in full operation, Can- 
ada will have a capacity sufficient to 

support a CANDU installation rate of 
3000 MWe per annum. In developing its 

heavy-water industry Canada has in- 
troduced the first application of isotope 
separation under commercial conditions. 

The use of natural uranium facilitated 
the establishment of a domestic fuel in- 

dustry, while the short bundles and rela- 
tively low burnup allowed volume pro- 
duction at an early stage. Similarly, the 

production of several hundred pressure 
tubes, with associated end fittings and 
calandria tubes, is better suited to Cana- 
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dian industry than would be the fabrica- 
tion of a single large pressure vessel. The 
CANDU calandria is as large as a light- 
water reactor's pressure vessel but, not 
having to withstand high pressures, its 
structure is much simpler and it can be 
manufactured in Canada. Indeed, about 
80 percent of each CANDU generating 
station can be made in Canada (22). 

Commercialization of the CANDU re- 
eactor system has been achieved at a 
cost between $1 billion and $2 billion, in- 
cluding demonstration plants. This sum 
compares favorably with those for other 
systems, including what has already 
been spent on fast breeder reactors. 

Future Developments 

All CANDU reactors, including those 
under construction and committed, are 
listed in Table 2. The first three units of 
the Bruce station are operating, while 
the fourth is due to be commissioned in 
early 1979. The present installed nuclear 
capacity in Canada of roughly 4000 MWe 
approximates Ontario Hydro's total 
electrical capacity in 1954, when devel- 
opment of the CANDU system began. 

The separation of moderator and cool- 
ant offers scope for future developments, 
while still preserving the essential char- 
acteristics of the design. An organic liq- 
uid could replace heavy water as the 
coolant. This would allow higher oper- 
ating temperatures, and hence higher ef- 
ficiency, as well as some other advan- 
tages. Also, the temperatures would then 
be high enough to provide high-pressure 
steam for extracting oil from tar sands 
and heavy-oil deposits (23). 

The technical feasibility of an organic- 
cooled CANDU reactor has been dem- 
onstrated by the WR-1 (6) research reac- 
tor, which has been operating very suc- 
cessfully at the Whiteshell Nuclear Re- 
search Establishment in Manitoba since 
1965. Much more work on an engineer- 
ing scale would be needed to make this 
modification of the CANDU reactor 
commercially available. 

Another possibility is using ordinary 
light water as coolant, taking the coolant 
direct to the turbine without an inter- 
mediate boiler. The greatest attraction of 
this approach is that it would mean an 
appreciable reduction in capital costs at 
a time when all energy projects are 
straining capital resources. The technical 
feasibility of using a light-water coolant 
in a direct steam cycle has been demon- 
strated, this time by a prototype reactor 
at Gentilly in Quebec (24). 

Despite the prospect of lower costs 
10 FEBRUARY 1978 

from the use of alternative coolants, the 
excellent performance of the Pickering 
station is likely to make utilities reluctant 
to change from the heavy-water coolant. 
Some total unit energy costs (25) esti- 
mated by Ontario Hydro (Fig. 5) illus- 
trate several significant points. First, oil 
is just too expensive to compete, apart 
from any question of its future availabili- 
ty. Second, the Pickering A nuclear gen- 
erating station and the Lambton coal- 
fired plant are both four-unit stations of 
the same capacity and were built at the 
same time, so they are closely com- 
parable. Recently, the energy costs from 
Pickering have been about half those 
from Lambton. Third, a comparison of 
pairs of nuclear stations, such as Pick- 
ering A with Pickering B and Bruce A 
with Bruce B, shows an annual capital 
cost escalation rate of about 13 percent, 
which may cause concern but which is 
not out of line with other major construc- 
tion projects. Fourth, because the capital 

component dominates nuclear energy 
costs, future increases in fuel costs are 
likely to have much less effect on nuclear 
than fossil-fired plants. Projections such 
as this lead to the expectation that up to 
half of Canada's electricity can be sup- 
plied by nuclear energy by the end of the 
century, using CANDU reactors of basi- 
cally the present design. 

Fuel Supply 

Canada is well endowed with uranium, 
and present reserves, amounting to 
about one-quarter of total world reserves 
(exluding the Soviet bloc, for which data 
are not available), would be sufficient to 
satisfy domestic demand well into the 
next century. However, an increasing 
worldwide dependence on nuclear ener- 
gy as oil and gas supplies dwindle has put 
increasing pressure on Canada to export 
uranium; the pressure is likely to in- 

Fig. 4. Two of the four reactor buildings for the Pickering B station under construction next to 
Pickering A. (The single, large, cylindrical building in the foreground is the vacuum building.) 

Table 2. CANDU reactors in operation, under construction, committed, and planned. 

Power e Date of 
Name* Location (MWe first 

designert net) power 

NPD Ontario 22 AECL and CGE 1962 
Douglas Point Ontario 208 AECL 1967 
Pickering A Ontario 514 x 4 AECL 1971-1973 
Gentilly 1 Quebec 250 AECL 1971 
KANUPP Pakistan 125 CGE 1971 
RAPP 1 India 203 AECL 1972 
RAPP 2 India 203 AECL 
Bruce A Ontario 745 x 4 AECL 1976-1979 
Gentilly 2 Quebec 600 AECL 1979 
Point Lepreau New Brunswick 600 AECL 1980 
Cordoba Argentina 600 AECL 1980 
Pickering B Ontario 514 x 4 AECL 1981-1983 
Wolsung 1 Korea 600 AECL 1981 
Bruce B Ontario 750 x 4 AECL 1983-1986 
Darlington Ontario 800 x 4 AECL 1986-1988 

Total 16,703 

*NPD, Nuclear Power Demonstration; KANUPP, Karachi Nuclear Power Project; RAPP, Rajasthan Atomic 
Power Project. tAECL, Atomic Energy of Canada Limited; CGE, Canadian General Electric Company Limited. 
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crease if the introduction of fast breeder 
reactors in other countries is delayed. To 
protect domestic interests while recog- 
nizing international obligations, the Ca- 
nadian government announced a urani- 
um policy in 1974. Canadian utilities are 
assured of at least a 30-year reserve of 
uranium for all existing, committed, 
and planned reactors in any 10-year for- 
ward period. In return, the utilities must 
maintain supply contracts for a 15-year 
forward period, to provide market stabil- 
ity for uranium producers. These ar- 
rangements should provide utilities and 
producers with the confidence needed to 
make major investment decisions. 

From the start, the fueling of CANDU 
reactors has been based on a once- 

through fuel "cycle." The prospect of 
recycling spent fuel, when required to 
conserve uranium supplies, has always 
been envisaged, but there is no incentive 
to do so until it is shown to be economi- 
cally attractive under conditions that are 
demonstrated to be safe. The present 
simplest possible fuel cycle, which does 
not depend on fuel reprocessing, is likely 
to be retained as long as uranium re- 
mains plentiful and relatively cheap. 
Thus the Canadian program is much less 
immediately affected than many others 
by recent calls for reassessment of fuel 
reprocessing. 

Internationally, there is considerable 
uncertainty over how much economical- 
ly recoverable uranium will be discov- 

ered during the next few decades and 
how rapidly production facilities will be 
installed. There can be little argument 
that the availability of fuel cycles more 
conserving of uranium would be wel- 
come, provided that they can be shown 
to be acceptable on grounds of safety 
and security. Their availability would 
contribute to the world energy supply, to 
the security of the national supply, and 
to the confidence needed for utilities to 
commit future plants to nuclear fuel and 
hence save scarce fossil fuels. The good 
neutron economy of CANDU reactors 
permits them to exploit a thorium fuel 
cycle that is exceptionally efficient in its 
use of nuclear fuel (26). This ability to 
switch when necessary to a more con- 

1980 1985 1990 
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1975 2000 2025 2050 2075 2100 2125 2150 2175 
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Fig. 5 (left). Projected costs of power from three different fuels (25). Fig. 6 (right). Energy that could be obtained from 3 x 105 megagrams of 
uranium with various CANDU cycles, to illustrate the degree of resource extension possible (10). 

Fig. 7. Possible design for underwater storage of spent fuel. 
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serving fuel cycle without having to de- 
velop a completely new reactor system, 
such as the fast breeder, is another very 
attractive feature of the CANDU reactor 
system. 

Current estimates indicate that a "self- 
sufficient thorium cycle" may be practi- 
cable in CANDU with only minimal 
modifications. At equilibrium, this cycle 
would require no further uranium and 
only small amounts of thorium, which is 
at least three times as abundant globally 
as uranium. Uranium required to initiate 
the cycle does not have to be maintained 
as virgin uranium but can be in the form 
of spent CANDU fuel. The fast reactor 
fuel cycle is similar in this respect, and 
even the amount of uranium needed, 1 to 
2 megagrams per electrical megawatt of 
installed capacity, is roughly the same. 
Figure 6 illustrates the energy available 
from various fuel cycles in CANDU re- 
actors, and demonstrates the very large 
extension in fuel resources possible by 
switching from the present natural-urani- 
um, once-through cycle to the self-suf- 
ficient thorium fuel cycle. 

"Electronuclear breeding," the con- 
version of fertile to fissile material by use 
of electric power, is of special interest 
to neutron-economic reactors such as 
CANDU, where small increases in fissile 
content can yield disproportionate sav- 
ings in fuel consumption. The proposed 
"fusion-fission symbiosis" is probably 
the best-known example of electronucle- 
ar breeding, but it is at least arguable that 
the spallation process can be applied to 
produce neutrons and hence fissile mate- 
rial before fusion is available (27). Spal- 
lation has the obvious advantage that its 
scientific feasibility has been demon- 
strated, and demonstration of its engi- 
neering feasibility looks promising. In 
Canada, a relatively small effort has been 
devoted to spallation for several years, 
and recently there have been signs of in- 
creasing interest in the United States 
(28). Considering the magnitude of the 
undertaking and the long-term nature of 
the objective, this subject seems ripe for 
international cooperation. 

Nuclear Waste Management 

The management of nuclear wastes is 
a subject in which international coopera- 
tion is already very effective. Canada's 
program (29) is basically similar to that 
of most other countries, but has some as- 
pects that usefully complement other 
programs. Since the CANDU system has 
assumed once-through fueling from the 
start, there is underwater storage at each 
10 FEBRUARY 1978 

Canister Dimensions 

Height - 15.387 ft (4.690 m) 
Diameter - 7.631 ft (2.326 m) 

Internal Cavity - 2.579 ft (0.786 m) 

Road 

Fig. 8. Possible design for dry storage of spent fuel. 

station for 5 to 10 years of spent fuel. A 
centralized, interim facility for storing 
spent CANDU fuel safely and securely 
for periods up to a century is now being 
considered. The options include under- 
water storage (Fig. 7), as used at present, 
or the more passive dry storage. Figure 8 
illustrates the concrete canister concept 
for dry storage: four such canisters are 
already on test, two with electric heaters 
and two with spent fuel. Whichever de- 
sign is adopted, the land requirement 
is insignificant-5 square kilometers or 
less-for all Canadian spent fuel ex- 
pected to the end of this century. 

For the permanent disposal of nuclear 
wastes many countries are considering 
mined depositories deep underground in 
stable, dry geologic formations. The Ca- 
nadian program includes examination of 
salt deposits, the formation currently fa- 
vored in the United States, but is devot- 
ing more effort to mined cavities in cer- 
tain granitic, mineralization-free struc- 
tures that are widespread in the Cana- 
dian Shield, which constitutes much of 
Canada's land mass. The expectation is 
that both types of formation will prove 
acceptable, and the world as a whole can 
only benefit from having a choice. 

Canada, in common with other coun- 
tries, expects to immobilize the wastes in 
a highly insoluble solid before disposing 
of them permanently. In 1960, represen- 
tative separated fission products were 
dissolved in glass blocks, 50 of which 

were buried in loose sand below the wa- 
ter table in a controlled area of the Chalk 
River Nuclear Laboratories (29). Mon- 
itoring of the very small amounts of ra- 
dioisotopes in downstream groundwater 
shows that the blocks are dissolving 
more slowly than the contained radio- 
activity is decaying. Similar work is re- 
quired on other compositions and under 
other conditions, but these results in- 
dicate the potential of this approach to 
immobilizing the wastes. 

The overall objective of the waste 
management program is to provide safe 
storage of spent fuel until society deter- 
mines whether the large amount of latent 
energy it contains should be exploited 
through fuel recycling. Methods are 
being developed and will be demon- 
strated for the permanent disposal of ei- 
ther the separated wastes or the unpro- 
cessed fuel. Parallel work will establish 
the economics and acceptability of fuel 
recycling, information that will be 
needed for reaching a sound decision on 
the disposition of spent fuel. 

International Aspects 

The present CANDU fuel cycle, with- 
out uranium enrichment or spent fuel re- 
processing, is virtually impregnable to 
any terrorist group seeking to acquire fis- 
sile material. If fuel recycling were in- 
troduced some increased protection 
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would be advisable, but there would be 
no need for shipment or stocks of sepa- 
rated fissile material. Any fuel for CAN- 
DU reactors, either before or after re- 
cycling, would still be very dilute in fis- 
sile content, around the 1 percent level. 
Thus several factors of concern to critics 
of fast breeder reactors would remain ab- 
sent from the CANDU fuel cycle. 

The absence of enrichment and repro- 
cessing simplifies the international safe- 
guarding of the CANDU system, but the 
reactor's capability for continuous on- 
power fueling offsets that advantage. 
However, techniques and instrumenta- 
tion for safeguarding CANDU reactors 
to International Atomic Energy Agency 
requirements have been developed and 
are being demonstrated (30). A thorough 
study (31) argues that CANDU reactors 
are no more likely than light-water reac- 
tors to be used for the clandestine pro- 
duction of weapons material, while other 
studies (32) have shown that no power 
reactors are likely to be so misused. 

Table 2 includes CANDU reactors 
that are in operation or under construc- 
tion outside Canada. Canadian govern- 
ment policy is that nuclear materials and 
equipment may be exported only to 
countries that accept full-scope inter- 
national safeguards. Canada is also par- 
ticipating in the current International 
Nuclear Fuel Cycle Evaluation, resulting 
from the seven-nation summit meeting in 
London in May 1977, to review over a 2- 
year period methods by which the prolif- 
eration of nuclear weapons capability 
can be impeded without jeopardizing the 
role that nuclear power can play as a se- 
cure source of energy worldwide. 

Establishing confidence in inter- 
national safeguards and associated politi- 
cal measures is of the utmost importance 
in making available to the world the ben- 
efits of nuclear energy. Assuming a suc- 
cessful outcome, the CANDU system 
has a useful contribution to offer. The 
major industrialized countries are unlike- 
ly to adopt CANDU reactors with once- 
through fueling, if only because of their 
massive investment of capital and expe- 
rience in the infrastructure for their 
existing systems. However, a growing 
number of less industrialized countries 

are beginning to turn to nuclear energy 
as supplies of fossil fuels dwindle. These 
countries could well see in the CANDU 
system the attractive features that have 
made it an appropriate technology for 
Canada. The two systems would com- 
plement each other in their use of the 
world's fuel resources. The light-water 
reactors, leading to fast breeder reac- 
tors, could eventually convert and use 
the world's uranium, while CANDU re- 
actors are capable of extending these re- 
sources to include the even more abun- 
dant thorium. During the period of once- 
through fueling, the existence of CAN- 
DU reactors with their greater fuel econ- 
omy will help to reduce the pressure on 
uranium supplies. 

For the longer-term future it is reas- 
suring to have available two distinct sys- 
tems, each dependent on a different re- 
source base, either of which is capable of 
supplying the world's energy needs for 
many generations. Until the commercial 
availability of alternatives, such as the 
renewable energy sources or fusion, has 
been demonstrated, this degree of redun- 
dancy could be regarded as essential. 
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