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Fission Power:

An Evolutionary Strategy

Harold A. Feiveson, Frank von Hippel, Robeit H. Williams

The spread of civilian nuclear power
technology is being accompanied by the
spread of the knowledge and material re-
quired for the production of nuclear
weapons. Concern has focused espe-
cially on the plutonium fuel cycle—in the

power systems that might be more nucle-
ar weapons ‘‘proliferation resistant’’ (/).
Our purpose here is to explore the poten-
tial role of such alternative systems in
the development of nuclear power in the
United States and abroad.

Summary. Motivated by concerns about the difficulty of safeguarding the large
flows of plutonium in a breeder reactor fuel cycle, we explore the resource and eco-
nomic implications of a strategy in which there is no nuclear weapons-usable material
in fresh reactor fuel. The strategy involves the deployment of already developed types
of advanced converter reactors which, unlike the breeder, can be operated effectively
on proliferation-resistant once-through fuel cycles. Advanced converter reactors
could be much more uranium-efficient on once-through fuel cycles than current sys-
tems and therefore could compete economically with breeders up to very high urani-
um prices. If necessary, the uranium requirements of an advanced converter reactor
system could be reduced much further with the recycling of isotopically denatured
uranium, but any commitment to a closed fuel cycle would be unnecessary for many

decades.

short term on efforts to commercialize
nuclear fuel reprocessing for the recov-
ery of plutonium and in the long term on
the related efforts to commercialize the
plutonium breeder reactor.

In response to these concerns the Car-
ter Administration in 1977 called for a
deferral of U.S. programs aimed at the
commercialization of the plutonium fuel
cycle, and initiated national and inter-
national studies of alternative nuclear

We do not pretend that the problem of
nuclear proliferation can be solved sim-
ply by developing an alternative to the
plutonium breeder. A large number of
nations could develop a nuclear weapons
capability outside their nuclear power
programs (2). One cannot, therefore, ex-
pect a nonproliferation strategy to suc-
ceed if it does not grapple with the politi-
cal and security incentives and dis-
incentives for countries to acquire nucle-
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ar weapons. More fundamentally, it is
unlikely that in the long term, prolifera-
tion of nuclear weapons can be stopped
while the nuclear weapons states contin-
ue to act as if nuclear weapons are politi-
cally useful things to have.

Nevertheless, we believe that prolifer-
ation resistance should be an important
criterion guiding the choice of future nu-
clear power technologies, because some
of these technologies, by providing na-
tions access to weapons-usable material,
can directly contribute to a process of
““latent proliferation,”’” whereby nations
move inexorably closer to a weapons ca-
pability without having to declare or de-
cide in advance their actual intentions
3). Reprocessing for recycling of pluto-
nium is one of these technologies, since
it involves the recovery of a nuclear
weapons-usable material from *‘spent’”
reactor fuel and its subsequent process-
ing and redistribution in chemically sepa-
rable form in fresh fuel (see Fig. 1).

We have discussed the relative prolif-
eration resistance of different fuel cycles
elsewhere (4-6). Here we present an
analysis of the technical and economic
viability of some of the systems that we
have proposed as alternatives to the plu-
tonium breeder. In particular, we ex-
plore the question of whether the pro-
posed alternatives to the plutonium-
fueled breeder reactor would allow the
development of fission power on a large
scale.

Our current nuclear power system
does not assure the long-term future of
nuclear energy. It is extremely wasteful
of our limited resources of uranium in
high-grade ore because it exploits only
about one-half of 1 percent of the fission

The authors are members of the Program on Nu-
clear Policy Alternatives at The Center for Environ-
mental Studies, Princeton University, Princeton,
New Jersey 08540. Harold A. Feiveson is an assist-
ant professor with a joint appointment in Princeton’s
Woodrow Wilson School of Public and International
Affairs. Frank von Hippel and Robert H. Williams
are senior research physicists.
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energy stored in natural uranium—pri-
marily that in the rare, naturally fissile
(chain-reacting) isotope 2**U. The pluto-
nium breeder reactor would alleviate this
problem by transmuting the abundant
““fertile’” isotope 2*¥U by way of neutron
capture into fissile isotopes of plutonium
@).

. The plutonium breeder, however, is
hardly a unique solution to any uranium
supply problem which is likely to materi-
alize over the next 50 to 100 years. It is
unlikely to be the most economical. And
it appears to be unnecessarily vulnerable
to technological and institutional fail-
ures.

An alternative to the breeder is an evo-
lutionary stratégy based on already de-
veloped or commercialized advanced
converter reactors (ACR’s): the heavy-
water reactor (HWR), the high-temper-
ature, gas-cooled reactor (HTGR), or an
advanced light-water reactor (LWR) (8).
Each of these reactor types could be op-
erated as a part of a fission energy sys-
tem which is much more uranium-effi-
cient than the current once-through, low-
enriched uranium-fueled LWR system.

The distinctive characteristic of an
ACR is that, unlike the fast neutron
breeder reactor, it can be operated on
a uranium-efficient once-through fuel
cycle. It would therefore be possible to
deploy ACR’s without making an irre-
versible commitment to the extra com-
plexities and proliferation vulnerabilities
associated with a “‘closed’ fuel cycle—
that is, one which involves reprocessing
and fissile recycling.

The option of shifting to a highly urani-
um-efficient closed fuel cycle would al-
ways exist, however, and could be util-
ized if (i) very tight uranium supply con-
straints appeared to be developing and
(ii) it became possible in the meantime to
institute adequate technical and institu-
tional arrangements to safeguard fuel re-
cycling facilities against the diversion of
weapons-usable materials.

An ACR would have the additional ad-
vantage of being able to operate with a
relatively small economic penalty on a
closed fuel cycle in which only isotopi-
cally denatured fissile material was recy-
cled, that is, on a fuel cycle in which no
nuclear weapons-usable material could
be recovered from fresh fuel by simple
‘chemical separations. On a closed iso-
topically denatured uranium-thorium
fuel cycle (see Fig. 1b) an ACR would be
two to five times more uranium-efficient
than an LWR operating on the current
once-through fuel cycle. As a result, an
ACR could both operate economically
on uranium that is many times more
costly than that being mined today for
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LWR’s and dramatically reduce the rate
of consumption of uranium and hence
the rate of uranium price increases.

For these reasons the implementation
of an evolutionary strategy would push
any incentive to deploy the breeder reac-
tor to well beyond the middle of the next
century. In that period it appears likely
that the evolutionary strategy could be
taken one step further, in that the urani-
um efficiency of the ACR’s could be im-
proved to the point where these reactors
could become nearly as resource-con-
serving as breeders.

Isotopically Denatured Fuel Cycles

We have limited our evolutionary
stratégy to fuel cycles that can be ef-
fectively ‘‘isotopically denatured’’ —that
is, to systems where the fissile material
in fresh nuclear reactor fiiel is mixed
with nonfissile isotopes of the same ele-
ment to the point where the fissile mate-
rial is so dilute that it cannot sustain a
fast (explosive) chain reaction in a small
critical mass. Weapons-usable material
can be recovered from such denatured

fuel only by use of isotopic separation
techniques, which require considerable
technical resources and time (9). Isotop-
ic denaturing is a major proliferation-re-
sistant characteristic of the low-enriched
uranium fuel used in today’s once-
through fuel cycles and represents a
quality that we believe should be given
up only reluctantly in considering alter-
native nuclear systems.

A mixture of U and 2**U is consid-
ered to be denatured for nuclear weap-
ons purposes if the content of 2%U is less
than 20 percent (10). In the low-enriched
uranium once-through fuel cycles shown
in Table 1, the fissile #**U in the fresh fuel
is diluted with nonfissile 23U to a con-
centration of less than 5 percent—well
below this limit. For the once-through
HTGR fuel cycle, less 238U is included in
the fuel—only enough to denature the
235U to the 20 percent limit. Thorium is
preferable to U as a fertile material in
the HTGR and has therefore been used
to replace ***U up to the limit allowed by
the denaturing requirement (/7).

Because of the presence of *8U in
fresh denatured fuel, significant amounts
of plutonium are inevitably present in

Low-enriched Denatured Breeder system with
uranium uranium-thorium plutonium-uranium
once-through recycling recycling
Uranium Uranium Thorium Uranium
mill mill mill mill
U fu
Uranium Uranium Th
enrichment enrichment u
HEU
LEU
Fuel Fuel Fuel
fabrication fabrication DU.Th fabrication Pu,U
LEU DU,Th IPU.U
Converter Fuel . Converter Fuel Breeder and
reactors reprocessing [py pu,Th,] reactors reprocessing [Py, U, FP C‘%':_"gétf;
FP
Spent Radioactive Radioactive
fuel waste waste
storage storage storage
(@) (b) (c)

Fig. 1. The denatured uranium-thorium fuel cycle lies between the once-through and plutonium
breeder fuel cycles in both uranium utilization efficiency and in the technological barriers. which
it offers to the diversion of weapons-usable material. In the once-through cycle (a), the uranium
fuel contains low-enriched uranium (LEU), which cannot be used for weapons purposes without
isotope separation. The spent fuel is stored or disposed of without separating from the high-
ly radioactive fission products (FP) the contained plutonium (Pu) which has been produced
by neutron absorption in the *¥U in the fuel. The denatured uranium-thorium recycling
system (b) uses isotopically denatured uranium (DU) as the reactor fuel, and the spent fuel is
chemically reprocessed to retrieve uranium and thorium for recycling. The enrichment of the
uranium recovered from the spent fuel is restored to its initial value by the addition of highly
enriched uranium (HEU). Since most of the fertile material in the fuel is thorium (74), most of
the new fissile material produced is ?**U, but some plutonium is still produced by neutron cap-

‘ture in the **®U denaturant. It is assumed here that this plutonium is not recycled. The

plutonium fuel cycle (c) involves the recycling of both plutonium and uranium. Both fresh
and spent reactor fuel contain large quantities of chemically separable nuclear weapons-usable
material. With breeder reactors eventually no externally supplied fissile material would be
required—hence the absence of a uranium enrichment plant.
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spent fuel. During the first few months
after the fuel has been discharged from
the reactor, the fuel is so intensely radio-
active that recovery of the plutonium is
very difficult, but the plutonium becomes
increasingly accessible with remote
chemical-processing techniques as the
fuel cools. It is therefore critical that
spent fuel from once-through fuel cycles
be removed as soon as practicable after
discharge from the many individual pow-
er plant sites around the world to storage
at a relatively few centralized depots
maintained under tight international con-
trol.

In Table 1 we show that the quantities
of fissile plutonium discharged annually
by the low-enriched uranium once-
through fuel cycles are much less than
those discharged by the liquid metal-
cooled fast neutron breeder reactor
(LMFBR) (/2, 13) but are still significant
in comparison with the quantity (on the
order of 10 kilograms) required to make a
simple fission explosive. The relatively
low rate of fissile plutonium discharge
for the once-through HTGR fuel cycle is
striking, however. This is partly because
of the large fraction of thorium in the fer-
tile material of the HTGR fuel and partly
because of the characteristically high
burnup (/4) of HTGR fuel, which results
in a large fraction of the produced pluto-
nium being fissioned in place before it is
discharged. The rate of discharge of fis-

sile plutonium from this HTGR system is
so low that it is comparable to the ex-
pected 1 to 2 percent rate of loss from the
plutonium breeder fuel cycle.

For closed fuel cycles it is still possible
to preserve some of the proliferation re-
sistance qualities on the once-through
fuel cycles by recycling only isotopically
denatured fissile isotopes. This can be
done economically only in fuel cycles
where the principal fertile material in the
reactor fuel is thorium instead of **#U. In
such fuel cycles the artificial fissile iso-
tope 2**U would be produced through
neutron capture on #?*Th. Uranium-233,
like 2*U, can be isotopically denatured
for nuclear weapons purposes by mixing
it with 2*U. Uranium-233 is ordinarily
considered isotopically denatured when
it is diluted below a concentration of 12
percent in a mixture of *%U.

In a closed denatured uranium-tho-
rium fuel cycle (see Fig. 1b), fresh reac-
tor fuel would be a mixture of denatured
uranium and thorium (/5). The dena-
tured uranium would be a mixture of re-
cycled uranium containing both **3U and
235U and ‘‘makeup’’ uranium highly en-
riched in ?*U to compensate for the fact
that the recycled uranium would be frac-
tionally more depleted in fissile isotopes
than in 2*U. Plutonium would not be re-
cycled but instead would be either recov-
ered and stored at the reprocessing plant
or disposed of with the radioactive re-

Table 1. Uranium requirements and fissile plutonium discharge rates (for a 1-GWe reactor
operating at a 65 percent average capacity factor). The U;Og requirements pertain to the uranium
mill. The tails stream at the enrichment plant is assumed to contain 0.1 percent **>U. For enrich-
ment priced at $75 per separative work unit, this tails assay becomes more economical than the
0.2 percent ordinarily assumed when the price of U304 reaches $60 to $70 per pound. Reprocessing
losses in recycling systems are assumed to be 2 percent. The inventory is the U;Og equivalent of
the fissile material in the system (in the reactor and in the fuel cycle *‘pipeline’’) in excess of 3
years’ makeup requirements for reactors which are refueled annually (LWR, LMFBR), 2 years’
makeup requirements for reactors which are refueled continuously (HWR), and 2'/2 years
makeup requirements for reactors which are refueled semiannually (U.S. HTGR). These inven-
tories represent one-time capital investments that can be passed on to start up replacement

reactors when a plant is retired.

oot Coredischarge  LiOareauire T
Reactor type of fresh fuel M bg/TU%M ments (tons) I()iischarge
(%) wd/kg ) Inventory  Annual (kg/year)
Low-enriched uranium, once-through
1. LWR (PWR) 32 33 242 143 141
2. LWR(PWR) 4.4 55 286 120 98
3. HWR (CANDU) 0.7* 7.5 142 135 295
4. HWR 1.2 20.6 142 88 127
Denatured uranium-thorium, once-throught
5. HTGR 8.5 125 242 91 22
Denatured uranium-thorium recycling
6. LWR 4.8 35.6 706 86 52
7. HWR 1.7 16 610 30 26
8. HTGR 4.5 65 294 59 39
9. LMFBR 14.8 50 1755 87 350
Plutonium recycling
10. LMFBR 13.6 75 i 1029

*Natural uranium.

+The **denatured uranium’’ here is a mixture of fissile uranium isotopes and ***U, such

that the percentage of the fissile isotopes in the mixture is 12 percent when the fissile isotope is ***U, 20
percent when the fissile isotope is 235U, or the weighted average when both are present. For the denatured

recycling systems it is assumed that plutonium is not recycled.

#Not applicable.

processing waste. For ACR’s the loss in
fuel value would not be large since the
rate of fissile plutonium discharge for
these reactors operating on a denatured
uranium-thorium fuel cycle is relatively
low (see Table 1).

In terms of proliferation resistance the
closed denatured uranium-thorium fuel
cycle stands between the once-through
fuel cycle and the plutonium fuel cycle
(see Fig. 1). As with the once-through
fuel cycle there is no chemically sepa-
rable weapons-usable material in the
fresh fuel, but as with the plutonium fuel
cycle there is a weapons-usable material
present at the fuel cycle facilities. These
sensitive facilities, however, would have
such large capacities (each would typi-
cally service 50 to 100 large power reac-
tors) that they could be concentrated at a
relatively few secure international cen-
ters (16).

Uranium Efficiency

Isotopic denaturing was our first crite-
rion for evaluating fuel cycle alterna-
tives. Uranium efficiency was our sec-
ond criterion, and most of the alternative
nuclear systems discussed in this article
have annual uranium makeup require-
ments that are substantially less than
those of the LWR operated on today’s
once-through fuel cycle. Table 1 shows
that substantially improved uranium uti-
lization efficiency is possible with cur-
rent reactor types without the recycling
of chemically separable weapons-usable
material. The first five entries in the table
are as follows:

1) The reference case, that is, the
LWR operating on its current once-
through, low-enriched uranium fuel
cycle (17).

2) The projected results of the first
stage of a program aimed at increasing
the uranium efficiency of this once-
through system. A 15 percent saving
would be associated with an increase in
the fuel burnup (/8).

3) The Canadian heavy-water reactor
(CANDU) operating on its currently
used natural uranium once-through fuel
cycle (19).

4) Projected results for the HWR,
showing that its uranium efficiency on a
once-through fuel cycle could be signifi-
cantly improved if it were fueled with
slightly enriched uranium. The uranium
requirements for this ACR are only
about 60 percent of those for today’s
LWR operating on a once-through fuel
cycle (20).

5) The calculated uranium require-
ments of another ACR, the HTGR, oper-
ating on a once-through denatured urani-



um-thorium fuel cycle—about as low as
those of the HWR on the slightly en-
riched uranium fuel cycle 21).

Improvements in uranium efficiency
beyond those achievable in once-through
fuel cycles can be obtained by reprocess-
ing and fissile recycling. Table 1 also
shows the savings predicted by current
calculations for isotopically denatured
uranium recycling in LWR’s (/9),
HWR’s (/9), and HTGR’s (22), without
major reactor design modifications. The
calculations for an LMFBR restricted to
denatured uranium recycling show how
much the performance of this system
would be degraded by the denaturing re-
quirement (23).

Since neutron-absorbing fission prod-
ucts build up in the fuel with increasing
fuel “‘burnup,” and since such neutron
losses reduce the system’s conversion
ratio (the number of new fissile atoms
produced by neutron capture on fertile
atoms per fissile atom destroyed), the
uranium efficiency can be increased by
reducing the time spent by the fuel in the
reactor. With current reactor types the
uranium savings would not offset the ex-
tra costs of more frequent fuel reprocess-
ing and refabrication until very high ura-
nium prices were reached, but for na-
tions concerned about the security of the
uranium supply more frequent recycling
could be a practical option. Indeed,
on a nondenatured uranium-thorium fuel
cycle the conversion ratios of the HWR,
the HTGR, and the LWR can all be
pushed to 1.0 (a break-even breeder) at
recycling costs that may be economically
practical (24). While reactor perform-
ance on a denatured fuel cycle would not
be as good, it appears that for some
ACR’s, at least, the conversion ratio
could be pushed close to 1.0.

Economics

At least until late 1975 the U.S. Atom-
ic Energy Commission and its successor
agency, the Energy Research and Devel-
opment Administration (ERDA), were
basing their civilian nuclear energy
R & D program on the belief that, even if
the price of uranium did not rise, the plu-
tonium breeder would have a decisive
economic advantage over the LWR op-
erated on a once-through fuel cycle. This
belief stemmed from the expectations
that the capital cost of the LMFBR
would decline to the same level as that of
the LWR within 15 years after its in-
troduction, and that its fuel cycle cost
would be very much smaller than that for
the LWR in 1974 (25, 26).

More recently, however, both the
LMFBR capital and fuel cycle cost esti-
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Fig. 2. Here the estimated cost of delivered
electricity (in 1976 dollars) leveled over the
life of the power plant is shown for alternative
reactor systems as a function of the price of
U;04. Average electricity prices in the United
States (in 1976 dollars) for the years 1946 and
1976 are indicated by arrows on the left-hand
scale. Two once-through (OT) systems are
shown here: the LWR (OT) and the HWR
(OT) fueled with slightly enriched uranium.
The HWR (DR) system involves denatured
uranium recycling. A range of electricity costs
for an LMFBR-LWR system is shown as a
shaded band. This cost band corresponds to
a nongrowing system of LMFBR’s and the
plutonium burning LWR’s that could be sup-
ported with the excess LMFBR plutonium.
The low and high sides of the shaded band
correspond to LMFBR capital costs that are,
respectively, 25 and 75 percent greater than
the capital cost of the LWR. For the LWR
and HWR fuel cycles the cost of electricity
corresponds to 0.2 percent enrichment tails
below $60 per pound of U,04 and 0.1 percent
tails above $60 per pound (hence the break
in the slope of these curves at this uranium
price).

mates have been revised upward by the
U.S. Department of Energy (DOE), the
successor agency to ERDA. The capital
cost of a commercial LMFBR is now ex-
pected to be 25 to 75 percent greater than
the capital cost of an LWR with the same
generating capacity, and the expected
costs for reprocessing and refabricating
breeder fuel have risen to a level where,
at today’s uranium prices, they would
roughly offset the savings in uranium and
enrichment costs which the breeder
would make possible [on the basis of
1977 DOE cost estimates (27)].

As a result, the cost of electricity from
an LWR operated on a once-through fuel
cycle lies within the uncertainty band of
the costs from an LMFBR system for
U0 prices between approximately $60
and $180 per pound (Fig. 2). (Our
LMFBR system includes approximately
one LWR fueled with the excess pluto-
nium generated by 2.4 LMFBR’s of the
same generating capacity.) For U,O,
prices below $60 per pound the LWR ap-
pears to hold a clear advantage (U,Oq
prices today are approximately $40 per
pound for new contracts; 1 pound of
U,04 = 0.38 kilogram of uranium); above
$180 per pound the LMFBR appears less
expensive over the entire range of breeder
cost uncertainty.

If U;04 prices climb much higher than

they are today, however, uranium-effi-
cient ACR’s will probably become eco-
nomically competitive with the LWR.
Also, because the cost of their electricity
will be less sensitive to the price of urani-
um than that for the LWR, these ACR’s
will probably remain economically com-
petitive with the LMFBR up to much
higher uranium prices than will the
LWR. For specificity we will illustrate
the potential economic role of ACR’s us-
ing the example of the Canadian HWR.
Within the uncertainties of the economic
and technical data it appears that similar
cases could be made for the HTGR or an
advanced LWR.

The capital cost of an HWR, including
its heavy-water inventory, is likely to be
considerably ‘greater than that of the
LWR. We take the capital charge per
kilowatt-hour to be 20 percent higher
than for the LWR (27). This makes elec-
tricity generated by the HWR more ex-
pensive than LWR-generated electricity
at low uranium prices; but, by the time
the price of U;0 rises to $60 per pound,
the lower uranium and enrichment re-
quirements of an HWR operating on a
slightly enriched once-through fuel cycle
would offset its capital cost dis-
advantage. As shown in Fig. 2, this sys-
tem would then generate electricity at
costs within the range of uncertainty cal-
culated for the LMFBR system up to
U045 prices of more than $350 per
pound. ’

The estimated cost of electricity from
an HWR operating with denatured urani-
um recycling, although higher than that
for the once-through fuel cycle, lies with-
in the range of uncertainty of corre-
sponding costs for electric energy from
an LMFBR system over the full range of
uranium prices shown. It is interesting
that the cost of electricity from this
HWR system rises only slightly more
rapidly with the rising cost of uranium
than the cost of electricity from the
LMFBR system. The cost of electricity
from the LMFBR system rises with the
price of uranium because the investment
required to purchase its large fissile in-
ventory increases with the price of urani-
um (28).

The uranium requirements of ACR’s
operating with uranium recycling would
be so low that cumulative uranium re-
quirements would rise only very slowly
once these systems were established. If
the rate of change of the price of uranium
depends on the rate of increase of cu-
mulative consumption (because of
cheaper ores being mined first), then the
price of uranium will also rise relatively
slowly: in the case of the HWR operating
with denatured uranium recycling about
0.2 times as rapidly as with the LWR on



a once-through fuel cycle. The rate of in-
crease in the cost of electricity generated
by the HWR system caused by uranium
price increases would be much slower—
only 0.2 x 0.2 (= 0.04) times the rate of
increase for the once-through LWR —be-
cause only 0.2 times as much uranium
would be purchased per kilowatt-hour.
Even for a once-through ACR system re-
quiring 0.6 times as much uranium as a
once-through LWR, the rate of increase
in the cost of electricity generated by the
ACR system would be only 0.6 X
0.6 (= 0.36) times as fast as the rate of
increase for the LWR system.

Thus, an ACR, by reducing the rate of
uranium consumption, would both slow
down the rate of uranium price increases
and be relatively insensitive to those in-
creases which did occur.

A High Nuclear Growth Scenario

To test the viability of an evolutionary
strategy even for a large U.S. economy
heavily dependent on fission, we de-
scribe here a scenario in which by the
year 2020 nuclear energy provides one-
third of the primary energy consumed by
a U.S. economy with a gross national
product (GNP) larger by a factor of 2!/2
than the GNP in 1975. For simplicity we
assume that all of this fission energy is
used to generate electricity.

The nuclear growth scenario which we
derive is shown in Fig. 3. Nuclear power
grows through 300-GWe installed capac-
ity in the year 2000 to 640 GWe by 2020,
after which it plateaus. The electric ener-
gy generated annually by the 640-GWe
nuclear capacity operating at an average
of 65 percent capacity corresponds to ap-
proximately twice the total electric ener-
gy generated in the United States in 1975
(1 GWe = 10° watts of electric power).

This is certainly a large fission econo-
my by any of today’s yardsticks, but it is
small in comparison with the nuclear
power growth * projections that were
being used to justify the LMFBR devel-
opment program only a few years ago.
As recently as 1975, for example, ERDA
was projecting a U.S. nuclear economy
exceeding 3700-GWe capacity by the
year 2025. At that time, however, the art
of projecting the growth of electric pow-
er consumption corresponded to very
little more than projecting past ex-
ponential growth rates into the future.
The ERDA ‘‘reference case’” assumed a
doubling of U.S. electricity consumption
approximately every 13 years for the
next 50 years with no indication of a
plateau even at the end of that period
29).

It has now become clear that there are

many trends that tend to damp out such
rapid growth in the consumption of elec-
tric power. These include the end of the
post-World War II **baby boom,’” an ap-
proach to saturation in the degree of
electrification of the U.S. energy econo-
my, and the transition from an era of de-
clining to one of rising electricity prices.
We take these effects into account.

The primary energy variable in this
scenario is the total energy consumed in
the economy, which is related to the lev-
el of economic activity, as measured by
the (deflated) GNP, through an ‘‘energy
efficiency’’ factor »:

E = GNPIy

Since 1970 7 has increased at an aver-
age rate of 1.3 percent per year, reflect-
ing deliberate improvements in the effi-
ciency of energy use in response to in-
creasing energy prices and expectations
of a constrained energy supply in the fu-
ture. If, as seems likely, U.S. energy
prices (in constant dollars) continue to
rise—perhaps doubling over the next 25
to 35 years—the average rate of increase
in m will probably be at least 1 percent
per year (30). We make this an assump-
tion in our derivation [although it is less
than half of the average rate of improve-
ment which could be achieved if the bar-
riers to implementing economically jus-
tified energy efficiency improvements
could be overcome (3/)].

The effect on GNP growth of popu-
lation trends may be most easily dis-
cussed through a representation of the
GNP as a product of two factors—em-
ployment (measured in terms of full-time
equivalent employees, L) and GNP per
worker (the average productivity, P):

GNP =L X P

With this representation, approxi-
mately half of the average 3.5 percent an-
nual rate of GNP growth experienced
during the period 1950 to 1975 can be as-
sociated with the increased number of
(full-time equivalent) workers born in the
baby boom which ended in the late
1960’s. Under the assumption that the
U.S. fertility rate stops declining and sta-
bilizes at 1.9 children per woman (slight-
ly higher than the level of 1973 to 1977)
and that net immigration continues at its
average recent rate of approximately
400,000 per year, the growth in employ-
ment even in a ‘‘full employment’’ econ-
omy (4 to 5 percent unemployment)
would average only 1 percent per year
over the period 1975 to 2010 and would
then begin to decline unless the fertility
rate increased.

We assume that the average 1950 to
1975 rates of productivity growth for the
goods and services sectors of the econo-

my will continue for the next several
decades. The overall average annual rate
of growth in U.S. productivity would
then be 1'/2 percent in the period 1975 to
2010—half way between the very low
level of 1.2 percent per year average
growth rate for the period 1965 to 1975
and the long-term average of 1.8 percent
per year for the period 1950 to 1975 (32).

As a result of these trends in employ-
ment and productivity, the U.S. econo-
my would grow more slowly in the future
than in the past, averaging 2'/> percent
per year over the period 1975 to 2010.
Per capita GNP in this period would
grow at approximately the same rate as
in the period 1950 to 1975, however.

If we add the assumption of a 1 per-
cent average annual improvement in the
energy efficiency of the overall econo-
my, total annual U.S. energy use would
increase at an average annual rate of 1'/2
percent (or by a factor of 1.7) over the
period 1975 to 2010. The rate of increase
toward the end of this period would be
less as the labor force plateaus. We as-
sume in our nuclear growth scenario,
however, that the nuclear power sector
continues to grow rapidly after 2010 until
it accounts for about one-third of U.S.
total primary energy consumption and
plateaus after 2020 at approximately 640
GWe. This plateau could come about ei-
ther as a result of saturation of energy
use and of electrification, with any fur-
ther slow growth of the GNP largely off-
set by increases of the energy efficiency
of the economy, or as a result of the pen-
etration of new energy sources such as
solar energy or fusion in a growing en-
ergy economy. At least one of these
eventualities seems likely. In any case,
our conclusions regarding an evolution-
ary strategy for nuclear power would not
be significantly affected by continued
slow growth in the nuclear sector after
2020.

Uranium Prices

The problem of the uranium supply for
U.S. nuclear power plants is usually put
in terms of the amount of time it will take
a given projected nuclear capacity to
consume an assumed U.S. resource base
of a few million tons of U;0g. This for-
mulation is not correct. The uranium re-
source base of the United States cannot
be represented by a single number. As
with other minerals it is an increasing
function of price. At higher prices it be-
comes economic to mine lower grade
and less accessible ores.

This point is particularly germane to
our evolutionary strategy, because
ACR’s are likely to remain economically
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Fig. 3. If fission energy comes to play a major
role in the future U.S. energy supply, its
growth might look approximately as shown.
Our results are not sensitive to the detailed
form of the growth curve but would be under-
mined if electric demand continued to double
indefinitely every 10 to 15 years—as was as-
sumed until recently by most official studies.
The capacity shown is for a nuclear system
operating at an average 65 percent capacity
factor. The plateau corresponds to a level of
electrical energy production from nuclear
power plants after 2020 almost twice as great
as total U.S. electric energy production in
1975.

competitive with the LMFBR even if
fueled from uranium resources much
more costly than those which have his-
torically been included in estimates of
the U.S. uranium resource base. Our
purpose here, therefore, is to lay out the
basis for a conservative (in this case
‘‘reasonable lower bound’’) estimate of
the cumulative availability of U.S. urani-
um as a function of price.

The 1977 uranium supply curve esti-
mate by the Supply Evaluation Branch
of the Division of Uranium Resources
and Enrichment of DOE is shown in Fig.
4 (33). Below a price of $100 per pound
this estimate includes principally the
U;04 which DOE estimates is recover-
able in the United States at a forward
cost of $50 per pound or less. (Forward
costs do not include the costs of explora-
tion, land acquisition, royalties, or prof-
its and therefore are lower than prices by
about a factor of 2 in this price range.)
The official 1978 DOE estimate of re-
sources in this category was 4.4 million
tons of UzOg (1 ton of U,04 = 0.77
megagram of uranium) (34). At prices
above $100 per pound the DOE analysts
assumed that it would be possible to be-
gin recovering U;Oq from the very large
low-grade ‘‘Chattanooga’’ shale deposit
which lies relatively near the surface un-
der much of central Tennessee and adja-
cent areas of Kentucky and Alabama
35).

We also show in Fig. 4 a curve for a
lower uranium supply. This curve, which
was generated by the same DOE group,
differs from the first mainly by including
only reserves and estimated ‘‘probable’’
resources in as yet unexplored areas of
known mineralization in known uranium
districts. It is also somewhat more pessi-
mistic regarding the costs of exploiting
the Chattanooga shale. We will use the
straight-line approximation to this lower

-supply curve shown in Fig. 4 as our

“lower-bound’’ uranium supply curve in
the discussion below.

Uranium is also available in sub-
stantial quantities as a by-product asso-
ciated with the recovery of other miner-
als. Probably the most significant source
of by-product uranium in the future will
be from phosphate recovery (36). By-
product uranium recovery is relatively
inexpensive in this case since the urani-
um goes into solution when the phos-
phate is extracted as phosphoric acid. As
a result of the rise of uranium prices in
1974 to 1975, by-product uranium recov-
ery operations have begun in Florida,
and it is estimated that the United States
could be producing 8000 tons of by-prod-
uct U;0; annually by the end of the cen-
tury 37). In our analyses we assume that
by-product U;O, will be available at a
rate that increases linearly with time
starting in 1980 until it stabilizes at ap-
proximately 8000 tons per year in 2000.
The cumulative production of by-prod-
uct U;05 would amount to 0.32 million
ton by 2030 and 0.72 million ton by 2080.

A Timetable for the United States

We are now in a position to address
the question posed initially—whether the
evolutionary strategy we propose repre-
sents a credible alternative to the
LMFBR. We first consider the situation
in the United States.

The critical components of the evolu-
tionary strategy are first to continue to
rely on once-through fuel cycles—shift-
ing, however, as soon as practical to
more uranium-efficient ACR systems;
and second to develop the option to shift
these same ACR’s to denatured uranium
recycling if for some reason the uranium
supply becomes constrained.

Figure S, which is based on the high
nuclear growth scenario, shows in sim-
plified form how such a strategy com-
pares in terms of cumulative uranium re-
quirements with the two extreme strate-
gies ordinarily discussed: continued re-
liance on unimproved LWR’s operating
on a once-through fuel cycle (the top
curve), and a shift to plutonium breeder
reactors beginning in the year 2000 at the
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Fig. 4. The upper dashed line shows the 1977
DOE estimate of U.S. uranium resources as a
function of the estimated equilibrium market
price. The lower dashed line includes only
identified reserves and estimated resources in
the “‘probable’ category (see text). The solid
line represents the ‘‘lower bound’ estimate
on the availability of U.S. non-by-product
uranium used in our analysis. In addition we
assume that the recovery of uranium as a by-
product of other mining operations rises to a
rate of 8000 tons U;Oq4 per year by the year
2000.

maximum rate allowed by the availabili-
ty of plutonium for start-up inventories
(the bottom curve) 38). The two middle
curves correspond to the two extreme
variants of the evolutionary strategy: in-
definitely continued dependence on the
once-through fuel cycle and a shift in
about the year 2000 to operation of all re-
actors on a closed fuel cycle with dena-
tured uranium recycle. For specificity it
has been assumed that the ACR’s have
the uranium requirements shown in
Table 1 for the HWR.

In the curves associated with the evo-
lutionary strategy it is assumed for com-
putational simplicity that all reactors
coming on line before the year 2000 are
unimproved LWR’s and that all reactors
coming on line after the year 2000 are
ACR’s. Of course, in reality, the urani-
um efficiency of LWR’s will be improved
over the next decades and any transition
to a new reactor type would be spread
out over a period of at least a decade.

Each of the two uranium requirement
curves associated with the evolutionary
strategy is striking for a different reason:

1) It is 100 years before the cumula-
tive requirements associated with a con-
tinued dependence on the once-through
fuel cycle exceed the 4.4 million tons of
U;04 which, according to current DOE
estimates, are available in high-grade
uranium deposits. Even if one assumes
that the uranium supplies are limited to
the lower-bound approximation shown
in Fig. 4, the price of U;04 would be
driven up to only $180 per pound during
this 100-year period, a price which would
still leave electricity generated by a
once-through HWR system in the lower
half of the breeder system cost range
(see Fig. 2).



2) The phasing-in of ACR’s and the in-
troduction of denatured uranium recycle
at the turn of the century would result. in
a reduction in cumulative uranium re-
quirements over the next 100 years near-
ly as great as could be achieved with the
deployment of a breeder system. Al-
though the introduction of recycling
would probably not be economically jus-
tified at such an early date, the cost of
electricity delivered by this ACR system
would still be well within the range of un-
certainty calculated for the breeder sys-
tem. After 2030, when the closed ACR
system would be fully established, its
uranium requirements would be so low
that, even with the lower-bound uranium
supply curve, the price of uranium would
be increasing each decade by only $5 per
pound and the associated increase in the
cost of the electricity generated would be
only 0.2 percent per decade.

It is important to note that it would be
much easier to establish a closed fuel
cycle for ACR’s than for breeders be-
cause an ACR can operate economically
on a once-through fuel cycle. Therefore,
the ACR system could better tolerate
delays or failures in reprocessing and
refabrication facilities than the breeder
system. Also it would be possible to wait
until 50 to 100 GWe of ACR capacity had
been deployed and economies of scale in
fuel cycle facilities could be fully ex-
ploited before closing the ACR fuel
cycle. In contrast, it would be necessary
in the conventional breeder strategy to
have a major reprocessing industry even
before the first LMFBR went into opera-
tion. A full-sized (1500 megagrams of
heavy metal throughput per year) repro-
cessing plant would have to be operated
for half a year to provide the start-up in-
ventory for each GWe of LMFBR gener-
ating capacity.

Thus it appears that, with the in-
troduction of ACR’s, it would be pos-
sible to have a large nuclear power
system economically competitive with a
breeder system for a century without a
commitment to reprocessing. The possi-
bility of shifting the ACR’s to a very ura-
nium-efficient, denatured uranium-tho-
rium recycling system would provide an
additional level of assurance that a very
long-term reliance on these reactor types
would be possible.

The Rest of the World

It is often argued that, while the
United States may be able to postpone
the commercialization of a breeder reac-
tor, other nations less well endowed with
indigenous resources of uranium and fos-
sil fuel cannot afford to do so.

As Fig. 5 shows, however, the in-
troduction of a uranium-efficient ACR
operating with denatured uranium re-
cycling instead of the breeder in the year
2000 would result in little change in cu-
mulative U.S. uranium requirements be-
fore the middle of the next century. This
result is not peculiar to the United
States; indeed, the breeder would have a
comparative advantage in this country in
2000 relative to many other nations,
because the spent fuel from LWR'’s
is creating a very large U.S. inventory
of plutonium for starting up breeders.

Since closed-cycle ACR’s can do
about as well as the LMFBR in reducing
uranium requirements till the middle of
the next century, the uranium supply is-
sue in the evolutionary strategy is trans-
formed into the question of whether all
nations could afford to continue to rely
on ACR’s operating on once-through
fuel cycles in this period.

If uranium-poor nations were to con-
tinue to rely on such fuel cycles, they
would have to import perhaps 50 percent
more uranium over the next 50 years
than would be necessary with a closed
fuel cycle. For these nations the flexibili-
ty of the evolutionary strategy should be
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Fig. 5. Cumulative non-by-product uranium
requirements are shown for four alternative
U.S. strategies, given the growth in nuclear-
generated electricity pictured in Fig. 3. The
top curve [LWR (OT)] corresponds to contin-
ued operation of LWR’s on the current once-
through (OT) fuel cycle. The bottom curve
[LMFBR (Pu recycle)] corresponds to the in-
troduction of a plutonium breeder reactor be-
ginning in the year 2000. For the middle two
curves, all new reactors introduced after the
year 2000 are ACR’s; for specificity they are
assumed to be HWR’s. The curve labeled
ACR (OT) corresponds to the continued oper-
ation of all reactors on a once-through fuel
cycle indefinitely. (The HWR would be fueled
with slightly enriched uranium.) The curve la-
beled ACR (DU recycle) shows how cumula-
tive uranium requirements could be reduced
substantially by shifting all reactors to dena-
tured uranium-thorium recycling around the
year 2000. All reactors are assumed to be re-
placed at the end of a 30-year life. All uranium
inventory and annual makeup requirements
for these alternative scenarios are those listed
in Table 1 except it is assumed that before
the year 2000 the tailings at the enrichment
plant contain 0.2 percent ***U.

appealing. As long as they can buy urani-
um at competitive market prices, contin-
ued reliance on once-through ACR sys-
tems would probably be the most eco-
nomical course. If at some time the ura-
nium supply situation appeared to be
getting tight, however, the same ACR’s
could be shifted to a closed fuel cycle
with extremely low uranium require-
ments. In addition, to guard against dis-
ruptions in the supply, uranium could be
stockpiled. In contrast to the situation
with petroleum, a stockpile of uranium
adequate for many years could be main-
tained (as is already being done by some
nations) for a low-cost penalty. For ex-
ample, the carrying charge associated
with a 10-year stockpile of slightly en-
riched uranium for an HWR operating on
a once-through fuel cycle would add only
1.5 percent to the cost of a kilowatt-hour
of electricity for U;Oy at $60 per pound.
Balance-of-payment considerations are
also relatively minor for uranium imports
relative to petroleum imports. Taking
again the HWR operating on the slightly
enriched once-through fuel cycle as our
example, the cost of U;O4 would have to
rise to over $500 per pound before the
fuel cost associated with the released fis-
sion energy would be as great as that for
oil at $13 per barrel.

Conclusions

The plutonium breeder reactor has
dominated the imagination (and research
budgets) of the nuclear establishments of
the industrialized countries for more
than a decade—to the point where no
other system has appeared practical or
worthy of serious attention. Recently,
however, this reactor has become con-
troversial as the proliferation vulnerabil-
ities of its fuel cycle have become in-
creasingly evident and as its economics
have begun to look less favorable.

In contrast, the evolutionary strategy
described herein involves both simpler
and more flexible ACR’s which, unlike
the LMFBR, can be operated economi-
cally on isotopically denatured fuel cy-
cles in either the once-through or the re-
cycling mode. Adoption of the evolution-
ary strategy would therefore enable the
world to postpone for decades decisions
regarding fuel reprocessing while nuclear
power growth and uranium resource sit-
uations are clarified and the possibilities
for a strengthened international safe-
guards regime are determined. If urani-
um supplies are found to be limited in
some regions and arrangements can be
agreed upon which make fuel cycles in-
volving reprocessing sufficiently prolifer-
ation-resistant, then some of these con-



verter reactors could be shifted to dena-
tured uranium-recycling operation.

Thus the evolutionary strategy would

build on the familiar and encourage nu-
clear experts to focus during the next
few years on making more efficient, safe,
and secure the nuclear systems on which
nations now rely instead of dissipating
their talents devising safeguards for new
systems which are likely to be inherent-

ly

more vulnerable to the diversion of

weapons-usable materials.
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designs, for example).

The plutonium-fueled LMFBR ‘and the pluto-
nium-fueled LWR each have inventories of ap-
proximately 5000 kg of fissile plutonium (includ-
ing the inventory outside the reactor in the fuel
cycle). We find the market price of this pluto-
nium relative to the price of U;O;4 by setting the
cost of electricity from a plutonium-fueled LWR
equal to the cost of electricity from a uranium-
fueled LWR. For consistency we assume in this
comparison that the spent fuel from the urani-
um-fueled LWR is reprocessed for recovery and
sale of its plutonium and that the recovered ura-
nium is recycled. (The plutonium-fueled LWR
of course operates on a closed fuel cycle.) In this
way we find the following relation between C,,
the price of fissile plutonium in dollars per gram,
and C,, the price of U0y in dollars per pound:

C, = 5.62 + 0337 C,

See (25, table III F-7).
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The LMFBR in this scenario has the character-
istics given in Table 1 and in (/3). We assume
that all plutonium generated in LWR’s is saved
to start breeders until the equilibrium breeder
generating capacity is reached. We assume that
after 2000 all uranium recovered from LWR fuel
is recycled in LWR’s. In equilibrium the
LMFBR capacity totals 392 GWe, the LWR ca-
pacity fueled by LMFBR generated plutonium
totals 163 GWe, and the by-product uranium-
fueled LWR capacity (assuming both uranium
and plutonium are recycled) totals 85 GWe.
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