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1. Introduction

Since the oil crisis in 1973, programs have been adopted

in many countries to increase nuclear power generation to

replace oil as an energy supply. However, at the same time,

worldwide public concern was directed toward the problems of

safety and environmental protection with respect to the back

end of the nuclear fuel cycle, i.e. the reprocessing and

waste management of spent fuel. There has also been a heated

controversy concerning the prevention of the proliferation

of plutonium for other than peaceful purposes.

However, because of unresolved problems such as the lack

of clear legal measures to cope with these issues in various

countries , the absence of an international consensus on

possible measures for prevention of proliferation, as well

as local protest movements, etc., plans for the construction

of nuclear power plants and reprocessing plants have been

delayed almost everywhere. These problems have also made it

very difficult to estimate fuel cycle costs which are

closely related to recent increases in uranium and enrichment

prices.

This paper presents a review of future trends in the

fuel cycle costs for light water reactors (LWR) as well as

the cost trends and problems associated with fuel cycle

components which are considered to affect the fuel cycle

costs. An analysis of the economical efficiency involved in
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the use of mixed oxide fuels (MOX) is given, and it is hoped

that this paper will be of assistance in solving the problems

mentioned previously.

2. Trends in Fuel Cycle Component Costs

Natural Uranium

The price of U,O0 has risen remarkably in the past few
J O

years. According to the NUEXCO exchange values, this price

was maintained at $6/lta or less up to the beginning of 1973

as can be seen in Fig. 1, but thereafter it tended to increase.

The 1976 delivery price has reached $41/lb, and for 1980 it

is now estimated at approximately $55/lb. Another estimate

projects a price as high as $62/lb by 1982. These prices

are for immediate delivery and they are lower for long-term

contracts, although the same increase tendencies can be seen.

The main factors which have influenced recent U0O0 prices
6 O

are considered to be as follows:

- The US AEC/ERDA has adopted a policy of long-term fixed

commitments for enrichment contracts, and as a result, the

utility industries have to assure a long-term supply of

uranium beforehand.

- Some countries with uranium resources have adopted policies

which limit its export.

- Because of the oil crisis in 1973, many countries have

decided to place increased priority on nuclear power as an



energy source. Conservation policies also have been

adopted by the uranium-producing countries by which they

tend to reserve their uranium resources for their own use.

- Complying with stricter regulations concerning the

environment, health and safety has necessitated a rise in

uranium production cost.

- Exploration and development costs have risen because of

such factors as deeper drilling, lower grade ore and fewer

discoveries.

In addition to these factors, the future price of uranium

will depend to a large extent on recycling conditions. If

there is no recycling, bhe cumulative demand for uranium by

the year 2000 will increase by 15-30% in accordance with

programs for the expansion of nuclear power generation. If

enrichment capacity cannot be carefully adapted to meet demand,

enrichment plants will be operated with a high tails assay,

and as a result the demand for uranium will increase even

further.

The future uranium price is difficult to estimate because

the factors mentioned previously have interrelated effects,

but since these price increase trends will result in a

sufficiently high price to serve as an incentive for explora-

tion activities, promotion of the recycling of plutonium and

fast breeder reactors (FBR) should suppress uranium price

increase trends. ~>
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Enrichment

One of the main factors in the fuel cycle is the rapid

rise in enrichment costs. As of October 1976, the price in

a ERDA fixed-term contract was $61/SWU, about twice that at

the beginning of the 1970's.

It is assumed that the current enrichment capacity in

the free world will be insufficient by the middle of the

1980's, and to cope with the increased SWU demand, EURODIF,

COREDIF, URENCO, as well as ERDA and private firms in the

US, have plans to construct new enrichment plants.

Therefore, future SWU costs will depend on the costs

charged by these new plants, and these costs will vary

according to such factors as enrichment technology, plant

capacity, the ratio of the company's own capital to debts

in the plant investment, power costs, failure rates and the

plant-utilization factor. According to estimates of the

Separative Work Unit Corporation (SWUCO), the cost of

separative work in 1985 will be approximately $100/SWU in the

lowest case and $130/SWU in higher cases as is shown in Fig. 2.

The commercial price will be about $30/SWU higher than these

estimates.

If the demand exceeds the supply, this will no doubt

have an effect on the market price. If there is no plutonium

recycling, the demand for separative work will increase

considerably, and the cumulative uranium will be higher than
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if there had been recycling. This will probably be one

factor in the market price increase for enrichment services.

Developments of new enrichment technology such as isotope

separation by lasers can be expected to reduce costs, however.

It is also conceivable that the market price will be held

down by increasing enrichment capacities, by developing

plutonium recycling, and by introducing fast breeder reactors.

Therefore, SWU costs may continue upward until the

latter part of the 1980's when the enrichment capacity will

increase mainly on a commercial basis, and then become stable

in the 1990's when the effects of plutonium recycling will

begin to appear.

Fabrication

There are no major uncertainties in the UO0 fuel
£*

fabrication process such as appear in other fields of

the fuel cycle. GESMO estimates that the fabrication cost

is in the range of $70 - 112/Kg.U.

Although, the technology for the fabrication of MOX fuel

has been established i'n small-scale facilities in the US,

Europe, and Japan, there is no experience in large-scale

commercial plants. The uncertainties involved in MOX

fabrication plants include the degree of automation to be

employed to reduce radiation exposure, regulations concerning

safeguards and physical protection, and the requirements of

waste management. These factors may push up the MOX
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fabrication costs in the early stages, but the costs should

then become stabilized as experience is gained and utili-

zation factor rises. The MOX fabrication costs can be

estimated in the range of twice to triple those for UO- fuel

fabrication.

Spent fuel storage

In the past, spent fuel was stored either in reactor

storage basins until shipment to reprocessing plants or in

storage pools in the reprocessing plants after cooling until

entry into the reprocessing system. The costs involved

were considered to be part of the power reactor operating

costs and reprocessing costs.

This concept still holds true if recycling is performed

immediately, but because of the delayed start-up of reprocessing

plants, it has become necessary to increase the capacities of

reactor storage basins or to plan new large-capacity storage

pools in reprocessing plants. In extreme cases, independent

large-scale storage will be needed if spent fuel has to be

stored over much longer periods for reasons such as further

delays in reprocessing plant construction or storage of spent

fuel for future recovery of plutonium for use in FBR. In

such cases, the costs for spent-fuel storage will reach a

level that cannot be disregarded. Storage costs have been

estimated in GESMO to be in the range of $2 - $10/kg.HM

depending on the type of storage facilities and the utilization

factors.
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Reprocessing

The main uncertainties surrounding the fuel cycle are

in the back end of the cycle, i.e. reprocessing and waste

management.

Currently, the only reprocessing plants for LWR spent

fuel which are now operating or are expected to start up soon

are the WAK, COGEMA and PNC plants. There are plans to build

large-scale commercial reprocessing facilities in England,

France, West Germany and Japan, but these are not expected

to be operation before the mid 1980's.

In the United States, no one knows when the local

reprocessing industry will get underway because of the delay

in a GESMO decision and former President Ford's announcement

of a new policy "to delay commercialization of reprocessing

activities until uncertainties are resolved."

As a result, there will be a serious shortage in reproces-

sing capacity.

However, if plutonium is not utilized in either LWR or

FBR, much more uranium resources and enrichment capacity will

be needed to cope with nuclear power programs. Therefore for

countries which have neither oil resources nor alternative

energy sources such as coal and which are poor in uranium

resources, the recycling of uranium and plutonium in spent

fuel will become inevitable.

The major uncertainties associated with reprocessing

are as follows:



- Lack of established regulations for safety and environmental

protection;

- Difficulties in estimating the cost of v\aste management,

especially the ultimate disposal of high-level wastes;

- Difficulties in estimating the cost of safeguards and

physical security.

Because of these uncertainties, reprocessing costs are

difficult to estimate, but the low cost of $35/kg.HM

estimated at WASH 1174 (73) can no longer be anticipated.

According to recent plans, the amount of investment required

for a reprocessing plant with a capacity of 1, '.">OOMT.HM/year

is estimated as about $1 billion at 1976 prices. The resulting

reprocessing costs would be $200 to $300/kg.HM or in some

cases even higher.

It is expected that these reprocessing costs will become

cheaper in the future as problems are resolved, sxperience

is gained in the operation of new plants and operating rates

become higher as a result.

Plutonium storage

Once the spent fuel is reprocessed, plutonium must be

stored in reprocessing and MOX fabrication plants until it

can be fabricated for use in LWR and FBR.

If it is assumed that recycling will occur immediately,

storage facilities can have a minimum capacity and the

storage period will be short. In this case, the storage costs
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are not very high and they can be included in the reprocessing

and fabrication costs. However, if the plutonium has to be

stored for a number of years, independent storage facilities

separate from the reprocessing and fabrication plants might

be needed.

Special precautions concerning safeguards and physical

protection must be taken when designing and operating

plutonium storage facilities. It has not been necessary to

consider such storage costs so far, but they will have to be

taken into consideration if plutonium has to be stored for

long periods.

There is little data available concerning unit storage

costs but GESMO estimates them at $1 - $3/gr.

Waste management

Waste management, especially for waste from reprocessing

plants, is a point of worldwide public concern. There are

still many problems unresolved in this field. If more

stringent standards and guidelines than presently in force

should be applied to the release of radioactive effluents,

additional waste treatment facilities would be required.

In most countries, policies for the treatment and disposal

of high-level waste have not been decided, although the

current trend is to solidify and store the waste until

ultimate disposal methods are fully developed. At present,

it is difficult to estimate the costs involved since waste

10

L



L

solidification technology has not been demonstrated on a

large scale.

The costs of ultimate disposal are also difficult to

estimate because the method to be used is still under develop-

ment. The United States and West Germany intend to isolate

solidified waste geologically and the costs of such disposal

are estimated at $30 to $70/kg.U in GESMO. Naturally, these

costs will vary depending on the method of ultimate disposal

used and the conditions in each country.

Other factors

There have been no rapid changes in the costs of

conversion of U0O0 to UF, when compared with those seen for
JO O

other component factors. In the 1960's, the conversion cost

was $2/kg,U, and recently it has been in the $3 - $4/kg.U

range. Because there are almost no uncertainties in this

field when compared with others, no steep cost increases

are expected in the future.

Transport of unirradiated fuel, spent fuel, plutonium,

and solidified wastes has to be considered an important step

in the fuel cycle. Of these, the cost for spent-fuel

transport in particular must be taken into account.

These transport costs will be influenced by such

factors as the mode of transport, distance, frequency, and

the regulations which apply at the time of transport. In

the case of land transport in the United States, for example,
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the cost is estimated at $5/kg.HM for short distances and

$30/kg.HM for cross-country shipment.

There is no data available concerning marine transport,

but if special vessels are required, the costs will be

higher than those for land transport. However, the cost

would probably be only about twice that of land transport

and would not represent a large percentage of the total

cycle cost.

For the transport of plutonium, special precautions will

be necessary concerning physical protection. GESMO estimates

that the cost of plutonium transport will range from $0.02

to $0.06/gr, but this transport cost can be almost completely

disregarded in cases of so-called co-location where the

MOX fabrication and reprocessing plants are adjacent.

The similar shielding as for spent fuel will be required.

in the transport of solidifiea »,dste, but it- is so much more

compact that transport costs can be disregarded when compared

with the overall fuel cycle costs.

3. Analysis of the Fuel Cycle Cost

As has been described previously, the costs of the

various components ot the fuel cycle have changed recently.

Therefore, a preliminary analysis was performed using

FUEL COST - III in order to examine how the LWR fuel cycle

costs will be affected by the cost changes in the fuel cycle
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components. The characteristics of a model reactor assumed

in this analysis are shown in Table I.

The pre-reactor lead time is assumed as 2.5, 1.5, 1 and

1 year for natural uranium, enrichment, fabrication and plutonium,

respectively. The post-reactor lag time is assumed as 150, 180,

190 and 190 days for spent-fuel transportation, reproces-

sing, plutonium credit and uranium credit, respectively. The

cost of each fuel cycle component was calculated by the annual

discount method using a discount rate of 8% per year.

Table II shows the cost of each fuel cycle component

used in parametric studies.

Fig. 3 shows the percentages of the fuel cycle components

in the total fuel cycle cost at the time of the equilibrium

core,taking a typical case. The percentage of U-O8 is high.

Table III shows the effects of unit-cost change in the

fuel cycle components on the total cycle cost. In the

uranium cycle, the sensitivity of U,0g cost is the highest,

followed by the enrichment cost. In the case of the plutoniun

cycle, the sensitivity of the Pu value is naturally high

since it is assumed that the core of the model reactor is of

uniform natural uranium and plutonium. However, when enriched

uranium fuel rods are used in the fuel assemblies as designed

for current LWR, the Pu sensitivity is lowered, and the U O

and enrichment sensitivities will become slightly larger.

Fig. 4 shows the total fuel cycle cost with respect to
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changes in the U~Og cost as a parameter. For example, when

the U3O8 cost is $50/lb, enrichment $100/SWU, the plutonium

value $30/gf and the MOX fabrication penalty $100/kg.HM, the

fuel cycle costs of the uranium and plutonium cycles are

balanced, but if the cost of U-O0 rises above this value, it
J O

will be more profitable to use plutonium. Fig. 5 shows the

plutonium indifference value. When the r',00 cost is $60/lb,
J O

enrichment $100/SWU, MOX fuel fabrication penalty $100/kg.HM

and the reprocessing $350/kg.HM, for example, the plutonium

value is approximately $35/gf. If the plutonium costs are

lower than this, the LWR plutonium cycle will be more profitable.

4. Conclusions

Thus far, price trends in the various components of

the fuel cycle and the results of the authors' analysis of

the fuel cycle cost trends have been reviewed. However, the

most important thing is not the numerical values of the fuel

cycle costs, but the relative effects of each of the fuel

cycle components on the total fuel cycle cost.

In the past, the enrichment cost accounted for the largest

percentage of the total fuel cycle cost of LWR; this was

followed by the uranium cost. In the future, according to

the hypotheses used in these estimates, this order will be

changed, and the uranium cost will account for the largest

portion of the total fuel cycle cost. Therefore, changes in
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the U0O0 cost will have a major influence on the total fuel
•J O

cycle cost.

The back-end costs, including those for reprocessing

and waste management, have risen greatly when compared with

the estimates of a few years ago, but if a plutonium cycle

is established and the plutonium price is estimated to a

certain degree, the back-end cost will not make up such a

remarkably high percentage of the total fuel cycle cost.

However, in LWR which use MOX, the core configuration has

some effect but the largest influence on tiic total fuel cycle

cost will be change in the plutonium cost, and the uranium

cost will not be significant.

If the uranium cost continues its recent increase trend

and exceeds $50/kg.HM, reactors using MOX fuel will be

profitable according to these estimates even if reprocessing

costs of $350/kg.HM and waste management costs of $50/kg.HM

are included.

For these estimates, one nuclear reactor was used as a

model. In GESMO, etc., there are detailed analyses pointing

out the merits with respect to overall cost of using several

reactors with the recycling of plutonium and uranium.

It is also clear that uranium resources can be saved

and separative work decreased by recycling. According to

an estimate on Japanese nuclear power growth, the cumulative

demand for uranium up to the year 2020 when only uranium is
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used in LWR will be about twice that if recycling and FBR

are used.

Another factor which has a major effect on uranium

demand is the problem of the tails assay. If there is not

sufficient enrichment capacity in time to meet the incremental

SWU requirements, it will be necessary to operate enrichment

plants at a high tails assay. If the tails assay is raised

from 0.2% to 0.4%, about 50% more uranium will be required.

For the purpose of conservation of oil resources, etc.,

there will be an international trend toward nuclear power

generation. However, the growth cannot proceed with only the

limited uranium resources which have been assured to date

and even taking account new finds. Therefore the utiliza-

tion of plutonium and uranium in spent fuel will become very

important.

To achieve this, it'will be necessary to establish a

recycling system with sufficient consideration given to

environmental protection and preventing nuclear proliferation.

If it is possible to recycle the plutonium recovered with this

system immediately in the LWR and burn it, the risk of

plutonium proliferation is greatly reduced, and it will serve

to build an industrial foundation for the FBR which should

become practical by about the year 2000 on the basis of such

experience.

In this paper, the future trends in LWR fuel cycle costs
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have been analyzed and results indicate that recycling of

MuX fuel will have the effects of resource-saving and even

economic benefits in some cases. However, since there are

still many uncertainties in the reprocessing and waste

management fields, in particular, and we have to make many

assumptions to carry out calculations , it will be best if

these uncertainties can be solved by the effort of each

country and international cooperation.

We believe the IAEA will play a big role in such inter-

national cooperation, through its current efforts such as

investigation of Regional Fuel Cycle Centers and other

measures.
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Table I. Reactor Characteristics

L

Electrical Output (MWe)

Thermal Efficiency (%)

Load Factor (%)

Enrichment

Initial Core (%)

Replacement (% )

Burn-up (MWD/T)

Replacement Loading

Rate (T/103 MWe «y)

Amount

U0_ Core

1000

33

70

2.52

3.0

33,000

26,4

1/4 core

MOX Core

1000

33

70

NU+2.98%Pu
ti

27,500

33.6

1/4 core

Table II. Fuel Cycle Component Costs

Assumed in Parametric Studies

Component

U3O8

Enrichment

Fabrication

UO 2

MOX

Shipping

Reprocessing*

Pu Credit

$/lb

$/SWU

$/kgHM
ii

$AgHM
$/kgHM

$/g

Parameter

30, 60,

60, 100,

100

150, 200,

30

250, 350

15, 30,

120

130

300

50

*(including waste disposal cost: $50/kgHM)
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Table III Effect of Component Co-its on

Total Cycle Cost

Unit Component Cost

U3°8

Enrichment

Pu Credit

Fabrication

Reprocessing

$/lb

$/SWU

$/grf

$/kg.HM

$/kg.HM

Change in Total Fuel
(Mill/KWH)

UO2 Core

0.072

0.018

0.017

negligible

0.0028

Cycle Cost

MOX Core

0.014

-

0.113

0.006

0.0038
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Figure I HISTORICAL U308 PRICE
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Figure Iff PERCENTAGE OF FUEL CYCLE
COMPONENTS IN FUEL CYCLE COSTS

SHIPPMENT-

U308,$/ lb 60
ENRICHMENT, $/SWU 100

FABRICATION 100

SHIPPMENT, $/kgHM 30

REPROCESS ING*, $ /kg HM 350

PLUTONIUM , $/gf 30

•X (INCLUDING WASTE DISPOSAL

COST = $50/kgHM )
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Figure IV RELATIONS BETWEEN FUEL
CYCLE COST AND YELLOW CAKE
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Figure V RELATIONS BETWEEN FUEL
CYCLE COST AND PLUTONIUM
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