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RÉSUMÉ

On examine les moyens qui permettraient d'améliorer l'utilisation de l'uranium dans les
réacteur de puissance, compte tenu des considérations économiques, de la disponibilité
des approvisionnements en combustible et des risques de prolifération des armes
atomiques. On parle de ce que l'on pourrait faire pour améliorer l'économie du
combustible dans les réacteurs fonctionnant avec un cycle à passe unique et des
possibilités d'amélioration qu'offre le recyclage du combustible pour les réacteurs de ce
type. L'état du développement de nouveaux types de réacteurs permettant de réaliser des
économies substantielles dans l'utilisation de l'uranium est également examiné. Les
conclusions touchent les conséquences que la recherche d'une économie de com-
bustible pourrait avoir sur les politiques suivies.
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ABSTRACT

The means of improving uranium utilization in nuclear power reactors are reviewed with
respect to economic considerations, the assurance of adequate fuel supplies and the
point of view of the risk of weapons prol iferation. Reference is made to what can be done
to improve fuel economy in existing reactor systems operating on a once-through fuel
cycle and the potential for improvement offered by fuel recycle in those systems. The state
of development of new reactor systems that offer significant savings in uranium utilization
is also reviewed and conclusions are made respecting the policy implications of the
search for fuel economy.
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NEW TECHNOLOGY AND FUEL CYCLES

A.J. Mooradian

I shall be confining the scope of this paper to fission
power. The so-called electronuclear breeding options,
fusion and spallation are certainly important. However,
in context with the conference theme, it is unreason-
able to expect that these processes, if proven exploit-
able, are likely to make an impact on energy supply
until well into the next century, a time frame over
which any policy laid down today will likely require
significant revision.

The only reactors which can be committed today at
a commercial level of confidence all utilize less than
1 % of nature's uranium and none of herthorium. With
the world now sensitized to the importance of
security of fuel supply, the adequacy of future fission
fuel supply becomes of central importance. Both
nuclear optimists and pessimists have a case.

The optimists can claim that there is (ittle reason for
concern. The arguments go something like this:
within a mile of the earth's crust fully 1 /50th of all the
fossil fuels laid down by nature over the past 600
million years is thought to be recoverable by man.
This includes coal seams down to about one third of a
metre in thickness at depths down to about I-V2
kilometres. If we were able to tap only that same
proportion of uranium as is thought to be recoverable
in the case of fossil fuels, we would have sufficient
energy to power a world population often billion at
current North American standards for a period of
10,000 years, and this with reactors no more efficient
than those now proven at a commercial level of
confidence. Further, the argument goes, at various
levels of assurance we have already identified two
thirds of all the uranium we expect to need for the next
25 years - a resource base matched by very few
industries.

The pessimists have an equally valid case. There is
nothing to suggest that fossil geology and uranium
geology are in any way related. It may transpire that
economically exploitable deposits of uranium are
significantly more difficult to find and recover than
fossil fuels. What is more, if 1.5 million MWe of
current-type commercial reactor systems are in opera-
tion in the year 2000, they will require a uranium
supply industry capable of delivering about 300,000
Mg of uranium per year. Presently reasonably assured
reserves would be good for no more than about seven
years, even if nuclear installations cease to grow
beyond that date. Unless the world's reasonably
assured reserves increase at a lively pace, we would
be facing a shortfall in uranium supply early in the next
century.

The pessimists most compelling argument, how-
ever, is associated with the high level of confidence
required to insure timely future commitments. With
the long lead times which now characterize all major
energy sources, such confidence in fuel supply is
needed if nuclear commitments are to contribute
significantly to the energy requirements of the next
century.

As with most issues, there is something right about
both arguments.

The truth is that the uranium supply industry is very
young and has been perturbed by early stockpiling,
price stagnation, periodic over-optimistic announce-
ments of the early viability of fusion and fast reactors,
and more recently by the recessionary climate in the
western world. There is little doubt that nature has
provided enough. Most of the heat percolating through
the earth's crust results from the radioactive decay of
uranium. The pertinent question is, can it be found
and delivered in timely fashion, in sufficient quantity
and at acceptable cost? The logistical problem is
significant. To'meet the current modest fotecast over
the next 20 years, the uranium supply industry will
have to average a doubling time of about 7 years.

Clearly if uranium can be used more efficiently,
more time and resources can be spent to find and
exploit leaner deposits and allow a more orderly and
reliable pace of growth in the supply industry.

Although security of fuel supply is the principal
motivation for development programs around the
world, the economic incentives are significant. By the
turn of the century, if uranium retains a value of
$110/kg U30s, the world yellowcake bill will amount
to about $25 billion per annum. For Canada alone, it
could amount to $1 billion per annum.

Over the past 25 years and prior to the Carter
initiatives of 1977, the U.S. nuclear development
program largely set the pattern for much of the world
(Canada was a notable exception). The scenario went
something like this: nuclear systems would be initiated
with enriched light water reactors; the irradiated fuel
would be reprocessed and the uranium and plutonium
recycled to achieve about 30% gain in net uranium
utilization. Meanwhile, fast breeder reactors would
be developed and when proven would begin to use
thd plutonium generated by light water reactors to
initiate the highly conserving fast breeder fuel cycles.
Although many development strategies have been
studied over the years, it made a lot of sense to focus
development attention on such a clear-cut program.



However, since the Carter moratorium on commercial
rep'ocessing and as part of the INFCE study, much
attention has been focussed on how to achieve
improved uranium utilization while minimizing the
risk of weapons proliferation.

The title of this paper is, in a sense, misleading. I
will be spending much of my time not so much on new
technology as on old technology reviewed in the
perspective of today's sensitization to the proliferation
problem.

I will first review what can be done to improve
uranium utilization with existing reactor systems
operating on a once-through fuel cycle - this is the
datum against which alternative systems will be
judged for proliferation resistance throughout the
INFCE study. Following this, I will review what can be
done with these existing systems on a fuel recycle
basis and finally, the status of development of new
reactor systems which promise significant gains in
uranium utilization.

Existing Reactor - Once-Through Fuel Cycle

Table 1 compares what can be done by way of fuel
conservation in light water reactors (PWR variant)
with that of CAN DU* reactors of current design. Case
1 is the reference case and indicates the lifetime
uranium requirements for PWRs of the current genera-
tion. Cases 2 and 3 are variants on current practice
with existing light water reactors which indicate
methods by which uranium utilization can be improved
without a significant modification to the reactor
system. If proven viable, such modifications could
likely be back fitted into existing PWR units. The
largest gain can be made by increasing the enrichment
inventory in the core to allow a higher burnup in the
fuel. Such a revision is certainly feasible from a
physics point of view.

The barriers to implementation are associated prin-
cipally with establishing the viability of fuel designs
capable of reliably achieving the very high burnup. At
the moment, there is little experience to support
confidence that such a change can be instituted
without a major fuel testing and development pro-
gram. However; fast reactor fuels have been taken to
much higher burnup and the technology is certainly
pertinent if not directly applicable.

Cases 4 and 5 are dependent on proving the
practicality of the so-called spectral shift concept.
This constitutes a major departure from current light
water reactor practice. Improvement in uranium utili-

TABLE 1

30 YEAR URANIUM REQUIREMENTS FOR
1000 MWe PLANT AT 80% CAPACITY FACTOR

0.2% TAfLS ASSAY ONCE THROUGH FUELLING

PWR (current)8

(1) Annual Refuelling -
30.4 MWd/kg

(2) Annual Refuolling
50.7 MW-d/kg

(3) Additional Modifications -

PWR (Spectral Shift)3

(4) Annual Refuelling -
No core change 50.7 MW-d/kg

(5) Annual Refuelling -
Core change 50.7 MW-d/kg

CANDU (current)
(6) Natural 7.3 MW-d/kg

(7) 1.2% Enriched 20.2 MW-d/kg -

TONNES
NATURAL
URANIUM

5030

4423

4110

3898

3413

4235

3100

Dietrich, J.R., "The Realities and Illusions of Alternate
Fuel Cycles", International Conference on Nuclear
Non-Proliferation and Safeguards, New York, N.Y.,
22-25 October, 1978.

zation is dependent on a rather complex process of
introducing heavy water into the core and varying its
concentration through each refuelling cycle. In terms
of practicality, it viability is questionable.

In summary, it is likely to be possible to improve fuel
utilization in existing light water reactors by about
18% and with much less certainty, it may be credible
to stretch this to about 32%. In comparison, our
studies indicate that a 38% improvement over PWR
current practice can be achieved by the introduction
of slight enrichment to the present CANDU fuel cycle.
However, there is no free lunch. While the slightly
enriched CANDU fuel cycle can achieve significant
gains in uranium utilization on a once-through basis,
it does so at the expense of burning up a significant
fraction of the fissile plutonium in situ, and in this
sense the enriched CANDU cycle cannot be -on-
sidered as good a convenor as the natural uranium

'CANada Deuterium Uranium



cycle (See Table 2). Nevertheless, in today's en-
vironment, the CANDU once-through slightly enriched
uranium cycle is likely to attract increasing attention,
particularly in the U.S. Quoting from Dietrich's paper:

"If we in the United states had foreseen the
current fuel cycle policies back in the 1950s we
might better have followed the heavy water
path.'

TABLE 2

PRODUCTION OF FISSILE Pu

PWR (current practice)

CANDU Natural U

CANDU 1.2% U

kg Pu/t
Natural U

1.1

2.8

1.7

Although our studies on the 1.2% enriched CANDU
are by no means complete, its implications appear to
be manageable. A good deal of work will have to be
done to establish confidence, particularly in fuel
performance. The natural uranium CANDU reactors
require a fuel burnup about one third the level
required by the enriched system. However, we have
significant experience at much higher burnups with
our present fuel designs and it is unlikely that major
revisions would be required. Possibly trie most im-
portant point is that we would expect to be able to
demonstrate the feasibility of the cycle by either full
or partial conversion of an existing CANDU-PHW* to
slightly enriched uranium fuelling. The.; is to say, no
major new facility would be required to prove com-
mercial viability.

The incentive to introduce such a cycle would be
favoured by:

(a) increasing cost of yellowcake,
(b) decreasing cost of enrichment services,
(c) significant delay in commercial reprocessing,
(d) increasing security in the supply of enrichment

services.

Existing Reactors - Fuel Recycle

Table 3 summarizes what can be done by way of
fuel conservation when fuel recycle is allowed in PWR
and CANDU reactors. Cases 1 (PWR) and 4 (CANDU)
are current once-through fuel cycles as a basis of

comparison. Case 2 is the cycle for the class of light
water reactors which was expected to be introduced
on a commercial basis with the commissioning of the
Barnwell plant.

TABLE 3

30 YEAR URANIUM REQUIREMENTS
1000 MWe PLANT AT 80% CAPACITY FACTOR

0.2% TAILS ASSAY
RECYCLE OPTIONS - EXISTING REACTORS

TONNES
NATURAL
URANIUM

PWRa

(1) Uranium - No recycle 5030

(2) Uranium-U235 plus Pu Recycle 3438

(3) Thorium-U235 plus L l " 3 Recycle 2896

CANDU

(4) Natural U - No Recycle 4235

(5) Natural U - Pu Recycle 1910

(6) Highly Enriched U/Th (29.3 MW-d/kg) 1545

(7) Denatured U/Th (29.1 MW-d/kg) 1750

(8) Self-Sufficient U topped/Th 1060

(9) SeW-Sufficient Pu topped/Th 2150

aDietrich, J.R., 'The Realities and Illusions of Alternate
Fuel Cycles", International Conference on Nuclear
Non-Proliferation and Safeguards, New York, N.Y.,
22-25 October 1978.

The improvement in uranium utilization over the
current once-through case is a significant 32%. Case
3 (PWR) indicates what could be done with a thorium-
uranium cycle. It promises a significant further im-
provement at the expense of an increase in core
fissile inventory. Case 5 (CANDU) is a natural uranium
cycle in which the fuel has been reprocessed for
plutonium recovery and recycled to the reactor after
mixing with additional natural uranium. As can be
seen, uranium utilization has improved by about 55%.
Case 6 uses essentially the current design of CANDU
reactor fuelled with thorium combined with highly
enriched uranium. At the moment, this is believed to
be the economically most attractive thorium cycle
since the fuel burnup per cycle is about four times

*PHW - Pressurized Heavy Water



higher than in the natural uranium case. The total
weight of fuel requiring reprocessing and recycle is
correspondingly reduced. On purely technical grounds,
this would constitute the most attractive cycle with
which to initiate a thorium program.

Case 7 examines what can be done by way of
imposing the restriction that nowhere in the pro-
cessing and fabrication steps would uranium appear
at an isotopic composition which would be weapons
useable. This is done by diluting U and U with
the non-fissile U . Although this cycle does not
eliminate the production of plutonium, it reduces it by
about an order of magnitude. The advantage of such a
"denatured" fuel cycle from a non-proliferation view-
point has yet to be thoroughly evaluated. There is
some indication that the feed material to the cycle
would have to exceed concentrations of U above
that commonly accepted as non-weapons useable.
Cases 8 and 9 are more expensive fuel cycles than any
of the preceding, but they have an important strategic
significance. They are known as "self-suficient" cycles,
i.e., when the system is brought to equilibrium, as
much fuel is created as is consumed. However, they
do require a significant starting inventory of fuel.

Regarding the state of development of these fuel
cycles, the technology is thought to be in piece to
warrant at least commercial demonstration of uranium-
plutonium recycle. The U.K. and Franca in particular
are proceeding with commercial processing plants
for uranium oxide fual. The Barnwell plant in the U.S.
was ready for commissioning at the time of Carter's
intervention. Several other countries - Japan,
Germany, Italy, in particular, are well advanced in the
technology.

Regarding the thorium cycle, process studies have
been confined to a laboratory level of activity. In the
case of the CANDU thorium cycles, although a new
reactor concept does not need to be developed and
although the technical feasibility of such cycles is
established at a high level of confidence, we do need
to develop and demonstrate the viability of thorium
fuel reprocessing technology, radioactive fuel fab-
rication technology and high level waste dispose!.
We estimate that a program including pilot and
demonstration facilities would require approximately
20 years in order to generate information at a
sufficient level of confidence to warrant a commercial
level of commitment. Nevertheless, we have been
able to block out the conditions under which such
cycles would become economically attractive and
have established some of the cost targets which

would have to be achieved. In the case of the
optimum thorium cycle, we find that it would become
economically competitive if the price of uranium rose
to $170/kg U3O8 and the combined processing and
active fabrication penalities could be held below
$350 to $400 per kilogram." In our judgement, the
technical viability of achieving a 300 to 400% im-
provement in uranium utilization is high. Gains in
excess of this are certainly credible of achievement,
but at some economic penalty over the optimum
cycle.

New Reactor Systems - Fast Breeder Reactors

With regard to uranium utilization, there is no
concept which can match the fast breeder reactor
operating on a uranium-plutonium cycle. It is credible
to conceive of technically viable systems which can
increase uranium utilization 50 to 80 fold over that
which can be achieved today. The incentives for
developing such a system are therefore enormous
and it is not surprising that it has attracted develop-
ment attention throughout most of the industrialized
world. (Table 4).

TABLE 4

NATIONS WITH MAJOR LIQUID METAL
FAST BREEDER REACTOR PROGRAMS3

USA
UK

France
German-Benelux

USSR
Japan

Cumulative to
1977

$4000 Million
-

$1300 Million
$1400 Million

-

—

Current

$530 Million
$100 Million
$150 Million
$200 Million

-
$100 Million

3
G. Visider et al., "Fast Breeder Reactor - Status,

1977", Aktiebolaget Atomenergie, Studsvik,
STUDSVIK/RA-78/1, December, 1978.

The cumulative investment in fast breeder reactor
development up to and including 1977 exceeds 7
billion dollars and the current annual development
budget is in the order of a billion dollars.

Many variants of the concept are possible; fuel in
both metallic and ceramic have been considered, gas,
steam and a variety of liquid metals have been
studied. Although there remain champions of alterna-

'Veeder, J., "Thorium fuel cycles in CANDU"., Proc. Second Pacific Baiin Conference on Nuclear Plent Construction,
Operation & Development, 25-29 Sept., 1978. Tokyo. Transactions of the American Nuclear Society, 29:267-
278 (1978).



tive systems, theve is a surprising consensus that the
earliest route to commercial fast reactors is the liquid
sodium cooled ceramic fuelled variant, the so-called
LMFBR or Liquid Metal Cooled Fast Breeder Reactor.
It is estimated that of «he total world fast breeder
reactor research and development effort, 98% has
been devoted to the LMFBR with some marginal
effort, amounting to less than 2%, devoted to the gas
cooled breeder reactor. (GBR).

The concept has a long history. In point of fact,
EBR-1, a fast reactor, produced the first nuclear
electric power (200 kWe) back in 1951. However, the
development of a practical and viable system has
proved to be a much tougher problem than was the
case for thermal reactors. Although it has been a
challenging task, very significant progress has been
made. France and the U.K. have both operated
prototype plants of 250 megawatts capacity for the
past four or five years. The Soviet Union brought on
line a BN350 design for an equivalent electric output
of 350 megawatts back in 1972 and the U.S. was
about to commit a prototype (Clinch River Breeder
Reactor) last year. However, this project will probably
not now proceed.

The next step required on the road to commercial
viability is the construction of a full scale prototype. In
this respect, France appears to be leading the race
with its Super-Phoenix. It is designed for 1200 MWe
capacity and was committed for construction in
March 1977. The schedule for criticality is a tight mid-
1982. The Soviet Union has a 600 MWe unit
scheduled for commissioning this yeaf and the U.K. is
preparing for the construction of a 1200 MWe unit.
However, the commitment of the U.K. unit is con-
tingent on the outcome of a national inquiry. None of
these first large prototypes are designed for major
breeding gain. The figure of merit with regard to
breeding is the fuel doubling time, i.e., the time
required to generate twice the fuel consumed. These
first commercial prototypes are likely to yield a
doubling time of 20 to 24 years. The implication of so
long a period is that the rate of expansion of fast
reactor capacity could be limited by the rate at which
plutonium could be generated by the system. In the
early years of introduction this is no constraint
because the starting inventory of plutonium can be
extracted from the irradiated fuel of thermal reactors.
However, as fast teactot capacity begins to dominate
the system, fuel doubling time becomes a pro-
gressively more important factor and proponents of
the concept expect eventually to achieve a practical
doubling time of 10 years.

We in Canada have always considered the CANDU
system and the fast breeder concepts to be com-
plementary. While the CANDU system is one of the
most attractive for utilizing thorium, nothing can
match the fast breeder tor the utilization of uranium.
Only the fast breeder can effectively burn the abundant

Implicit in the concept of fast breeding is the need
to periodically reprocess the fuel in order to extract
the plutonium from blanket material to feed that
consumed in the core.

While the economics of the LMFBR will not be
known with assurance until commercial scale units
and attendant recycle facilities have been built and
operated for some time, it is unlikely that whatever
adverse differentials might emerge witl be sufficient
to overwhelm the strategic attraction of the system.
The prevailing economics at the time of decision are
more likely to affect the pace of commitments rather
than challenge the viability of the concept.

New Reactor Systems - High Temperature Gas
Reactors

The only other new reactor system in the western
world which is sufficiently advanced to consider
commercial introduction over the next decade is the
High Temperature Gas-cooled Reactor (HTGR). Its
attractions are its ability to deliver heat at high
temperature with good fuel economy. The high
coolant temperature offers potential for both high
electrical conversion efficiency and process heat.
Technologically it is a very attractive concept and the
demonstration models have registered impressive
operating records. However, it has been late on the
scene and the two 300 MWe prototype plants (one in
Germany and one in the U.S.) have suffered signifi-
cant delays and problems. If they eventually emerge
with good operating records, it would not be surprising
if they generated widespread renewed interest.

CONCLUSIONS

(1) From a policy viewpoint, the most important
conclusion which can be drawn is that no new
technology is likely to emerge lich can, on a
once-through system of operation, improve
uranium utilization by more than about 40-50%
over that currently achieved by light water
reactors.

(2) Major gains in uranium utilization and con-
comitant improvement in security of fuel supply



are all dependent on invoking some form of fuel
recycle which inevitably requires reprocessing
and reconstitution of fissile values from irrad-
iated fuel.

(3) Because security of fuel supply is of compelling
international importance, a great deal of in-
stitutional and technical ingenuity will be
brought to bear on overcoming whatever ob-
stacles to nuclear fuel recycle emerge.
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