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INTRODUCTION

The characteristics of uranium as a fuel is its high
specific energy content and, in comparison with other
fuel, its low transport cost. The market price of
uranium will therefore be about the same ali over the
world, to the extent that a free market is not
hampered by fiscal or other artificia' estrictions. The
Foratom countries are generally importers of uranium;
France being the only exporter of uranium. Therefore,
the authors were asked to include views on the world
supply and demand situation. The majority of the
authors have, however, in their reports only dealt
with the situation in their own countries.

Information from Atomic Industrial Forum Inc1

has been included here as supplementary informa-
tion on the world market.

1 J T Sherman, Uranium 1969 -Engineering 4
Mining Journal, March 1970.

URANIUM DEMAND

The growth of nuclear power governs the uranium
demand. After the boom of orders for nuclear plants
in the USA during 1965-68 there were very few orders
during 1969, but USAEC still predicts an installed
nuclear capacity of 150 GWe by 1980. In Europe the
variation in plant orders has not been so great but the
growth of nuclear power has been slower than projected.

There are a number of reasons for the slowdown in
order e.g. rise in capital costs, higher interest rates,
delays in completion of piants. Therefore, there is now
a surplus of uranium on the world market. The future
growth of nuclear power and the increase of uranium
demand will also certainly be influenced by the per-
formance of the early commercial nuclear power
stations.

The uranium consumption, both the initial inventory
and the running requirements, varies considerably
between the different reactor types (see British, French
and Spanish reports). The demands are approximately:

Initial inventory Annual running
requirements

Magnox GCR 1.3 tonnes Uo(WMWe 0.3 tonnes UiOo/MWe
AGR 0.8 < 0.2
BWR 0.6 0.15
PWR 0.5 0.16
PHWR(Nat.U) 0.3 0.13

For a fast breeder reactor the running requirements
are practically negligible. Up to 1985 light water reactors
will certainly dominate the market in all countries witli
the exception of UK. Some advanced thermal reactors
will generate power and also a few prototype fast
reactors, but their impact en the uranium demand will
be small. Up to that time the choice of reactor type
will therefore be less important for the uranium de-
mand ilian the growth of nuclear power. After 1985
the outcome of the fast breeder development will be
the most important factor influencing the uranium de-
mand.

The influence of plutonium recycling on the uranium
demand is discussed in several reports. In Germany it is
assumed that plutonium produced up to J 973 will be
used for the fast breeder prototype reactor and that re-
cycling of plutonium in light water reactors will be a
possibility after that date. In Italy ENEL in collabora-
tion with EURATOM investigates plutonium recycling
in the Garigliano reactor. Plutonium recycling would
increase the utilization of the initial U3O8 by 30-40%
in a modern water reactor according to lhe Italian report.
As a great part of the ^ O g is needed as, inventory in
new reactors and there is a delay until plutonium is
made available, plutonium recycling in such reactors



TABLEl

Installed Nuclear Power and Uranium Demand According to Reports Submitted to FWATCAI1970

Country

Austria1

France
Germany
The Netherlands
Spain2

Sweden
Switzerland
United Kingdom

Total Western Europe3

Japan3

USA

World total3

(except China, USSR and
Eastern Europe)

Installed Nuclear
Capacity GWe

1970

0
; .5
0.8
0
0.6
0.4
0.4
6

10

1
103

22

1975

0.4
4
8
0.5
2.5
3
2

11

38

7
65 '

115

1980

2
9

20
2
7
8
4

25

105

25
150

300

1985

5
25

17
15

47

200

50
2803

570

Annual U3O8

consumption lOOO's

1970

0
1.7
0.8s

0
0.5s

0
0.3s

2.5s

6.7

0.5
74

15.5

1975

0.2s

2
2.5s

0.2
0.8
1
0.8
4 s

12

3
16"

35

tonnes

1980

0.6s

4
5 s

0.5
1.6
2
0.6
4-6

26

5
31 4

73

Upper estimate
Strategy El LWR
According to French report
AIF report »Uranium 1969»
Estimates from reported capacity figures

TABLE 2

Some Reported Uranium Resources
in 103 tonnes U3O8

France
Gabon
Niger
Rep Centralafricaine

French controlled total

Spain
Italy
Sweden
USA

Dollar

Reasonably
assured

41
12
24
9

86

9
1

225

10/lb U3O8

Additional
inferred

25
6

35
9

75

Dollar 10-15/IbU3O8

Reasonably
aisured

6

12

9
9

300

Additional
inferred

14
6

12

TABLE 3

Some Reported Production Capacities
metric tons U3O8 per year

France
Gabon
Niger
Rep Centralafricaine
Spain
USA
Canada
South Africa
Total world (except China, USSR
and Eastern Europe)

Present production

1450
500

(90)
11000
4000
3600

21000

1974 capacity

2100
600

1800
600
400(1972)

20000(1975)

39000(1975)

L



would cause a decrease of 15-20% in the yellow cake
demand. Plutonium recycling in thermal reactors is,
according to this report, expected to be a reality from
the later part of the seventies. The British report
mentions the possibility to reuse the reprocessed
slightly depleted uranium contained in used Magnox
fuel.

The demand of uranium is also somewhat dependent
on the price, as a high price would change the com-
petition in a direction favouring advanced reactors
and conventional fuel. Also the optimal tail con-
centration of enrichment plants would tend to be
lower if the uranium price would rise. This price sen-
sitivity is of little importance as the cost of yellow
cake only accounts for 10% of the production costs
in a modern light water power station and no great
variations in the price of uranium are expected.

Data on installed nuclear power and uranium de-
mand are collected in table 1, where most figures are
taken from the French report. The policy regarding
stockpiling of uranium in some states iike USA, UK,
Canada and Germany may have a certain influence
and should be observed.

URANIUM SUPPLY AND PRODUCTION CAPACITY

The last published ENEA/IAEA report on Uranium
Resources of December 1967 will be updated in the near
future. Some information on uranium resources is given
in the submitted reports. For a summary see table 2.
Most Foratom countries have negligible uranium re-
sources in the interesting price range below dollar 10/
Ib U^Og. Spain plants to cover a substantial part of its
uranium requirements through domestic production.
France will have possibilities to export uranium but the
other Foratom countries have to rely nearly entirely on
import.

Besides the French domestic resources, the French
uranium industry owns reserves in some African
countries. The main part of the domestic French reser-
ves are in vein type deposits mainly in granitic rocks. All
the French controlled iesen.es found in Africa are in
sedimentary formations. The Spanish resources in the
price range of less than dollar 10/lb ^ O g are located
mainly in granite and metamorphic formations. Sweden
has very large low-grade uranium resources in shale
deposits in the southern part of the country. These re-
sources could he exploited on large »cale at prices in the
range dollar 10-15/lb

.'Some production capacities are given in table 3. The
available production capacity in the world is not utilized
at present, there being for instance a surplus capacity in
France, Canada and USA. According to the French report
this over-capacity will not disappear in the short term.
Detailed plans for opening up a number of mines in USA,
Canada and Australia have been presented, but pro-
duction programs have, apparently, been postponed pen-
ding signing of sale contracts. In many cases long term
sale contracts are a requirement before, additional invest-
ment in production facilities are made.

Except for the mines in the Republique Centtalafricaine
the mWing methods at the French controlled mir.js are
conventional, with sulphuric acid leaching and concentra-

tion by solvent or resin extraction, or even direct
precipitation in Gabon. In Spain static leaching is also
used. At one French mine the final product is not
yellow cake but uranyl nitrate used to feed the UF4
plant at Malvesi in Southern France.

EXPLORATION

Piospection for uranium has been active all over the
world during the last three years. Some countries in
Europe with big nuclear programs, like Germany, Italy
and France, are engaged actively in prospection outside
Europe e.g. in Canada, Africa and Australia. The same
applies also for Japan.

Also in Europe extensive prospection takes place. In the
Federal Republic of Germany a number of organizations
carry out prospection work, the main areas of interest
being Bavaria and Rheinland-Pfalz. No majov reserves
have, however, been discovered so far. Exploratory
work under way in Italy mainly concerns the uraniferous
deposits reported in the Alps. Drilling has been carried
out at a rate of about 1 100 meter a year in Northern
Latium and Central Alps. A more intensive exploration
program is planned. In Spain 150.000 km2 has been pro-
spected. Prospecting has been done on foot and by vehicle-
mounted rigs, also air prospection programs have been
carried out. Prospecting in Sweden during the 1950's
and early 1960's resulted in several indications in
different area:. Only one of these (Tasjö) might be of
interest, but no economic method for uranium recovery
from this de[>osit has yet been developed. In France
most activity is closely connected with mining districts
already in production. In addition, nev/ exploration is
made in sedimentary basins with an annual spending of
1.6 million dollars. An exploration cost of dollar 1.45/
kg U3O8 is reported.

French organizations spend about 6 million dollars per
year on exploration work in Africa. Up to now the
average finding cost was the same in Africa as in France.

The German firms Urangesellschaft and Uranerzbergbau
cooperate with national undertakings in prospecting in
Canada, USA, Niger, Angola, Mozambique, Ghana,
Somalia and Australia. The Italian company SOMIREN
is exploring in Somalia and Kenya.

Exploration in the USA reached an all time high in
1969 with surface drilling of 10.000.000 meters. The
finding was reported to be 12 Ib U^Og/meter. This is
an improvement compared to the last few years. The
US reserves in the dollar 8/lb l^Og category increased
by about 50.000 tonnes of U3O8.

Exploration in Australia has continued at high rate and
with good results.

COSTS

The only detailed cost breakdown is found in the French
report. Data are presented for a production of 1.800
tonnes of UßOg from a deposit mined in open pit with
an ore containing 0.28% on an average. The total in-
vestment not including research expenditure, access
roads, and interest during construction, is around 36
million dollars, with the following breakdown:



Mine

Investment
Pieproduction expenses
(overburden stripping and
preparatory works)

MiU

General infrastructure
(housing, power plant,
workshops, offices)

4,5%
21 %

41,5%

33 %

The direct running cost, i.e. not including amortizing
financial charges and royalties, will be slightly lower
than dollar 5 per Ib l^Og in terms of 1970 dollar,
with the following breakdown:

Mining 24 %
Milling 61 %
Overhead 10 %
Yellow cake transporta-
tion 3 %
Development expenses 2 %

PRICETRENDS

As the production capacity will exceed the demand
until 1976-78 the market will remain soft for some
time. It is easy to predict the running requirements
of uranium but more difficult to predict the future
rate of installment of nuclear power. As it takes
about 3 years from the date of ordering a nuclear
plant to the first delivery of uranium for the same
plant, one could have sufficient time to open up a
new mine and mill at an established known orebody.
To establish a pr ven deposit from a geologically
favourable background takes, however, anothei 5
years on the average.

Due to the present surplus capacity it appears
probable that the yellow cake price will stay reaso-
nably stable in constant 1970 dollars for some
5 years to come. In the French report an estimate of
dollar 6.50/lb U3O3 is made. This price is appa-
rently too low to promote investments in the
uranium industry, which will result in an increase
when the demand is approaching the production
capacity. In a longer timescale the prices in a
balanced market could very well stabilize at a
price around dollar 8 in 1970 dollars, after some
oscillations before we reach that stage. The
policy regarding the stockpiles in different
countries can be important in stabilizing the
market.

Long term contracts could benefit the market,
but the present instability in the development of
the market makes it difficult to define the contract
terms. Among these the escalation clauses are very
important due to the present rapid monetary
inflation in many countries. In commercial offers
made in recent years, escalation clauses for price
adjustment have generally bee., proposed, when
delivery is called for more than three or four
years ahead. In such clauses escalation has been
applied to anywhere from 70 per cent to 100 per
cent of the delivered price. Utilities have been
reluctant to accept escalation of such a considerable
part of the price, as the producer should be able to
increase efficiency and productivity, and because a

high proportion of future costs are largely known to
the producer. A system in which the cost increases
due to inflation were divided equally between the
producer and the buyer wouii appear more appro-
priate as it would give the producer an incentive to
improve his efficiency.

The Swiss report describes a joint bid invitation which
was made in 1966 of a group of utilities. It was con-
cluded that at least at that time the price wa: very little
dependant on the amount of contracted uranium. The
interest of the producers of long term agreement
appeared to be small. Only Canadian producers respon-
ded to deliveries after 1975 and the prices were un-
attractively high.

FINANCING

Another aspect of the market is treated in the report
from UK, by C K Young, calling attention to the im-
portance of financing. In the early development of
nuclear power this was no problem for governmental
organizations which regarded the cost of money as
almost irrelevant. Now the nuclear business is becoming
less dominated by governments and more commercial,
and the nuclear industry will have to raise money on
commercial terms. Ycung recommends therefore the
advice of expert bankers.

Some European bankers are seriously considering the
possibility of purchasing uranium directly from the
uranium producer, financing those quantities until the
reactor becomes critical and accepting regular pay-
ments from the utility, linked to the reactor's output.
With the great number of independent producers and
buyers of uranium, there could be a case for a uranium
bank, which could be informed of quantities of
uranium available for sale or borrowing. The bank
would in turn then advise the various potential borrowers
or buyers. If material was lent to a utility a calculated
sum, based on interest rates, period of loan and estima-
ted value of the material would be payable per Ib UßOg.
Such arrangements could be valuable in cases of delays
of plants, strikes etc.
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Enriched Uranium

Rapporteur M Mârtensson
AB Atomenerg/, Sweden

The session on »Enriched Uranium» has received re-
ports from France, Germany (Fed. Rep. of Germany),
Italy, Spain, Sweden, Switzerland and the UK. The
French report consists of a detailed description of
the gaseous diffusion and centrifuge processes, com-
parisons of the economics of these two processes
and an eximination of the various teclmical, financi-
al and political problems involved in the design and
construction of an enrichment plant. The German
report contains information on the nozzle and cen-
trifuge processes, estimates of the future demand
for separative work in the Federal Republic of
Germany and actual plans for the future supply of
separative v/ork. The Italian report is a survey of
the present activities in Italy in the field of ura-
nium enrichment. The British report gives an
account of the development of diffusion plant
and centrifuge development in the UK and com-
pares these two processes. The remaining reports
are in general restricted to surveys of national ieac-
tor programmes and the situation as regards de-
mand and supply of enriched uranium and do not
contain any information on particular enrichment
processes.

In this general report Hw contributions from the
various countries are summarized. Owing to the
great differences in scope and content among the
various national reports the general report has had
to be based in the first place upon a few of these
reports, in particular the French and British ones.

In addition the general report contains a few parts
which are not included in the national reports.
These parts are of an introductory nature and serve
to complement the information given in the national
reports.

1. INTRODUCTION

Three different methods for uranium enrichment are
considered in the present European discussion:
(1) gaseous diffusion; (2) gas centrifuges; and (3)
nozzle separation. Although these methods are based
upon different principles they have a great deal in
common. In all of them, gaseous uranium hexafluo-
ride is utilized as the working msdium. This means
that the three methods are similarly dependent on
the specific chemical and physical properties of this
gas, e g its corrosiveness and instability in wet envi-
ronment as well as its thermodynamic properties.

All three methods are further distinguished by the
same customa. y difficulties which are, in general,

characteristic of all isotope separation. These diffi-
culties result from the basic fact that one single sepa-
rative unit (or »element») is not sufficient to do the
total work of a whole industrial enrichment plant.
The reason is, in the first place, that one elementary
process cannot produce the large change in isotopic
abundance desired. To reach a final result of practi-
cal importance the elementary process must therefore
be multiplied. Or, in the language of the separation
theory: a number of »stages» must be connected in
series to form a »cascade».

The inability of the single separative unit to accomp-
lish the total duty of a separation plant can, in the
second place, result from its limited capacity, when
this is the case several separative units must be connec-
ted in parallel to make up one stage before the stages
can be connected to a cascade.

These distinctions are best illustrated by cerrraring
the basic features of a gaseous d;Tusicm cascade with a
cascade of centrifuges. In gaseous diffusion each stage
essentially consists of one separative unit made up of
a number of components with different functions
(e g the compressor, the diffuser and the heat exchanger,
cf below). The size of these components can be varied
within wide limits. The upper size limit of a gaseous
diffusion stage will accordingly be determined by the
upper technical and economic size of its components.

lhus we can see that for a gaseous diffusion cascade
the terms »separative unit» (or »element») and »stage»
n:ean the same thing. This is not the case in a centri-
fuge cascade. A gas centrifuge is a typical example of a
separating element consisting essentially of a single
apparatus with a clearly defined function. Although
the capacity of the centrifuge can be varied, the range
of variation is narrow and scope for improvement
limited by the physical principles involved. Thus,
since the capacity of a single centrifuge is small, seve-
ral centrifuges must be connected in parallel to get a
separation stage large enough for r radical purposes.
On the other hand, this stage w<1' produce a much
greater separation than does a gaseous diffusion stage.
This will be illustrated below by means of a few examples.

1.1 Basic equations of isotope separation

We have used the terms »separation» and »capacity» in
a general sense to express the efficiency and the size,
respectively, of a separating element or a stage. In the
separation therory the change in isotopic abundance
produced by a separating element is quantitatively ex-
pressed by means of the separation factor a defined as

NV(I-N')
N/d-N) (D



In Eq Í, N is the light isotope mole fraction in the
material fed to the separating element or stage and
N" is the light isotope mole fraction in the enriched
stream leaving the element (cf Fig 1).

Enriched
output

0L,li

Depleted output
0-O)L,N"

HGUREl
Scheme of a separating element The amount of material
fed to the element is L and this is divided into two frac-
tions, 0L and (1 - 0)L. When the material flows through
the element its mole fraction is changed from N to N' and
N" in the enriched and depleted fraction, respectively.

Owing to the small separation achieved in each element
a is a factor slightly greater than 1. When a is very
nearly I as is the case in the gaseous diffusion process,
the separation is usually expressed by means of the en-
richment coefficient e defined as

N ' - N
e - e - l - N ( 1 _ N ) ( 2 )

The size of a separating element is expressed in the
separation theory in terms of its production of »se-
parative work» (5U). This quantity is a function of
the separation factor cf the separating element and
the flow rate of material passing through it. For
an element having the separation factor a and opera-
ting on L moles of material we have in general

5U = L- ( q - l ) f i n a
a+1 (3)

An important special case of Eq 3 is obtained for
the infinitesimal case when e <̂  1 (cf Eqs 2)

5U = L-
(4)

The use of Eq 3 and 4 will be illustrated by means
of two numerical examples which apply to cemri
fuges and gaseous diffusion, respectively. In the case
of centrifuges there is a close interrelation between
separation (a) and throughput (L) (i e a decreases
with L, cf 3.1 and Fig 7). For the purpose of illu-
stration the following pair of values may be chosen

o=1.09

L = 10~4 moles/sec = 750 kgs of uranium
per year

Using these values in Eq 3 gives

OU = 2.8 kgs of uranium per year1

In the case of gaseous diffusion the enrichment coeffi-
cient e may be regarded as independent of the through-
put. The output of separative work per stage is there-
fore proportional to the stage flow which can be varied
arbitrarily within wide limits. Taking as typical
examples the following pair of values (cf 2.1 and Fig 3)

e = 0.0017
L = 5-10^ kgs of uranium per year

we get by means of Eq 4

5U = 7200 kgs of uranium per year

These simple examples show that the output of sepa-
rative work from a gaseous diffusion stage of industrial
size is several orders of magnitude greater than the sepa-
rative work that can be performed by a single centri-
fuge.

Separative work is a basic concept in the separation
theory. In particular is »the unit cost of separative work»
- denoted by C& - very often used as a measure of the
economics of a separation process. The significance of
C^ will be clear from the following formula which shows
the total cost of enrichment:

Total cost = F Cp + AU • (5)

As shown by this equation, the total cost of the e.id
product of enrichment is made up of two compo-
nents, the feed cost and the cost of separative work.
The feed cost is obtained as the product of the neces-
sary amount of feed (F) arid the unit cost of feed (Cp).
The cost of separative work is in the same way ob-
tained as the product of the necessary amount of se-
parative work (AU) and the unit cost of separative
work (C^). However, both the amount of feed and the
amount of separative work required to produce a cer-
tain amount of enriched material are defined by the
two parameters Np and 1%, i e the content of uranium-
235 in the end product and in the corresponding waste,
respectively.2

1 Note that the separative work has the same dimension as
flow! The commonly used unit for separative work is kg
uranium per year. When the abbreviation SWU is used, or
when »separative work unit» are mentioned, in general,
this usually implies »kg uranium per year».

2 The amount of feed F necessary to pioc.uce P kgs of uranium
enriched to Np % is

(6)

The amount of separative wo« necessary for the same pro-
duction is (NQ = feed mole fraction)

Np/ (1-Np)

N 0 / ( 1 - N 0 )
N p - N 0 N W / U - N W )

+ P - 2 - (2NW-I)fa .. . . . W te O)

Eq 6 is a consequence of the conrervation of nutter while
Eq 7 is obtained by means of the theory of ideal cascades.
Note that Eq 7 is an expression for the total separation



Hence, it follows tliat once the unit cost of feed and
ihe optimum waste assay are given, the unit cost of
separative work C^ can be used as a basis for compari-
sons among different separation methods and diffe-
rent plant schemes. In particular, the problem of
finding the minimum cost of enrichment is reduced
to the problem of determining the minimum cost
of separative work.

C^ depends on a number of cost factors the influ-
ence of which may vary owing to the method of
enrichment. The two basic cost euments determi-
ning C^ are the investment requirements and the sner-
gy consumption. C^ can be expressed in terms of
these two factors as follows

Using Eq 2 we get trie maximum theoretical enrich-
ment coefficient

en = 0.00429

1000 (9)

In this equation I denotes the specific investment (in
dollars) and W the specific energy consumption (in
kWh). In other words, I is the investment required
for the production of one unit of separative work
and W is the consumption of electricity per unit of
separative work.

a is the fixed charge rate in per cent. Thus, a is basi-
cally dependent on the rules of financing, i e the
rate of interest and the time of depreciation. How-
ever, a also includes charges for maintenance and
labor which may be regarded as fixed costs propor-
tional to plant investment, e denotes the unit cost of
electricity in mills/kWh. Examples of the use of Eq 9
will be given below.

2. GASEOUS DIFFUSION

2.1 General principies

The gaseous diffusion process is based on the diffe-
rence in the rates of diffusion of uranium-235 hexa-
fluoride and uranium-238 hexafluoride through
porous barriers. Since the average velocities of gas
molecules are determined by their masses the sepa-
ration depends on the difference in mass of the iso-
topes. The maximum theoretical separation factor
a0 is equal to the square root of the ratio of the
masses

/ M U238 F ( 5
-= 1.00429 (10)

work (AU) of a plant producing P kgs of uranium enriched
to Np % uranium-235 while Eqs 3 and 4 are expressions
for the separative work (5U) produced by a single separa-
ting element. Thus, the total number of element required
for a certain enrichment purpose can be written

AU

The use of Eqs 6 and 7 may be illustrated by the following
example which applies to an enrichment plant producing
2000 tons uranium per year enriched to 3% uranium-235.
Assuming the waste assay N w = 0,27% uranium-235,
Eq 6 gives the necessary feed, F = 12000 tons of uranium
per year, while Eq 7 gives the necessary amount of separa-
tive wo*, AU = 7,3 • 106 kgs of uranium per year.

(10

In practice the enrichment coefficient is reduced from
this value by a number of factors depending on the pro-
perties of die barriers, the operation condition of the
stage and the arrangement of stages into a cascade3.

The most important factors determining the real en-
richment coefficient are the mean pore radius (r) of
the barrier and the operating pressures of the stage,
i e the pressure before diffusion (the »fore pressure»
Pl) and after diffusion (the »back pressure» P2). r,
Pl and P2 also determine the permeability of the
barrier which is another parameter of basic impor-
tance.

Basically, the gaseous diffusion process consists of a
gas compression step and a gas diffusion step. To a
greater or lesser degree all the components making up
the stage serve tc fulfill one of these two functions.
The compressor ii, used to compress the UFg gas that
has diffused through the barriers in one stage so it can
be fed to t>e ditfuser in the next stage. The heat ex-
changer is a .iecf ssary complement to the compressor
because gas compression unavoidably generates heat
of compression which must be removed at each stage.

The diffuser L the container in which the barrier ma-
terial is arranged. This is done in such a fashion that
the diffused stream and the stream that has not dif-
fused are kept separate. The pipes connecting the
stage components and the stages with one another are
accordingly of two kinds inasmuch as the}' carry gas
streams at two different pressures.

The magnitude of the volumetric flow in these two
stieams is determined by the pressures pi and P2- The
size of equipment operating o.i thiise streams is there-
fore basically dependent on pi and P2- In addition,
the work of compression perfoimed by the compressor
2nd the heat of compression which must be removed
by the heat exchanger are determined by the ratio of pi
to P2- Finally, as already pointed out: both the enrich-
ment coefficient and the permeability of the barrier
are dependent on p] and P2- Hence it follows that p]
and P2 are parameters of fundamental importance
not only to the size and cost of the different compo-
nents but also to the energy requirements of the pro-
cess. However, the demands made upon these parame-
ters in respect of process economy are conflicting,
which means that their optimum values must be settled
by compromise.

Usually the stages are arranged in such a way that tlie
stage feed divides into two nearly equal fractions (i e
the cut 6 is equal to 1/2. Cf Fig 1). The emiched
(diffused) fraction is fed into the next stage of the
cascade while the depleted fraction is »circulated tc the
preceding stage. When this kind of cascade arrangement
is UKd the enrichment coefficient is reduced as z conse-
quence of the conservation of mstter by the factor
Sn 2 = 0.693. This means, in fact, that the theoretical
upper limit of the enrichment coefficient is reduced from
0.00429to0.00429-Sn I = 0.00297.
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HGURE2

Schematic representation of the gaseous diffusion process. The left figure shows the principel elements of three separate stages and
their interconnection. The right figure shows in great simplification the diffuser arrangement and tlie mass balance in i t (Only one
barrier tube is shown for the sake of simplicity.)

For example, in order to attain as high an enrichment
coefficient as possible it would be desirable to reduce
both pj and P2 indefinitely. But evidently this cannot
be done because it would lead to an enormous increase
in the size of components depending on the volumetric
flow (e g pipes, valves, the compressor). In addition the
permeability would decrease indefinitely which would
have absurd consequences as regards *he size a ̂ d cost
of components depending on the barrier surface area
(diffuse/, cascade structure, buildings etc). Hence it is
evident that one must sacrifice the efficiency of en-
richment to a degree that is compatible with the requi-
rements of technical feasibility and optimum condi-
tions of economy.

This complicated optimum problem depends primarily
on the actual properties of the barriers. Generally, it
is desireable to reduce the mean pore radius (r) and
the thickness (S) of the barrier as much as possible ta-
king into account the limitations set by the procedure
of manufacture, the strength of materials, corrosion
problems etc, A reduction of r permits the fore pressure
Pl (and consequently the back pressure P2 as well) to
be increased correspondingly because it is the product
rpj that matters with regard to the enrichment coeffi-
cient 6. Thus, as a principle, a reduction of r makes
it possible ro reduce the size Gf equipment but still
maintain a high e value.

The lowest practically attainable limit for r is not
known. However, the practical limit is likely to be
found in the range from 50 to 100 Ângstrom-units
(5 to 10 ny/). The corresponding optimum values of
P] and P2 depend on a great number of factors (in
particular cost factors4) and can not therefore be

4 The barrier thickness itan also a determinative influ-
ence on the optimum vatae cf pj (and P2>. A decrease
of fi means a considerable increase of the optimum
value of p j . Since Lhe technical limit of £ is hard to pre-
dict all estimates cf pj and P2 are of necessity uncertain.

exactly assessed. A few published literature figures
indicate values of pj considerably below the atmos-
pheric pressure. However, in all probability, the con-
tinued development of the barrier technology to-
wards smaller pore sizes will tend to increase pj , may
be to the immediate vicinity of, or even above, the
atmospheric pressure.

The following examples may give an idea of the scale
of production involved in large-scale gaseous diffusion.
According to current thinking, a common European
enrichment plant must have a production capacity
of 6 to 8 million separative work units in order to meat
projected European demand. Assuming that this plant
will produce uranium enriched to 3% uranium-235,
one can estimate that the plant will have about 1100
to 1200 stages. Thus it follows that the separative •
work production per stage will be at least SOOO units
provided that the plant is constructed with all the
stages of identical size (i e as a »square cascade», cf
Fig 3). However, fiom the economic point of view, it
may be advantageous to construct a large plant of this
nature with two or three different stage sizes (i e as a
»squared-off cascade»). This means that the largest stage
required will be still larger than the stage size when the
plant is constructed as a single square cascade. Taking
these facts into account one can estimate that the lar-
gest stage size in a plant having a total output of 6 to
8 millions of separative work units will amount to
10000 units.

Now, using this result, we calculate the total rate of
flow (L) in a stage producing 10000 units of separative
work by means of Eq 4

L =
2 SU 2 - 10000

= 7 - 1 0 * tons of
(0.0017/

uranium per year = 330 kgs UFg per second.
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FIGURE 3

Example of illustration showing a »square cascade» and two different wquared-off cascades» designed for the production of 2000 tons
cf uranium per yen enriched to 3% uranium-235.
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In this calculation the enrichment coefficient e is
supposed to be 0.0C17, which is a round figure chosen
for illustration. It can be seen that a production of
10000 separative work units per stage requires that
about 330 kgs of UFg is converted by the stage per
second. However, when the normal stage intercon-
nection is used, only half of the total stage flow
diffuses through the barriers. This means as a prin-
ciple that only half of the flow, as well, must be
compressed by the compressor from the pressure
P2 to p j . Thus, in our example the compressor
flow will be about 165 kgs of UFg per second.

To get an idea of the gas volumes involved in the
stage circulation we need an estimate of p j and P2-
We have concluded above that the fore pressure pj
is likely to approach or even exceed the atmospheric
pressure provided sufficiently efficient barriers can
be produced. For the purpose of illustration iet us
assume that P1 = 600 mm Hg. Then, assuming a
pressure ratio pj/p2 equal to 4 — which is a reaso-
nable value from several points of view — we get P2
= 150 mm Hg. Starting from these values we can
calculate the volumetric flow of the diffused stream
and the undifiused stream, respectively, by means of
the ideal gas law:

Diffused stream
volumetric flow = 68 m3/sec (p2 = 150 mm Hg)

Undiffused stream
volumetric flow = 17 m3/sec (pi = 600 mm Hg)

"Tiese figures give an idea of the magnitude of the
gas volumes that must be dealt with in each stage.
For example, pipes and valves must be dimensioned
so as to meet these flow specifications and the com-
pressor designed taking into account the volumetric
flow of the diffused stream.

2.2 Industrial problems

The industrial problems involved in large-scale gas-
eous diffusion are treated in the French, British and
Italian reports. The following paragraphs are based
upon information given in the national reports.

2.2.1 The French situation

In the French report four different industrial aspects
of gaseous diffusion are considered: (1) barriers;
(2) compressors; (3) pilot plant experience in France;
and (4) Pierrelatte experience.

Barriers

Barrier development studies have been carried on in
France since 1952 and industrial production of
barriers started in 1961. The French report points out
that the main problems in barrier manufacture arise
from the simultaneous requirements of large-scale pro-
duction and high quality, in particular as regards puri-
ty and homogeneity. To attain the very high purity
required (99.98%) special precautions have to be
taken at every stage of production (grinding, mixing,
baking etc) in order to avoid any possibility of pollu-
tion. The quality control is msde in France by check-
ing each barrier individually for geometry and porosi-

ty defects. In addition, 1% of the production is with-
drawn for a statistical test on permeability, porosity,
pore spectrum, mechanical strength, roughness,
purity etc.

These measures of precaution have gone far towards
ensuring excellent reliability. This is illustrated by the
fact that, »after eight years operation, the barriers in-
stalled in the Pierelatte plant show no signs either of
drift in permeability and radius of separation, or of
deterioration. The useful life of the barriers appears
to be long enough for them to be classed as primary
capital equipment J>

At present, the barrier development in France aims at
barriers suitable for a civil enrichment plant. »New
geometric, parametric and porosimetric characteris-
tics have been defined and achieved in pilot-scale pro-
duction. — More particular attention is being devo-
ted to the economic aspects of the process, e g choice
of raw materials, development of continuous produc-
tion methods and »liant automation. These problems
should receive satisfactory solutions within the next
two years».

Compressors

The problems in connection with the compressors re-
quired for a large-scale diffusion plant are different
from those of the barriers. In the latter case the pro-
blems arise, initially, f - ^ the requirements of a very
large-scale production under economic conditions. But
these problems are independent of the plant size since
the total amount of barrier material included in one
stage can be varied arbitrarily. Thus, the barrier pro-
blems are essentially the same for a plant of the
Pierrelatte size as for a very large civil plant.

The situation is quite different as regards the compres-
sors because — as is pointed out in the French report —
the flow rates of a large civil plant are such that the
Pierrelatte compressors can not be extrapolated. This
is the reason why research by French industry in the
field of hexafluoride compressors for civil ura-
nium enrichment plants has started and, in fact, has
been going on for several years.

Two different compressor sizes have been considered.
One is suitable for a plant with an output of 1.5 millions
of separative work units, the other is optimised to meet
the specifications of a plant with an output of 6 million
units (or even bigger). The former plant would cover
French requirements of enriched uranium on the basis
of the prospects of the French energy programme over
a given period while the latter plant would correspond
to projected European demand. A prototype of the
smaller size has been, tested since September 1969 in
the hexafluoride testing circuits installed at Pierrelatte.

One of the purposes of these studies is to demonstra-
te the feasibility of machines which can be adapted
to different types of driving mechanism, viz both
electric motors and turbines. The latter method
affords an additional degree of freedom in the opti-
mization of the compressor since it makes it possible
to choose the rotation speed that is best suited to the
aerodynamics involved. Other improvements being
researched in France are systems of compressor; com-
bined on a single shaft, and methods of reducing the
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energy consumption by means of energy recovery
using secondary heat transfer fluids.

An important detail of the compressor is the seal
system. The purpose of the seals is to prevent air in-
gress into the closed cascade circuits, which would
lead to decomposition of UFg. The compressor seals
are important components which, to a great extent,
determine the reliability of a gaseous diffusion plant
and the cost of purification auxiliaries.

The seal system developed in France is based upon
nitrogen as buffer between two seals which are de-
signed as interchangeable units:

(i) a dry seal to prevent nitrogen-UFg
contamination

(ii) a wet seal designed to isolate the nitrogen
from air

The Pierrelatfe experience — with over 1000 com-
pressors running continuously since 1964 — shows
th2t seals of this type have a life of 25000 to 45000
hours. Unlike the compressors themselves, the adap-
tation of these seals to a civil plant will not meet
with any major difficulties.

Two prototypes of the above-mentioned compressor
for use in a 6 million separative work units plant are
now being built in France. These machines are multi-
stage axial compressors designed so as to allow dis-
mantling of the motor and replacement of the seal
without removing the compressor from the UFg
circuit. Besides its main duty to compress the
diffused flow, this compressor also takes up the un-
diffused flew — which is subject to a minor pressure
decrease due to pressure losses - and «compresses
it by means of a special compression stage within
the compressor itself.

It is concluded in the French report that »industrial
production of 1000 or 2000 of these machines will,
in view of the time allotted, involve a number of
industrial concerns. Such production will, however,
be possible with conventional machine tools and
not involve any exotic techniques».

Pilot Plant Experience

A great number of pilot studies for different purposes
have been performed in France. The apparatus used
for these studies includes laboratory rigs working
with UFg (to test the barriers individually),* experi-
mental pilot cascades called »characteristics pilots» or
»PC's» (to measure the barrier properties, e g corro-
sion, mechanical strength, aerodynamic efficiency
and enrichment); industrial-scale pilot cascades with
12 to 16 stages called »process pilots» or »PP's» (to
study the process characteristics and control me-
thods); various faculties for industrial-scale testing
and determination of the endurance performance
of the main plant systems (e g heat exchangers,
valves and compressor seals); and full-scale pilot
stages essentially consisting of a compressor and a
diffuser which are operated either separately or
coupled in order Io measure their characteristics
and check their reliability.

For example, the first installation of the PC type of
pilot plant was brought into service already in 1958
(PCl). It was followed by new installations with in-

creasingly stringent specifications in 1959,1961 and
1963 (PC2, PC3 jm<l PC4). In 1966, the development
studies concerned with a European civil plant called
for an extremely efficient <> id flexible installation
which was ready for service in June 1968 (PCS).
This pilot will be supplemented at the end of 1970
by the PC6 facility which will operate over a very
wide range of temperature and pressure.

Pierrelatte experience

The Pierrelatte plant has been in full operation since
1967. Some sections of the plant were brought into
service as early as 1964.

The French report says that »Pierrelatte's low-capacity
stages and its somewhat obsolete -jchnology are not
directly transposable to a much bigger plant but the
vast experience gained can very largely be applied to
the construction of a new plant, i e:

(i) experience of barriers, relevant materials,
production methods, separation perfor-
mance and life expectancy;

(ii) experience of compressors, aerodynamics
and seals;

(iii) experience of UFg, including handling,
and other fluorinated materials;

(iv) experience of plant construction technolo-
gy (materials, valves, joints);

(v) experience of construction methods (clea-
ning, vacuum, assembly, etc);

(vi) experience of auxiliaries (traps, purges);
(vii) experience of major process problems

(control, testing, electrical stability);
(viii) operational experience of automation and

control;
(ix) experience of maintenance and, particu-

larly, materials reliabilityJ>

2.2.2 The Italian situation

Until 1967 uranium enrichment in Italy was dealt with
only in a few theoretical studies and by limited basic
research. In 1967 and early in 1968 an extensive re-
search and development programme was launched as
a joint venture of CNEN and Italian industry. This pro-
gramme will be carried out in two main fields: gaseous
diffusion and gas centrifuges. In the following para-
graphs the activities of CNEN and Italian industry, in
the field of gaseous diffusion, are summarized.

Activities of CNEN

The CNEN activities include basic theoretical studies
and the development of methods and equipment for
testing barriers, materials and components. Computer
programmes, for examples, have been developed for
cascade optimization. The barrier tests are, at present,
performed either by means of inert gases (separation)
or UFg (corrosion). However, a three stage pilot plant
is being developed for the determination of separa-
tion characteristics of barriers which are exposed
to UFg.

The UFg corrosion studies on materials are made by
means of both static and dynamic methods. Finally,
as regards the test of prototype components such as
compressors, valves and heat exchangers — which are
now being developed by the industry (cf below) —
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a te it loop for this purpose has been developed by
CNEN.

Industrial activities

CNEN has signed contracts with major industries in
Italy for research and development in the Held of
uranium enrichment. As regards gaseous diffusion,
these contracts cover five main items: compressor de-
velopment, barrier development, valve development,
heat exchanger development and studies on gaseous
diffusion plant layout.

The compressor studies are made for compressors
with capacities between 20 and 100 kg UFg/sec and
include aerodynamic studies on different alternative
solutions (viz subsonic, transsonic and supersonic).
The preference has been given to a multistage axial
compressor with some stages operating under trans-
sonic conditions. The first prototype — equipped
with nitrogen gas seals — will be built for a rating of
40 kg UFg/sec.

The barrier development studies aim at the produc-
tion of barriers made of sintered nickel and aluminia.
A process has been developed for the production of
superfine nickel powder by decomposition of organo
metallic compounds. A number of manufacturing
techniques have been investigated for the produc-
tion of aluminia powder. Samples of each of the two
types of barrier are continuously tested in the CNEN
laboratories.

The valve and heat exchanger development aims in
the first stage at the construction of prototypes for
subsequent tests in the CNEN test loop. The studies
on gaseous diffusion plant layout, finally, have the
object in view of optimizing the dimensions of com-
ponents for a gaseous diffusion stage, in particular
with regard to problems cf coordination and total
plant layout.

2.2.3 The British situation

As is well known the UK has long experience in the
field of gaseous diffusion. Unfortunately, the British
report does not go into so much detail as the French

one with the regard to the industrial problems of the
process. On the other hand, the British report provides
a very interesting analysis of the development of the
gaseous diffusion method in the UK. The following
passage is a digest of the corresponding part in the
British report.

The development of the gaseous diffusion method
began in the UK as early as 1940 and British informa-
tion was given to the Americans shortly afterwards
to help advance the Manhattan project of World War
II. Although for a time, the two countries collabora-
ted, this situation later ceased so that the UK had
to undertake its own engineering development when
a post-war decisions was made to provide British
atomic weapons.

»Limitations of technology in the early fifties and
the urgent military programme, which demanded
speed in the development and building of the diffusion
plant even at the expense of high running costs there-
after, left their mark on the plant design», says the
English report. The use, for example, of a single com-
pressor per stags to pump the inflowing gas from
adjacent stages was adopted instead of separate com-
pressors for light and heavy fraction flows or a dual-
entry compressor for both types of flow. The specific
energy consumption in the British plant was therefore
much greater than that of the big US plants.

In 1960 work was started at Capenhurst on the develop-
ment of a modification for the largest stages of the
military diffusion plant to increase their output and
improve their-economy. At the end of 1962, production
for the UK military stockpile ceased, and the plant be-
came available for civil use. In 1965 the government
authorized the modifications to improve plant econo-
mics and plant capacity for civil production.

These modifications, essentially, involved adapting the
compressor, which had previously pumped the whole
gas flow into the diffuser, to pump only the diffused
flow from one stage to the stage above, while a new
compressor was provided to pump the undiftused flew
to the stage below (Fig 4).

Valve

Light
fraction

Compressor

fa) Earl/ (b) Modified
HGURE4

Showing early and (r.odified compressor location according to the English report
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A new pressure control system, new barriers and new
process gas pipes and valves were also required while
the electrical system and the instruments were altered.
The modified stages fitted into the same space as
their predecessors and have doubled the separative
work production for a modest increase in power con-
sumption.

Development of a still larger stage design, including
a new large throughput compressor, started in 1965
to provide for future expansion of the Capenhurst
plant. This was to be achieved by connecting a bark
of the new stages in the middle of what was previc us-
Iy the biggest section, thus preserving the required
double taper of the cascade as shown in Fig 5.

Tails Product

TaNs Feed Product

FIGURE 5

Addition of high capacity stages according to the English report.

In conclusion the British report says that »detailed
plans were prepared for inserting hundreds of stages
into the plant. It proved possible to locate them in
existing plant areas which would be cleared of
smaller stages no longer required in the cascade. How-
ever, we have not proceeded with the construction
cf this additional plant because of the greater advan-
tages which development in the last few years has in-
dicated for the centrifuge».

3.GASCENTmFUGES

3.1 General principles

A gas centrifuge consists, basically, of a hollow cylin-
der containing a gas rotating at high speed. In the
intense centrifugal field produced in this way the

g<*> distributes itself so that the pressure and density
are greater near the periphery than at the centre. As
this distribution depends on the molecular weight,
it follows that If an isotopic gas mixture is present, the
concentration of one isotope in relation to the other
will be different at the centre than near the wall.

Unlike most other separation methods, centrifuge se-
paration depends on the difference of the masses and
not on the ratio of masses of the two isotopes. Thus,
the simple-process factor of centrifugal separation can
be written

[(M2-M1)(^r2)2 1
2RT J

where M2 and M1 are the molecular weights of the
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two components, rç is the radius of the centrifuge ro-
tor and co the angular velocity of rotation. Obviousiy,
the term o> rç is equal to the linear velocity of the
cylinder wall (v).

a0 is the separation obtained in a simple »flow-through

centrifuge» (or concurrent centrifuge) where a single
stream of a gas is fed to one end of the rotor and two
streams are taken off at the other end, one from the
periphery and the other near the axis. This method
produces a relatively small change in concentration
per machine.

Feed line

Product line

Waste line

HGURE6

The countetcunent centrifuge

A considerable increase in the separation can be achie-
ved by means of a countercurrent flow circulation
within the centrifuge. This method — which is based
upon principles similar to other countercurrent pro-
cesses such as fractional distillation and thermal-
diffusion separation — is illustrated by Fig 6. In this
figure, note in particular how the fresh, unseparated
gas is fed to the centrifuge through a central tube and
how the enriched and depleted fractions are extrac-
ted from the top and bottom of the rotor.

The countercurrent centrifuge has the property of
multiplying the simple-process factor many times

in one unit. As a result of the countercurrent flow, a
concentration gradient is established in the direction
of flow. This gradient depends on the rotor length L
and diameter d. The change in isotopic abundance ob-
tained between the enriched and depleted fraction is
given theoretically by (cf Fig l ) s

Note that the definition of the separation factor A is
different from that of the separation factor a (Eq 1).
It is readily seen, however, that A is equal to the square
of a when the separation is symmetric.
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A=
N ' / ( I - N ' )
N" /(I - N " )

= exp

k denotes a factor less than one whose exact magni-
tude depends on the net flow rate through the centri-
fuge. This factor is at a maximum when the flow rate
is zero, i e when the centrifuge operates at total re-
flux. In practice a finite flow rate is, of course, requi-
red, and this reduces the value of k (cf Fig 7).

Separation factor A
1.6,

5 0 0 1000 1500
Feed rate kg U/year

Separative work kg U/year

O 500 1000 1500
Feed rate kg U/year

FIGURE 7
Diagrams showing the dependence of the separation factor
(cf Eq 13) and the separative work production (cf Eq 3)
on the net flow rate through the centrifuge. (Rotorlength
= 1 m. Peripheral velocity = 400 m/sec).

A key formula in the centrifuge theory is shown below

(14)

where p is the density and D the diffusion coeffici-
ent in the gas. Eq 14 is the well known expression for
the maximum amount of separative work that can be
performed by a centrifuge. The equation shows that
5U1 1 1 3 x depends on the peripheral velocity of the
fourth power and is proportional to the length. But
for a given peripheral velocity, the equation shows
that the separation is independent of the rotor radius.

Eq 14 is often used as a means of arriving at prelimi-
nary estimates and is, in fact, very convenient for
this purpose. It must, however, be remembered

that the equation is formulated on the basis of ideal
assumptions which are not completely valid for real
centrifuges. In particular, the dependence of the se-
parative work on the peripheral speed is considerably
less than is reflected in the fourth power relation of
Eq 14. However, by introducing an efficiency factor
it is possible to take account of the departure of real
centrifuges from the ideal behavior:

max (15)

This efficiency factor, which is itself velocity depen-
dent reduces the ideal fourth power dependence of
the separative work considerably. But, as is shown
schematically by Fig 8, velocity is still an important
parameter which :s, to a great extent, decisive of the
real output of separative work.

it is, therefore, desirable to increase the peri-
pheral speed as much as possible, this gives rise to
stresses in the rotor wall. Such stresses are of magni-
tude />v2 where p is the density of the rotor material
and v the peripheral speed. Since the stresses cannot
be permitted to exceed the tensile strength μ of the •
rotor material, one gets the condition

pv2 <

or V < \/Z
(16)

which means, simply, that it is the raiio of tensile
strength to density — and not solely the tensile strength
— that determines the maximum speed allowed.

Units of separative work
10

3 0 0 400 500
Peripheral velocity, m/sec

HGURES

Showing schematically the dependence of 5U m a v (Eq 14) and
<5urca] (Eq IS) on the peripheral velocity (Rotorlength = 1 m).
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Another factor which may limit the peripheral speed
must also be taken into account. Owing to the centri-
fugal field a pressure gradient is produced in the ra-
dial direction of the centrifuge. The variation of
pressure depends en the molecular weight of the gas
and the peripheral velocity. For a heavy gas like UFO,
the pressure ratios which develop across the centri-
fuge as the velocity increases become enormous. But
in practice, a limit of the pressure ratio is set by the
simultaneous requirements that the pressure cannot
exceed a certain maximum value, on one hand, and
not be below a certain minimum value on the other.

The maximum pressure — i e the pressure obtained
at the wall of the rotor - is defined by the limit
pressure where gaseous UFg condenses to a solid or
liquid condition. As is well known, UFg is relatively
easy to condense. At SO0C, for example, the equili-
brium pressure is 520 mm Hg, i e still below atmos-
pheric pressure. Although the equilibrium pressure
increases rapidly with temperature there will always
be a defined upper limit of pressure which cannot be
exceeded.

The minimum pressure occurs at the centre of the
centrifuge, i e where the feed is introduced (cf Fig 6).
We have seen above that a certain feed rate is required
to obtain the desired output of separative work (Fig 7).
But it is evident that the lower the feed pressure,
the more difficult it will be to introduce the feed at
a given rate. These fundamental difficulties can be
counteracted by different constructional methods
but the problems involved will be increasingly hard
to solve as the peripheral velocity increases.

- A closer examination shows that the problems associ-
ated with strong pressure gradients appear at about
the same velocity as when the problems of strength
become critical. The practical consequence of this
coincidence of mechanical and aerodynamical diffi-
culties is of course that the optimum peripheral ve-
locity must be chosen not only with regard to mate-
rial considerations but also in a way that adequate
conditions of UFg circulation are maintained.

Having optimized the peripheral speed it remains to
chorise the optimum length of the centrifuge rotor.
Th,- direct advantage obtained by increasing the
length is of course that the separative work output
per machine will be greater (Eq ' 4). But at the same
time there /ill also be a reduction in complexity and
cost of the interconnecting pipework and other pro-
cess service installations which depend on the num-
ber of separate centrifuges. If, on the other hand,
the length of the rotor is increased it is, in general,
also necessary to increase its diameter so that the
elastic vibrations that occur at certain critical speed
values can be prevented. Since these critical speeds
depend upon the ratio of length to diameter it is in
theory possible to avoid them by increasing the dia-
meter in proportion to the length. But this means an
increasing weight per centrifuge - i e increasing costs
of material — and also that the bearing pioblem be-
comes more difficult. Thus: evidently there is a parti-

cular size of machine that gives a minimum total spe-
cific cost of the plant.

This optimum problem is rather complicated and de-
pends on a number of factors of an indeterminate
nature. On the basis of general considerations it is
however reasonable to assume that the optimum
length is in the order of one meter. One can estimate
that for a centrifuge of the length 1.0 nwter the out-
put of separative work is in the range from 2 to 4
units depending on the peripheral velocity (cf Fig 8).
It is thus evident that a centrifuge plant of industrial
size will require a very great number of machines.
For example, for the above-mentioned European en-
richment plant with an output of 8 millions of sepa-
rative work units the total number of centrifuges (of
the length 1.0 meter) would be between 2 and 4
millions.

3.2 The development of centrifuge methods in
different countries

Centrifuge methods are dealt with in the French,
Italian, German and British reports. The following
summaries are based upon information given in these
reports.

3.2.1 France

The French report points out that three main factors
art decisive of the economics of the centrifuge process:

(i) separative work output per centrifuge;
(ii) specific energy consumption;
(iii) reliability and cost of machines.

Thr separative work is, in turn, determined by the
peripheral speed, the rotor length and the separation
efficiency (cf 3.1). In discussing these factors, the
French report says that »the maximum speed obtain-
able is determined by the choice of the material used
for the bowl. Thus, light alloys mean speeds of only
some 320 rr./sec and, in addition, our experience is
that subsf uitial cold flow occurs after a few thousand
hours' rotation. Special steels enable speeds of 400 to
450 m/sec to be achieved. Finally, certain composite
materials afford even higher speeds and have the further
advantage that the risks involved are lower than with
metals should a failure occur. This finding is based on
tests carried out at 500 m/sec. Hence, while there is no
major difficulty in achieving high speeds, it is necessary
to choose the most economic speed with regard to the
cost of material and the overall design of the machine,
particularly thermal and UFg circulation considerations».

The specific energy consumption depends on the bea-
rings employed. The bearings are also of vital impor-
tance to the reliability of the machine. Certain types
of gas or oil hydrostatic bearings have virtually unlimi-
ted life but must be rule 1 out because of unacceptably
high energy consumption. »Fortunately, system exists
which feature lower energy requirements and can
nevertheless be permanently adopted to give satisfac-
tory endurance. Their experimentally determined spe-
cific consumption lies between 500 and 800 kWh per
unit of separative work», it is stated in the French report.

The cost of the machines depends on their complexity
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and ;he materials used. Construction of a multinatio-
nal plant incorporating one million machines will re-
quire that provisions are made for special shops to
machine, assemble, equip and test the centrifuges
and in particular to balance the rotor. The French
studies show that the cost of material is preponde-
rant in the total cost, followed by the costs of depre-
ciation of machin» tools and production shops,
while the cost of machining and assembling is very low.
»Hence it is clearly preferable to design light machi-
nes and employ only inexpensive materials except
where a few vital components are concerned».

3.2.2 Italy

As in the case of gaseous diffusion (cf 2.2.2), the
Italian research and development studies on centri-
fuges are carried out in co-operation between CNEN
and industry. This programme includes basic research
as regards mechanical design and the contraction of
centrifuges using both metal and nonmetailic materi-
als for the rotor; development of techniques for the
experimental determination of fundamental physical
parameters; studies of problems in connection with
rotor imbalance in the subcritical and supercritical
ranges of operation; development of electric drives
both of a variable-speed type (for the driving of the
first prototype centrifuges) and a constant-speed
type (for the driving of the more advanced proto-
types); development of fiber material for the rotor,
in particular carbon-fiber reinforced resins; and theo-
retical studies on basic problems of centrifugation
(e g concerning the dynamic behavior of the rotor,
stress distribution in the rotor and the properties of
the axial countercurrent flow profile etc).

These tasks have been entrusted to industry while
CNEN, itself, undertakes to design and construct a
loop for UFg experimentation on the prototype ro-
tors. Additionally CNEN will make the basic tests of
the prototypes, e g to determine their mechanical pro-
perties and separation characteristics. It is expected
that this prototype testing will be completed in 1971
so that a start can be made in 1972 on work of a
more industrial nature.

3.2.3 Federal Republic of Germany

The German report does not contain any information
on the technical or economic details of the centrifuge
method but gives a general survey of the history of
the work on centrifuges in Germany. The report says
that work on centrifuges as a means of enriching ura-
nium has been pursued in the laboratories at Mich
since 1961 and in several industrial companies. This
work has reached a state where industrial exploitation
seems possible. Two industrial groups have therefore
been formed, viz »Gesellschaft für nukleare Verfahrens-
technik mbH (GnV), Bensberg» for the design and
supply of centrifuge enrichment plants and the asso-
ciated research and development and »URANIT,
Uran-Isotopentrennungs-Gesellschaft mbH, Jiilich»
for the purpose of operating plants and carrying out
any necessary, associated development work. These
companies will be shareholders in the two trilateral
organisations »Prime Contractor» and »Enrichment
Organisation» (cf 3.2.5).

In conclusion, centrifuge development in Germany is
said to be pursued with the object of making sufficient
progress to enable major commercially competitive
plants to be installed from the middle of the seventies.

3.2.4 United Kingdom

The British report, too, is rather meager as regards
the technical details of the centrifuge process but
gives a historical survey of the development in the
UK. In fact, interest in the centrifuge process hai been
shown in the UK since virtually the earliest days of
diffusion process development. A centrifuge project
carried out during the late forties and early fifties was
abandoned when it became clear that the machines
under development could not compete with the dif-
fusion process. In the late fifties, work was restarted,
and in the ensuing period of more than ten years, pro-
gress has been steady, particularly in the development
of machines.

»For many years the work had the status of a research
project since preliminary studies suggested that coses
would be too uncertain and possibly too.high to allow
competition with the better understood diffusion pro-
cess. In 1967 and 1968, however, fresh studies indica-
ted that larger plants than had been considered up to
then had lower specific capital costs; improved detail
design and a close investigation of manufacturing me-
thods for centrifuges showed that they could be sub-
stantially cheapened; and the progress of life tests
seemed to imply that machine life might be greater
than previously been assumed. These advances led us
to view the centrifuge as a serious rival to the diffusion
plant in the UK programme. Development efforts on
the centrifuge in the Netherlands and in West Germany
were at the same time leading them to similar conclu-
sions».

In addition, the British report contains information
about the trilateral agreement between Germany, the
Netherlands and the UK. This question is also dealt
with in the German report. The following su.tunary is
based on information given in both reports.

3.2.5 Trilateral centrifuge project

The UK, the Federal Republic of Germany and the
Netherlands are setting up a tri-national organisation,
comprising separate companies for the development
and construction, and the operation of centrifuge
plants.

According to the British report the participants are
looking for several advantages. Technically, since a!i
three countries have centrifuge development projects
of many years' standing, it is hoped that the best fea-
tures of their machine and plant design can quickly be
combined to give a »tri-national» design superior to
i.ny single national design.

Commercially it is hoped that the bigger and more
widely based organisation and a competitive price for
separative work will secure a large share of the Euro-
pean market. The faster the capacity grows, the greater
will be the resulting economies of scale in building and
operating the common plants and the larger the cash
flow from which to finance development, it is stated in
the British report.
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The German report states that the trilateral agreement
on collrboration in the development and exploitation
of tin gjs centrifuge process was signed on March 4,
1970. The contract provides for the establishment of
two industrial organisations, the »Prime Contractor»
who will develop and manufacture centrifuges and
other components and will design and construct en-
richment plants; and the »Enrichment Organisation»
which will — through subsidiaries - own and operate
the enrichment plant and sell enrichment services on
a toll enrichment basis. One third of the shares of
both companies will be held by firms of each of the
three countries.

»During the initial programme two enrichment plants
in Capenhurst (Great Britain) and Almelo (Nether-
lands) with a total separative work capacity of 350
tons uranium6 per annum will be constructed, to-
gether with such facilities as may be necessary to pro-
vide centrifuges for that purpose. Both plants will
reach a capacity of 50 tons of separative work during
1972. The 50 tons capacity of the Almelo plant will
consist of 25 tons of Dutch design and 25 tons of Ger-
man design. The expansion of the two plants up to a
total capacity of 350 tons of SWU will be performed
in a way that the capacity of Capenhurst will be at
least 200 tons p a and that of Almelo at least 100
tons p a. The allocation of the remaining 50 tons
will be decided later. One can assume that the total
capacity of 350 ions p a will be reached not later than
1975.

Expansion of the European centrifuge plants there-
after will proceed in accordance with the growth in
the level of demand. It is not possible today to give
any detailed statement on the expansion of the cen-
trifuge enrichment capacity after 1975, since many un-
known parameters would have to be considered.»

4. THENOZZLEPROCESS

Among the three enrichment methods contemplated
in Europe for industrial application the nozzle pro-
cess holds an exceptional position in so far as it is
developed exclusively in Germany. The process is be-
ing developed by Becker at Karlsruhe and has at pre-
sent reached a semi-industrial level of development.
The following description of the process is mainly
extracted from the German report. Some complemen-
tary information — as weli as the figures — have been
borrowed from recent publications by Becker and
collaborators.

In the nozzle process a mixture of about 5 mole%
UFg and 95 mole% He is expanded through a slit-
shaped nozzle into an evacuated volume bounded by
a curved wall (cf Fig 9). The deflection of the jet by
the curved wall causes a spatial separation of the
uranium isotopes in that the heavier one more closer
to the curved wall. After the expansion the stream is
divided into light and heavy fractions which are
pumped off separately. The light helium carrier gas
is for increasing the flew velocity thereby improving
the separation effect. In the practical arrangement
developed by Becker a number of nozzles are dis-

6 i e 350 000 separative work units

posed around the periphery of a tube-shaped separa-
ting element as shown in Fig 10.

For the experimental demonstration of the gas-dyna-
mic stability of a separation nozzle cascade working;
with a He - UFg mixture, a 10-stage pilot plant has
been built at the Karlsruhe centre. This pilot began
to operate at full capacity in November 1967. Based
on the successful operation of the pilot, a full scale
separating stage with a capacity of 1700 separative
work units has been built and is now in the testing
state.

The nozzle process and gaseous diffusion have several
features in common. The general design and function
of the stages are similar in the two processes — with
the notable exception, of course, of" the barriers oi the
gaseous diffusion process which are repkceJ by the
nozzles of the nozzle process. In both processes the
size and cost of equipment as well as the energy con-
sumption are, similarly, dependent on the fore pressure
Pl - i e the pressure before diffusion or expansion
through the nozzle, respectively — and the back pres-
sure P2 (cf Fig 2 with Fig 9). We have seen above that
in gaseous diffusion the optimum values of pj and pj
are ultimately determined by the minimum mean
pcre radius attainable in practice. The optimum condi-
tions of the nozzle process depend in a similar fashion
on the minimum width of the nozzle slit that can be
realized in manufacture on a quantity production basis.

The most up to date analysis of the economical aspects
of the nozzle process - published at the Bunnik Sympo-
sium in May 1969 — shows that for a plant with a net
output of 700 000 separative work units the total in-
vestment will be S 91 million. This means a specific in-
vestment of 130 S/SWU which - according to the Ger-
man report — »corresponds within the limits of error
to the vaiue published for the American diffusion plants,
each of which having ten times the capacity of the fore-
mentioned separation nozzle plant. The process, so far,
has the comparatively high specific energy consump-
tion of 5500 kWh/SWU. A considerable reduction of
this figure is, however, expected from current research
and development work».

In March 1970 the Gesellschaft für Kernforschung,
Karlsruhe, and the Steinkohle — Elektrizitäi-A.G.
(Steag), Essen, have signed a contract concerning a co-
operation on the separation nozzle process. This co-
operation aims at the further development, the indu-
strialisation and the practical application of the process.
It is stated in the German report that by 1974 aU the
pre-requisites for starting construction of an economi-
cally working plant with a net output of 500 000 -
1000 000 SWU/year should be presented.

S. COMPARISON OF THE ECONOMICS OF
DIFFERENT ENRICHMENT PROCESSES

The following comparison of enrichment processes is
limited to gaseous diffusion and gas centrifuges. This
does not mean, of course, that the nozzle process can
be ignored. On the contrary, since the nozzle process
is in several respects very similar to gaseous diffusion,
it follows that the two processes are distinguished by
almost the same conditions of competition. The most
important difference between them is the greater energy
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consumption of the nozzle process. But this is coun-
terbalanced by the smaller investment requirements,
or more precisely, the more favourable dependence
of these requirements-on plant size. If this is so, the
nozzle process may be mote economic than gas-
eous diffusion at small plant capacities and may
also be thought of for the smaller stage sizes re-
quired in a big plant designed as a squared-off cas-
cade (cf Fig 3).

Keeping these distinctions in mind there is no parti-
cular reason to consider the nozzle process separately
in the economic comparisons that follow. It must be
observed, too, that the comparisons are almost en-
tirely based upon information given in the French
and British reports.

5.1 The French view

5.1.1 Gaseous diffusion

The cost figures for the gaseous diffusion process gi-
ven in the French report are said to be based, in the
first instance, on a major fund of information cor-
responding to more than five years of operational
experience with certain Kerrelatte equipment, and
abo laboratory and pilot-plant performance data,
which is currently being checked on a large scale un-
der a major research programme scheduled to be
completed by the end of 1975. Secondly, the econo-
mic data put forward is backed by detailed projects
which afford a comprehensive, itemised estimate
based on precise industrial tenders.

We have seen above (Eq 9) that the basic cost ele-
ments determining (C^) — i e the unit cost of separa-
tive work - are the specific capital investment (I)
and the specific energy consumption (W). According
to the French report, the following ranges of values
for I and W can be envisaged for a 5 to 8 million se-
parative work units gaseous diffusion plant:

(i) specific capital investment:
90tol30dollars/SWU

(ii) energy consumption:
2300 to 3000 kWh/SWU

In commenting upon these figures, the French report
says that »current thinking is that, for a 6 million
SWU plant with a 3 % enrichment, the figures at the
lower end of the range represent the best estimate,
e g S 100 and 2500 kWh.

These figures can be used as the basis of an assessment
of the cost of separative work, giving the following
results:

Depreciation and interest
(20 years - 8 %) S 10
Energy consumption:
2500 kWh x 5 mills S 12.5
Maintenance: 2 to 3 % of
capital investment S 2 to 3
Operation S 2 to 3

Total S 26.5to28.57

The same result will be obtained u^g Eq 9:
C 1 k + W 1 0 0 +

In view of the above figures, which will have to be
confirmed, it must, during the course of develop-
ment until 1972, be clearly shown that we are enter-
ing the price range envisaged for the US schedule
which is currently S 26 but, on the basis of the la-
test indications, may be subject to slight increases.»

5.1.2 Centrifuges

Owing to the dominant position held in a centrifuge
cascade by the centrifuges themselves, the economics
of the centrifuge process depend mainly on a few basic
properties of the single centrifuge. However, other ca-
pital investments, besides those of the centrifuges
themselves, must of course be taken into account. Thus,
one has to consider four parameters of basic importance:

(i) the cost of the centrifuge;
(ii) the separative work output per centrifuge;
(Ui) the life of the centriftige;
Qv) the fraction of the total capital investment

pertaining to the centrifuge.

In discussing these factors, the French report points out
that »while estimates converge towards relatively low
cost prices for the machines (S 250 to 400), striking
differences are found in the opinions emitted with re-
gard to the value of the separative work per machine».
Thus, indications were previously given of separative
work outputs per centrifuge amounting to 5 to 6 units
but more recent statements point to lower values, 2.5
to 3 separative work units per machine.

The French report presents cost estimates based upon
two alternative assumptions as regards the separative
work output per centrifuge, viz 5 and 3 units, respecti-
vely. Other assumptions entering into these estimates
are:

(i) Centrifiige life T (2 ,3 ,5 or 6 years)
(Vi) Capital investment C in centrifuges only Ç 15,

270 or 360 $ per machine)
(iii) The ratio A of the total investment to the

investment in the centrifuges only (2 or 3).

hi addition, the French calculations are based upon the
assumptions that the cost of reconditioning defective
centrifuge is the factor b=0.66 times the initial cost C.
The cost of electricity is assumed to be 6 mflls/kWh and
the specific energy consumption W equal to 875 kWh/SWU.

The result of the French estimates is presented in Table 1
which is taken from the French report.

The following passage in the French report may be re-
garded as a nutshell declaration of the French attitude
to the question of gaseous diffusion versus centrifuges:

»In so far as a conclusion can be drawn with regard to
the processes which are currently at very different stages
of advancement, it is possible to underline the following
factors:

(i) Bearing in mind the French study programme
extending over the next few years, the diffu-
sion process should constitute a solid basis on
which to construct a high-capacity plant to
meet 1978 European requirements and to be

2500-
1000

= 27.5
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TABLEl
The cost of separative work (C/y in S) calculated for different assumptions as regards the separative work output per centrifuge (Sl)),
capital investment (O in centrifuges only, centrifuge life (T) and the ratio (A) of the total investment to the investment in centrifuges
only (The table also shows the specific investment O

a) 6U = SSWU

A = 2

X
2

3

5

215

30

26

22

270

36

30

26

360

47

38

32

i =
A-C/SU 86 108 144

A = 3

X
2

3

5

215

36

31

27

270

43

37

32

360

55

47

41

i =
A-C/6U 130 162 216

b) 5U = 3 SWU

A = 2

XI™
3

5

6

38

33

29

270

45

38

35

360

57

48

44

A = 3

3

5

6

215

47

41

37

270

57

49

46

360

72

63

59

i =
A-C/8U 145 180 240

i =
A-C/5U 216 270 360
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decided upcn towards 1973. The price range
which can be achieved must not be substan-
tially higher than the US price,

(ii) The ultracentrifuge process is of undoubted
long-term economic interest but requires
further development and improvements
which continue ro pose problems and it is
difficult to predict the date at which it will
become fully industrial».

5.2 The British view

The British report is less explicit than the French one
with regard to definite cost estimates and precise cost
figures. The report d:«cusses in more general terms
the relative merits of the gaseous diffusion and gas
centrifuge processes, but this discussion includes
some very basic aspects of the problem and will be
quoted here as a whole:

vindications are that the output of the optimum sized
centrifuge lies in the range of one to ten kilograms of
separative work per annum. The cascade must there-
fore be assembled in a 'building block' fashion of
identical machines with many in parallel at the feed
point and fewer in each successive step towards the
product and tails ends. The figures are such that a
small commercial plant will have perhaps 100,000 cen-
trifuges, and will have a far smaller number of stages
than a diffusion plant, see Fig 11.

In contrast to the above, the specific capital costs of
diffusion plant stages and, to a less extent, the speci-
fic power costs are smaller the larger the stage size.
In this they follow the usual empirical rule for chemi-
cal plant equipment, the capital cost advantage arising
from there being little increase in complexity in larger
stages and probably no increase at all in instrumenta-
tion while the power saving results from the benefits
of higher Reynolds numbers and greater refinement
of design.

Diffusion cascades designed for different output
rates at given product and tails concentration would,
ideally, have exactly equal numbers of stages but the
stage size will be greater the larger the output. Since lar-
ger stages are more economical, so will be the plant with
larger outputs. Centrifuge cascades, being made of
numerous identical units, can be expected to show
less variation of specific cost with output, which gives
them a potential advantage for small outputs. In ex-
panding an existing diffusion plant, new large stages
would be inserted into the cascade system at the
feed point and the previous smallest would be phased
out or re-connected to allow parallel operation. To
expand a centrifuge plant it would be »fattened». If
it were already arranged as many side-by-side inde-
pendent cascades this might simply mean building
more cascades. Undoubtedly this could be done
more smoothly and more exactly in accordance with
demand than could the introduction of a new type
cf stage to a diffusion cascade.

The manufacfr'ring processes which underlie the in-
stallation of the plants will exercise their own in-
fluence on costs. It can be expected that a major .' '
part of the manufacture and assembly of diffusion

stages wouM be done in industry; this implies that
fluctuations in the rate at which new stages are re-
quired will be no more important in determining
cost than the general activity of the plant manufac-
turing industry. On the other hand the centrifuge
agreement between our country, Germany and Hol-
land, will necessitate the production of centrifuges
at a high rate, probably approaching hundreds of
thousands of units per year, and this is a strong ar-
gument for coordinating their manufacture in purpose
built, high throughput workshops. It is thus the rate of
plant expansion which brings economies, rather than
plant size. Fixed costs need, of course, to be recovered,
and if the output rate fluctuates downward due to a
temporary reduction in the rate of plant construction
unit costs will rise.

The operating cost build-up is quite different for diffu-
sion and centrifuge plants. For the former, in large plants,
the cost of electricity is dominant. Maintenance and re-
placement costs are not large, except in so far as the
need to carry them out results in stages being out of
service, and the cost of operating labour, materials, etc,
are also not very significant. It is comparatively easy
to adjust the output concentrations and rate, to alter
the tails concentration and to accomodate different
feed materials, all within the total separating power of
the cascade, by shifting the feed point and when neces-
sary taking stage off-line (see Fig 12). Moreover it is
possible to withdraw intermediate product streams
from the rectifier as well as the end product stream.

Centrifuge plants on the other hand have a much lower
power consumption, but maintenance costs are likely
to be higher as they will include the cost of replacing
failed machines. This will certainly mean new rotors
and may in some cases include the replacement or re-
pair of casings and other parts. Even if the rate of
failure due to predictable causes such as creep can be
ascertained with some certainty by preliminary testing,
that due to maloperation or to the effects of faults in
tiie system rather than in the machines themselves
cannot be accurately known until a good deal of plant
experience has been accumulated.»

The British report finally says:

»We believe that the centrifuge process exploited in this
way offers the greatest potential for a local and viable
source of enrichment for the European nuclear power
industry. While we cannot yet be sure that the process
can produce a satisfactory return on capital whilst pro-
ducing enrichment at a competitive price, with modest
success in future development this should be achievable.
For a gaseous diffusion plant under European condi-
tions of demand and power cost we consider a similar
outcome to be improbable».

6. SUPPLY AND DEMAND POSITION

Basic data on national reactor programmes and require-
ments of enriched uranium are given in the German,
Spanish, Swedish and Swiss reports. The French report
also discusses the supply and demand position but on
a more global basis rather than from the French view-
point only.
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Diffusion plant flexibility. Product concentration and tails concentration can be set for any feed material by adjusting feed point,
rate of feed and take off and by adjusting the number of stages on line.

Some striking similarities can be found in the estima-
tes for the future demand of separative work presen-
ted by Spain, Sweden and Switzerland. Sweden and
Switzerland, for example, both expect that the nucle-
ar development in their countries will for many years
be based on light water reactors. In these two count-
ries the general conditions for the introduction of
nuclear power are very similar. Both are at present
predominantly hydro-power countries but the
thermal share of the total electricity production is
increasing rapidly. Neither of the countries has any
resources of its own of oil or coal. So in both,
strong incentives exist to introduce nuclear power
on a large scale. In fact, in Switzerland it is expec-
ted that ail additional generating capacity installed
after 1970 will be nuclear. The prospects in Sweden
are similar even though to a large extent Swedish
plans also include gas t u r l ^ s and district heating
backpressure units (which may, after all, be nuclear
too).

In Spain, nuclear power is expected to play a very
significant role in the future expansion of power
supply. The grounds for this development are nearly
the same zs in Sweden and Switzerland, i e the
successive exhaustion of hydropower in the first
place but also the situation as regards domestic fossil
fuels. The Spanish plans for nuclear power are based
on two different »strategies» which are intended to
represent two extreme possibilities. A combination
of the two extremes is supposed to be most suitable
for the real situation in Spain. The first »strategy»
uses light water reactors as the only type of thermal
reactor while, in the second »strategy», the therm.d
reactors installed from a certain point of time
(1978) are supposed to be heavy water reactors.

According to the plans presented Li the national re-
ports the installed nuclear capacity in Switzerland
will be 1400 MW in 1975,29JO MW in 1980 and
4500 MW in 1985. The corresponding figures for

Sweden are 3200 MW, 7500 MW and 15000 MW, res-
pectively. The Spanish plans aim at a total installa-
tion of nuclear power amounting to 2500 MW in Í975,
7000 MW in 1980 and 17000 MW in 1985.

In the Federal Republic of Germany, the estimates
for future separative work requirements are made on
the assumption that only light water reactors will be
built until 1980 (except for projects already committed
with other reactor types). For the period after 1980
the German estimates are based upon different assump-
tions as regards the share of nuclear installation that
will be allotted to high temperature gas cooled reac-
tors and sodium cooled fast breeder reactors, respec-
tively. But in any case, the requirement of separative
work in Germany in 1985 will be between 8 and 10
million units (Table 2).

TABLE 2

Requirements of separative work in Germany, Spain,
Sweden and Switzerland

Annual requirements, millions of SWU

1975 1980 1985

Fed.Rep.of Germany 1.6-1.9 2.75-4.9
Spain 0.25 0.8
Sweden 0.6 1.3
Switzerland 0.24 0.4

8-10

estimate based on «Strategy l>
only light water reactors until 1985

Table 2 summarizes the estimates of the future sepa-
rative work requirements that are given in four of the
national reports. Since no data of the same kind are
given in the remaining reports (France, Italy and the
UK), the picture shown in Table 2 is rather uncomplete.
However, the total European requirements have been
previously estimated several times.

The French report contains a discussion of the supply
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and demand situation based on the global estimate
shown in Table 3. According to this estimate, the
US requirements in 1980 will amount to 21 a 23
million separative work units. This corresponds
approximately to the anticipated total capacity of
the three existing US diffusion plants after they
ha"c been uprated and improved according to pre-
sent plans.

The non-US requirements in 1980 are estimated at
18 million S'<VIJ and those of Europe alone at 12
million SWU This figure, of course, corresponds to
the total requirements and includes accordingly the
quantities that are supplied under long-term con-
tracts. To obtain the net capacity required in Eu-
rope in 1980 the quantities covered by such trans-
actions must be deducted from the total require-
ment. But since the 1975 requirements are only one-
third of the 1980 requirements, it is evident that
the long-term contracts cannot be a determinative
factor in the long run if contini ing growth of nuc-
lear power is to be assumed.

TABLE 3

Estimates for separative work requirements in the US,
Europe and other countries.

Annual requirements, millions of SWU

1970 1975 1980

USA (a)
(b>

Europe (a)
(b)

Other
countries (c)

2.5
2.5
1.2
1.2

0.2

11.0
10.3
5.1
4.9

2.3

23.2
20.8
12.6

5.8
Total ex-
cluding
USA

Total in-
cluding
USA

W
(b)

(a)
(b)

1.4
14

3.9
3.9

7.4
7.2

18.4
17.5

18.4
17.3

41.6
38.1

(a) Without plutonium recycle
(b) With plutonium recycle
(c) Comprising Japan, Canada and India

Thus, the growth of the European requirements
makes necessary the construction of additional se-
paration capacities. It is quite clear that the instal-
lations currently operating in Europe are insuffi-
cient to meet the rapidly increasing demand. As
pointed out in the French report, Pierrelatte is to
be ruled out because it is designed to produce
highly enriched uranium and is poorly suited to
the production of low-enriched material. Nor does
the Capenhurst plant, as it now stands, seem likely
to be able to make any great contribution to en-
nched uranium supplies. Furthennore, the centri-
fuge capacity now being installed both at Capen-
hurst and Almelo is still very modest as compared
to the requirement';.
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INTRODUCTION

Plutonium - like uranium with the atomic weight 235
— is a heavy metallic element with a number of fissio-
nable isotopes, chiefly with the atomic weight 239.
Unlike uranium, it does not exist in nature but is crea-
ted as a result of operating uranium fuelled fission
reactors. While the original fissionable constituent of
uranium reactor fuel, U 235, is depleted, Pu 239 and
the higher isotopes Pu 240,241 and 242 are formed
through neutron capture processes from non-fissio-
nable U 238. Being fissionable, some of the plutonium
created undergoes fission in situ thus contributing to
the energy production of the fuel. By the end of the
life of a typical enriched uranium light water reactor

1

fuel about half of the fissile content of the fuel is plu-
tonium, the rest being U 235. Plutonium can be separa-
ted from spent reactor fuel by means of chemical pro-
cesses. The unique nuclear characteristics of pluto-
nium suggest utilization of it in a number of ways dif-
ferent from the utilization of U 235.

First of all, plutonium is the most suitable fissile ma-
terial for fast neutron breeder reactors. In these reac-
tors full advantage is taken of the conversion of non-
fissionable U 238 - the main constituent of natural ura-
nium — into fissionable plutonium. Ir. fact, fast breeders
produce more fissionable material than they consume,
thus providing fissile inventories for new reactors to
meet the increasing demand of electricity. Unfortuna-
tely, in spite of enormous research and development
efforts in many countries, fast breeder reactors have not
yet reached the state of technological maturity required
before they could be offered to utilities for commercial
power production. Except for the United Kingdom,
where fast breeders are expected to be introduced be-
fore the end of this decade, it i: gent rally accepted that
fast breeder nuclear power plants will not be common
until the mid- 80's.

As indicated above it is generally accepted, that in prin-
ciple the best use of plutonium produced in and reco-
vered from to-day's thermal reactors would be as initial
fissile inventory of fast breeders. Referring the above,
the period of time until plutonium is required for that
purpose on a large scale is of the order of ten years or
more. However, the fact is that plutonium has a nuclear
value as a replacement or an alternative fissile material
in present type thermal reactors. It therefore has an
economic value too, which ruy force reactor users to
make decisions on the near term use of plutonium pro-
duced in their reactors.

The factors that determine the optimum strategy in
respect of plutonium use (transfer within open or clo-
sed market systems, fuel fabrication and reprocessing
and, furthermore, reactor research and development
associated with plutonium utilization in thermal reac-
tors) have been extensively investigated in most of the
countries having a rapidly increasing number of nuclear
power reactor installations. Research work and findings
have been reported on during the last ten years in nu-
merous national and international meetings etc and in
a vast number of publications.

It is the purpose of this session to highlight the work
in progress in this field in Europe at the moment and
to present the European view of plutonium utilization
during the transition period until the mid- 80's with
only thermal reactor nuclear power plants being built
and operated. The organizers of the 4th Foratom con-
gress have received seven papers form the Foratom
member organizations in Belgium, France, West
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Germany, Italy, Spain, Swtizerland and United King-
dom to be reported on during this session. In addi-
tion, a comment to the earlier ENEA studies on
prospects for nuclear energy in Western Europe of
1966 and 1968, prepared by members of the origi-
nal international group of experts will be reported
on.

The iacts presented here, however, should be con-
sidered as a progress report on the intensive work go-
ing on in this field in many places in Europe. Refe-
rence is therefore made not only to the contribu-
tions submitted but also to earlier European, US and
other reports on the subject in order to assure con-
tinuity to the overall description.

PLUTONIUM PRODUCTION AND SUPPLY

The rate of plutonium discharged from various types
of reactors is influenced by reactor utilization, reac-
tor size, refuelling schemes and reactor operating
conditions. Table 1 gives an averaged estimate of
plutonium production in present-day large (500 -
1000 MWe) nuclear power plants. Production rates
of all Pu isotopes have been converted to equivalent
Pu 239 production rate assuming eventual use in a
fast breeder reactor.

TABLEl

Production rates of fissile piutonium from different types
of nuclear power stations

Type of reactor

LW
MAGNOX
AGR
HTR
HWR (Unat)
HWR (H2O)
FB (oxide)
FB (advanced)

Pu 239 (equivalent)
production rate
fcg/MWe • year

210 - 20%
5 0 0 . . . 600
1 2 0 . . . 190
150
2 5 0 . . . 410
220
2 0 0 . . . 260
3 3 0 . . . 370

Figure 1 illustrates an estimate of installed nuclear
capacity in different parts of the world. Estimates of
plutonium production rate and the cumulative amount
of plutonium in different parts of the world are shown
in figures 2A and B. They are based on the estimates
of installed nuclear power capacity and a forecast of
plant type and size distribution together with assump-
tions on discharge and reprocessing schemes. The French
paper estimates the quantities of plutonium available (in
the countries considered in figures 2A and B) after
satisfying the needs of research and development pro-
grammes and prototype fast reactors as shown in
table 2.

TABLE 2
Plutonium available for power production in the world
(cumulative quantity)

Year ton Pu 239 equivalent

Based on available information and estimates a pre-
diction for cumulative plutonium production in Wes-
tern Europe has been made, see Table 3.

TABLE 3
Predicted cumulative plutonium production in Western .
Europe (ton P 239 equivalent)

Country

Belgium
Fiance
Germany
Italy
Netherlands
Noidic countries
Spain
Switzerland
United Kingdom

Total

1975

0.1
5.5
1.2
1
0
0.3
0.5
0.5

16

25

1980

0.5
14
6.5
2.3
0.2
1.4
3
2

30

60

1985
1

40
19
6
0.5
3

10
5

83

166

1975
1980
1985

15
100
400

At present there seems to be fairly high demand for
plutonium for R & D although the situation is rather
different in different countries.

In the German paper it is expected that the plutonium
market will be less restricted after the Nuclear Weapons
Non-Proliferation Treaty has been put into effect. Among
other things, this would facilitate access to the US pluto-
nium market.

To make up the replacement charges not bought from
the reictor manufacturers, the utilities will have the
choice between the standard enriched uranium fuel and
the fuel making use of the available plutonium, as no-
ted in the Belgian paper. Figure 4 shows, together with
the replacement fuel to be supplied, the total amount of
fuel which can be made up with the annually available
plutonium in Western Europe. This estimate has been
obtained assuming a plutonium fuel consisting of a mix-
ture of plutonium oxide and natural uranium with a
fissile plutonium content of 25g/kg natural uranium
(i e average expected characteristics for PWR and BWR
fuels).

In the European countries except for France and UK the
plutonium stocks seem to be too small to justify re-in-
sertion of plutonium in thermal reactors on a large scale
earlier than 1975. Recycle schedules and to a certain
extent fast breeder schedules will depend on available
plutonium. An earlier study by Edison Electric Insti-
tute in the US indicates that even a large scale program-
me for plutonium recycling into light water reactors
during the 70's will cause no shortage of plutonium for
commercial fast breeder reactors the first four 1000
MWe units of which would be installed in the US du-
ring 1980-81, the number of plants increasing exponen-
tially.

STRATEGIES FORPLUTONIUM UTILIZATION

In the US plutonium recycling is considered a neces-
sity in view of the targe amounts of plutonium beco-
ming available in the 197O's. The European situation is
not as clear as that. France is well prepared to apply
existing experience from plutonium fuel work to the use
of plutonium in thermal reactors but work in this field
is so far kept on a theoretical plane. In Germany any
contemplated program for plutonium recycle into ther-
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Total kWh cost

Enriched uranium
thermal reactors

$7-1 I/kg Pu Plutonium thermal reactors

$15-35/kgPu

Plutonium economic value

FIGURE 3

The indifference method of evaluating plutonium value
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Y
mal reactors is mainly a demonstration program for
existing reactors. Corrpetitiveness with slighly enriched
uranium is a necessary condition but this stage has not
yet been reached. Stockpiling of plutonium in the form
of spent fuel is highly unlikely in Germany. Spent fuel
from light water reactors will in all practical cases con-
tain enought U 235 to justify immediate reprocessing.
Advanced converters like high temperature reactors are
not considered to have any decisive influence on the
plutonium market before the introduction of fast bre-
eders. Italy considers that an »integral» plutonium
cycle will be feasible commencing from 1973 only for
the Garigliano BVWl station. Recycling should be used
if economic penalties of stockpiling due to a certain
market value of plutonium are too high. Utilizing plu-
tonium as an alternative fissile material means acqui-
ring a certain indepence as regards the supply of fissile
material and improving source material exploration.
According to Swiss legislation, the plutonium produced
in Swiss nuclear stations is owned by the reactor operar
tor who is free to dispo.se of his plutonium according
to his own best interests as long as no international
agreements are violated. Recycling will not be considered
before 1976 due to guaranties, fuel contracts etc, and
then only if plutonium shows clear economic advanta-
ges. For the next five years immediate reprocessing of
spent fuel with selling the plutonium appears to be the
best solution. According to the Spanish strategy the
demand for plutonium will be limited to the needs of
fast breeders, which should be introduced as soon as
possible. One SOO MWe unit could be installed in
1977, the next two in 1980 and 1981. Hcrvever, as men-
tioned earlier, fast breeders are generally tu.* expected
to be introduced commercially until the first years of
the 1980's. The almost classical British approach to
selecting the most economic way to use the pluto-
nium from spent thermal reactor fuel is to analyse
the problem in the context of the nuclear power
system which produced the piutonium and within
which it may be burned. A detailed analysis of
this problem that has been made in the UK indi-
cates that plutonium is best held for use in com-
mercial fast reactors. It is admitted, however,
that it is not possible to draw conclusions of ge-
neral validity as to the most economic course to
follow on plutonium utilisation since the circum-
stances in other countries may differ and the availa-
bility of enriched reactors coupled with the availa-
bility of plutonium from these reactors may com-
bine to make plutonium thermal burning attractive.
It is suggested that in an all-thermal reactor system
20-30% of the reactors would be on a plutonium-
natural uranium cycle with the rest on an enriched
uranium cycle.

ECONOMIC CONSIDERATIONS

The predominant factor influencing the decision to
proceed with a certain strategy for plutonium utili-
zation is the overall economic benefit of the system
under consideration, as predicted over the time period
of interest A strict optimization analysis may be car-
ried out only foi relatively restricted systems in order
to be meaningful, for example a country or any other
suitable common market structure. This is the way
in which the UK has chosen to proceed. An open

fuel market is much less predictable as it involvs ma-
terial (plutonium, spent fuel or »fabricated fuel)
transfers between different user and consumer sys-
tems.

As pointed out in the UK paper, any economic value
attributed to plutonium in a balanced thermal — fast
breeder system cancels out in transactions between
the plutonium-producing and the plutonium-feed reac-
tors. The most advantageous way to use plutonium is
in fast reactors. Transfers of plutonium to or from a
balanced thermal — fast reactor programme will alter
the number of fast reactors installed and hence the
overall system cost. The amount of plutonium added
or removed together with the associated change in
system cost will determine the maximum buying or
minimum selling price that will keep the system cost
unchanged. Plutonium values determined in this way
vary with both the time of the transaction and the
types of reactor in the system. For example, with a
strategy of Mark II GCRs and fast reactors the value
of plutonium rises from about S 17 per gram Pu in
the early 1970s to about S 36 per gram Pu in the mid-
1980s and then drops until a plutonium surplus occurs
at about the end of the century. With an advanced
thermal reactor such as the Mark III GCR or SGHWR
coupled with fast reactors the value rises from around
S 10 per gram Pu in the early 1970s to about S 20 per
gram Pu in 1985 and drops to zero at the end of the
century when a surplus occurs.

If the system consists soley of reactors of the same
type some of which operate on a plutonium-feed and the
remainder on a uranium-feed so that plutonium ba-
lance is invariably maintained and no other plutoni-
um application are provided, then the valut of the
plutonium is as obtained on the basis of its equiva-
lence to enriched uranium as thermal reactor fuel. A
number of studies have shown that the value based
on physics equivalence in GCRs and BViRs lies at about
S 8 per gram Pu (fissile). This approach — also called
the indifference method — can be applied to a small
system of thermal reactors or even a single reactor.
Hence the plutonium economic value calculated in
this way may form a basis for determining a market
price of plutonium. However, as fast breeder are intro-
duced attention must be paid to the fact that they are
less sensitive to plutonium cost.

Referring to the Italian paper, the indifference method
can be illustrated as follows. The trend of the total kWh
cost for an enriched uranium reactor and that for a plu-
tonium reactor are evaluated as functions of the pluto-
nium value taken as a credit in the former case and as
an expenditure in the latter (Unes 1 and 2 in Figure 3).
The intersection of the two lines defines the actual kWh
cost at which utilization of either fissile material is in-
different.

This cost is remarkably affected on one hand by the
higher plutonium fuel fabrication cost (the line relating
to the plutonium fuelling shifts upwards with the increase
fabrication cost), and on the other hand by an increase
in the U3Og price (which tends to shift upwards, as Une I).

The insertion of fast reactors in a system of thermal reac-
tors only, apart from direct and indirect advantages asso-
ciated with a better exploitation of the source materia], is
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economically convenient when the system kWh cost de-
creases owing to fast reactor insertion.

Also in this case, by means of the indifference method,
the trend of the total kWh cost for a thermal uranium
reactor and that for a plutonium fast reactor are evalua-
ted as a function of the plutonium value (Unes 1 and 3
in Figure 3). The intersection of the two curves gives
the actual system kWh cost, at which utilization of a
uranium-fuelled thermal reactor or of a plutonium-
fuelled fast reactor becomes indifferent.

The actual kWh cost, obviously equal for both reactors,
is greatly influenced on one hand by the possible higher
capital cost of fast reactors and by the value of the
total inventory of the fissile material, since the curve
relating to fast reactors tends to shift upwards with the
increase of both, and on the other hand by an increase
in the U3O8 price, which in practice tends to shift
upwards, like in the case of a system of thermal reactors
only.

The French paper quotes an expression of the pluto-
nium value denned in comparison with the price of U 235
that is given by the Battelle Northwest Laboratory:

P u = A x U - B x P - A F A B

where:
Pu
A

U

B

AFAB

is the value per gram of fissile Pu
represents the physical equivalence
between Pu and U 2 3 5

is the price per gram of uranium en-
riched to 93 %
is an economic coefficient taking into
account the Pu 242 poisoning effect

Pu 242
Pu

by weight

is the extra cost of fabrication of one
kg plutonium fuel with respect to one
kg enriched uranium fuel
is the number of grams of fissile Pu
per kg U + Pu in plutonium fuel

It must be noted that the coefficients A and B are
obtained from calculations founded on somewhat
imprecisely known nuclear constants.

The Belgian paper gives a relation on the effects of
the plutonium fabrication cost increament on plu-
tonium economic value as related to the economic
value of U 235 in thermal reactors.

The French paper also gives an interesting review of
the possibilities in a fast reactor to offset the variations
in kWh price due to plutonium price changes (increa-
sing core specific power, burn-up and breeding gain;
reduction of out-of-core inventories; temporary use of
U 235).

PLUTCNIUM RECYCLE REACTOR TECHNOLOGY

Plutonium fuelled reactor core characteristics and per-
formance are somewhat different from slightly en-
riched uranium cores. In order to be able to enter a
plutonium recycle programme utilities will most cer-
tainly require a full review of the following technolo-
gical and related economic aspects (»Preparing for com-

mercial plutonium recycle» by .M Bonanni et al, Nu-
clex -69, Technical Meeting No 2):

1. Design of the fuel assemblies to be compatible with
the uranium assemblies already being supplied. Uti-
lities will want to recycle plutonium in the same
reactors presently fueled with uranium.

2. Detailed design and core management schemes
must be fully developed. Confidence in specify-
ing reactivity, depletion, neutron absorption,
power sharing and all other variables used by nut
lear designers must be as well understood for plu-
tonium fuel as they are now understood for ura-
nium fuel.

3. Questions relative to shielding, containment,
yield, process technology, process development
and shipping must be answered

4. Both the design and the fabrication costs must be
understood so that commercial terms and condi-
tions can be offered.

5. Manufacturers must be able to give utilities the
same types of assurance as they are able to do
in the uranium fuel business, basing this on pro-
ven performance where possible. This includes
near and long term pricing, the ability to warrant
the performance of the plutonium fuel, and assu-
rance that the fuel can be shipped, loaded and
licensed.

The Italian paper gives a comparison of the nuclear
characteristics of a standard plutonium element with
those of an enriched uranium reload element for the
Garigliano boiling water reactor (Table 4) and a list of
nuclear factors differentiating the behaviour of pluto-
nium fuels and uranium fuels (Table 5).

TABLE4

Comparison of the nuclear characteristics of a standard
plutonium element with those of an enriched uranium
reload element for the Garigliano BWR

Avarage enrichment
Local power peak
Void coefficient
pem/% voids

0-25%
25-40%
40-60%

Reactivity swing
from cower to
cold,Ak/k
Control rod worth
in cold conditions.
Ak/k
Control iod worth
in hot conditions,
Ak/k

Pu element

Unat +1.82% fissile Pu
1.23

-70
-102

-47

3.4%

8.3%

10.6%

U-235 element

2.3% U 2 3 5

1.18

-63
- 8 O d /

2.3%

9.7%

12.8%

1 25-30%voids

The higher absorption and fission cross sections of Pu
239 and Pu 241 compared with U 235; at thermal
energies, and the resonance phenomena of both Pu
239 and Pu 241 at low neutron energies require an
increased moderator to fissile ratio. This could be
achieved by changing fuel element geometry or by
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TABLE 5

Nuclear factors differentiating the behaviour of plutonium fuels and enriched uranium fuels

NUCLEAR CHARACTERISTICS

The absorption and fission cross-
sections of Pu239 and PuWl show
resonance phenomena at low energies
(0.3 eV)

Absorption and fission cress-sections
of Pu239 and Pu241 u e higher than
those of U235

Presence of fertfe Pu240 isotope
with a marked resonance peak at 1 eV

Fraction (3 of delayed neutrons is
smaller for plutonium fuels

DIFFERENCE IN BEHAVIOUR

The plutonium fuel behaviour is more
sensitive to neutron energy spectrum

The void coefficient is generally more
negative

The reactivity excursion between cold and
hot conditions may be higher for lattices
which are uot specially optimized for
plutonium

Decrease in control rod worth

Xenon efficiency is lower

Local peak factors are higher

In case of high contents of Pu240 the Doppler
coefficient is more negative

The reactivity excursions are not proportionately
faster because of the compensating effect of the
neutron life »1» and of the increase in the Doppler
coefficient

CONSEQUENCES

In the calculations a more detailed represen-
tation of neutron spectrum at low energies
is required

During slow transients the damping effect is higher

It might be desirable to increase the moderator-
to-fuel ratio by varying geomet y or lowering fuel
density

Use of burnable poisons might be required

The perturbations due to Xenon are weaker

In the same element use of a greater number of
rod enrichments is required

Higher damping effect during transients

A greater initial content of fissile material is required
to obtain the same burnup, even if Pu 2 4 0 can pro-
fitably be used as fertile puison to control long-term
reactivity

No significant limits are set on reactivity in ;rtion speed



lower fissile, i e, plutonium density in the fuel. How-
ever, higher plufonium density improves fuel cycle
economy through increased power density and exten-
ded fuel life without incurring added separation work
cost. Optimised plutonium fuelled cores seem to end
up with slightly higher plutonium density than the
U 235 density in low enriched all-uranium fuel.

Design of plutonium containing fuel for light water re-
actors of existing types requires the following to be
considered in detail:

- Fuel assemblies ought to be geometrically similar to
those for slightly enriched uranium.

- Plutonium distribution, alternative 1: even distribu-
tion of plutonium to directly replace part of the U
235 in the fuel. In this case a ratio of U 235 to plu-
tonium of about 1 seems to be preferred. As all
rods contain plutonium, the appreciable plutonium
rod fabrication penalty makes this method the most
expensive one.

- Plutonium distribution, alternative 2: plutonium and
U 235 containing rods are segregated. The distribu-
tion of rods with various plutonium and U 235 con-
centrations, respectively, within the assemblies and
the number of core zones are optimized with regard
to local and overall neutron flux distribution ani? po-
wer peaking, from an economic and operations! point
of view. Better utilization of low-flux areas in the
core through increased plutonium concentration in
outer core regions may increase the plutonium value
in L W s much above the U 235 value. — The smaller
the number of plutonium rods, the lower the fabri-
cation cost.

- The necessity to compensate for larger reactivity
swings with plutonium fuel during the fuel life may
require added insertion of burnable poison. In this
connection the effect of Pu 241 build-up must be
accounted for.

In operation, a plu'onium enriched fuel element will
not differ essentially from ordinary enriched uranium
elements. This is proved simply by the fact that, as men-
tioned earlier in the introduction, at the end of the fuel
life about half of the fissions are plutonium fissions.
Referring to the German paper authorities require the
nuclear compatibility of Pu fuel elements inserted with
the rest of the U-core loading. Recalculation of all major
safety criteria of the reactor, e g control rod worth, re-
activity coefficient of temperature, excess reactivity
and reactivity distribution over the core, calculation of
hot spots, was necessary. Early concerns about wash-
out of plutonium from defected fuel have not mate-
rialized and are no more in focus. Recycling schedules
for early European programs seem to be of a demon-
stration nature (as summarized later). These programs
are based on available plutonium which in most cases
will come from the reactor it is fed back into. This
»self-generating system» does not appear to be in-
ferior to the »cpen-market» approach with exchange
of plutonium between different light water reactors.
Accordning to the German paper, one could however
optimize one out of about every four power stations
of comparable size to use only plutonium for refuell-
ing. This might give slight benefits in reactor opera-
tion and appreciable cost savings in fabricating only
one type of fuel. Interlinked cycles between heavy

water thermal breeding cycles (Th232-Ü233 m^
Ü23g-Pu239) based on natural U are under consi-
deration, but may perhaps not materialize before
arrival of breeders in a large enough number for eco-
nomic impact. The number of subsequent cycles
with reinsertion of the Pu of one reactor in its own
core is considered to be five or less, but has never
been demonstrated so far in large scale.

PLUTONIUM FUELS MANUFACTURING

Besides being a fissile material which can be recove-
red without isotopic separation, plutonium is both
toxic and radioactive. The fabrication processes of
plutonium containing fuel elements is more com-
plicated than fabrication of all-uranium fuel ele-
ment fabrication and, of course, more expensive.
The penetrating radiation, from which fabrication
plant employees must be protected, is caused by:

a) Neutrons generated by the spontaneous fission
of Pu 238, Pu 240 and Pu 242.

b) Neutrons generated in reactions with light
elements.

c) Gamma radiation from plutonium isotopes,
Am 241 and U 237.

d) Gamma radiation from residual fission products.

The French paper specifies that a product containing
more than 3 " 10"? plutonium in natural uranium or
more than 15 ' 10"' plutonium in enriched uranium
must be considered equivalent to plutonium from
the viewpoint of protection. Typical neutron shield
thicknesses are also given.

Remote handling and a high degree of plant automa-
tization are obvious requirements. In turn this puts
a lower limit to the throughput in order to make the
plant economically justifiable.

As to the fabricating technique of recycle light
water reactor fuel there are no significant problems
compared with ail-uranium fuel fabrication. The UK
paper stresses the need for uniform distribution of
fuel in each fuel pin: typically, for pelleted fuel the
accuracy must be within 1% for both length and
weight of the fuel bed.

In addition to pelleted fuel just mentioned, vibro-
compaction filling of fuel pins is considered for plu-
tonium fuel — particularly though for fast reactor
fuel. The UK paper deals with control aspects of
both methods.

The extra cost of plutonium fuel fabrication has been
analysed in the Belgian and the French papers. All
other cost components being equivalent for plutonium
and all-uram an fuel fabrication,-the components that
lead to cost differences are essentially the following:
— production and preparation of oxides from UFg

in case of enriched uranium and from U3O3 and
plutonium nitrate in case of plutonium fuel;

— sintered pellets production including grinding;
— canning and end-plug welding;
— associated control of proceeding steps.
It i3 generally agreed upon that for LVVR's the price of
plutonium fuel is 20-25% higher than the price of the
standard all-uranium fuel. Figure 5 shows the diffe-
rence in fabrication cost (S/kg fuel) versus plant capa-
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FIGURE 5 Plutonium fuel fabrication cost inciement versus plutonium plant size
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T
city; the ske of the reference uranium fabrication
plant is 1 ton/day.

There are pilot plants for plutonium fuel production
operating in the following countries:

Western European mixed oxide fuel pilot production plants

Country

Belgium

France

Germany

Italy

UK

Company

BN
B N + CEN

CEA
CEA

Adeem

CNEN
Casaccia

UKAEA-
Aidermaston
Winfrith

Windscale

For type of reactor

LWR
HTR

4400 kg fuel/yeai
0,35 kg c p/day

RAPSODIE-FB 4 kg (U.PuMWday
PHENIX-FB 25 kg (U, PuXfj/day
Total poten-
tial capacity 201 (U ,PuKtyyear

LWR
ÍR and FB

PFR-
Scale-down
Trarmal
reactors

»

2-5 ton fuel/year

MO kg
ceramic/day

2,5 ton oxide fuel/year
or 2 ton carbide fuel/year
10 ton/year

a few ton/year

Large scale production for the UK prototype Fast Re-
actor initial charge (about 5 ton) is reported to com-
mence during 1970 at Windscale. There will be a full
scale plutonium fuel production started at Alkem in
mid 1972 capable of 10 ton/year fast reactor or 40
ton/year thermal recycle plutonium fuel.

The French paper estimates that increasing their pre-
sent 20 ton/year capacity (equivalent to supply for a
1000 MWe fast reactor) to some hundred ton/year
would require a delay of two to five years and additio-,
nal investments.

PLUTONIUM FUEL RESEARCH AND
IRRADIATION PROGRAMMES

The Belgian programme for plutonium recycle in ther-
mal power reactors was reported on at Nuclex -69,
Technical Meeting Mo 2/5. France is mainly concerned
with fuel development for fast breeder reactors, this is
also the case in the UK. Major activities in the German
nuclear research program are oriented towards sodium
fast breeder development. This includes fuel develop-
ment, too, which is stated to be of great benefit for
thermal reactor recycle of plutonium also. The Italian
CNEN activities concerning plutonium are linked with
the Plutonium program (launched in 1966), the Fast Re-
actor Program and the Eurex Fuel Reprocessing Pro-
gram. At EIR in Switzerland a R&D program for fast
reactor carbide fuels is in progress. Sweden carries out
plutonium recycle fuel research at Studsvik.

Some irradiation and protype fuel programmes carried
out in Western Europe are listed in Table 6.

TABLE 6

Plutonium recycle fuel inadiation, demonstration and prototype programs

Country

Belgium

Germany

Italy

Sweden

Switzerland

UK

Year

from 1963

1 9 6 3 -
1964
1966-
1968
from 1971

1966
1968
1968
1969

to 1969
still in
since 1970

1970
1963

1964 (-67)

1964 (-67)

Type of test

test irradiations

prototype irrari.
l%Pu,6000MWd/t
prototype irrad.
37 pins, 18000MWd/t
prototype irrad.
600 pins

1 element, 12500MWd/t
4 elements, 3600 MWd/t
8rods5300MWd/t
11 elements
4 elements

9 pins, to 15000 MWd/t
10 pins, to 10000 MWd/t
4 x 4 pins, 4 Pu pins
24 pins
2 pins
9 pins
12 elements

4 elements

4 rods + 12 test pins

6 stringers 12500 MWd/t
target 12000 MWd/t

Reactor

-BR2 (mol)
-DIORIT
BR3/PWR

BR3/Vulcain

BR3/3rd core

VAK(KaM)
VAK(KaW)
HBViR (Halden)
Dresden BWR
Garigliano BWR

RSl/Saluggia
HWBR/Halden
HWR/Agesta
R2/Studsvik '
Siloé/Grenoble
DFR/UKAEA
Garigliano/BWR

HWR/Agesta

DIORIT/EIR

AGR/Windscale
Agesta, KaM
Garigliano, BR3,
SGHWR

In cooperation with

EIR

UKAEA

UKAEA I
Alkem ]

UNC i
BN S

AE

UKAEA

I
1
>. 1
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CONCLUSION

During the year that has passed since the last major
reporting on plutonium utilization in Western Europe
was made at Nuclex -69 in Basel no such remarkable
developments or findings have been reported that
would noticeably change the views and plans of those
working in this field.

The present time appears to be a period of waiting
for performance results from demonstration runs
with full core loadings in European reactors (Ger-
many and Italy) and elsewhere (US and Japan).
However, in the summary recommendation by the
IAEA Panel on Plutonium Utilization held in Vienna,
it is stated that »around that date (1970).... impor-
tant decisions on commercialization of plutonium
fuel cycle will have to be made.»

It is hoped that the discussion during this session of
the 4th Foratom Congress will throw additional light
into this section of the fuel management and produc-
tion area. Representatives of utility companies - those
who will eventually enjoy the potential benefit of plu-
tonium recycling — are particularly invited to present
their views and opinions about the »plutonium question».

SUMMARY OF THE PAPER SUBMITTED BY AN
OECD-ENEA EXPERT GROUP AS AN EXTENSION
TO EARLIERREPORTS ON PROSPECTS FOR
NUCLEAR ENERGY IN WESTERN EUROPE

Earlier ENEA studies reported the influence of diffe-
rent illustrative reactor programmes on the uranium
separative work and other process requirements for
Western Europe under the 40 year period 1970-2010,
showing that the large scale introduction of fast bre-
eders, advanced converters or particularly a combina-
tion of these would achieve major reductions in these
requirements over the period considered. The present
extension to these studies examines the sensitivity of
the results to variations in certain assumptions, such as
reactor data, order of merit load allocation, plant life
limitation and fractional annual growth rate of the
nuclear load.

It is of interest to note that allocation of the base load
to fast breeders (as opposed to the average nuclear load
factor), reduces the penetration of the fast breeders
into the system in all cases (but by particularly large
amounts when good Pu producing converters also exist
on the system, largely due to the brake which the ra-
pidly increasing load factor depending out-of-pile Pu
inventories for fast breeders have on the rate of
possible introduction of this reactor on the system.
The uranium requirements are, nevertheless reduced
by the allocation of the base load to fast breeders
due to the influence of the reduced load factor for
the converters on these requirements.

The fractional annual growth rate of the nuclear load
has a strong and non linear influence on the reduction
in uranium and separative work requirements achie-
vable by the introduction of fast breeders, being par-
ticularly large when the fractional growth rate app-
roaches the inverse doubling time of the fast breeders
- i e the conditions where a pure fast breeder system
can be self sufficient regarding Pu. The curves in the
paper illustrate the increasing incentive to develop
high gain breeders if the nuclear growth rate exceeds
current expectations. The curves presented also show
clearly the influence of the expected saturation in the
nuclear growth rate on possible breeder penetration
and uranium requirements.

Plant life limitations were not found to have a strong
influence on the integrated uranium or separative
work requirements during the 40 year period studied,
though the influence becomes noticable for relatively
low nuclear growth rates, when reduced plant life in-
creases fast breeder penetration and hence reduces ura-
nium requirements.

Certain of the runs made for this study were repeated
by several of the National computer programmes to
check «he agreement of different programmes, and
acceptable degree of agreement was found. This facili-
tates the discussion and comparisons of results ob-
tained by different establishments.
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Session IV

Fuel Manufacturing
Rapporteur L Halle

AB ASEA-ATOM1 Sweden

BIBLIOGRAPHY OF PAPERS PRESENTED TO
SESSIONIV

Austria
»Testing of coated fuel particles for gas cooled high
temperature reactors.» H Bildstein.
»Characterization of coated fuel particles.» P Koss.

Belgium
»Contribution of the Belgian and French industry in the
development of electrolytic cutting processes in fuel
fabrication and reprocessing.»
Van Impe, Rombaux, Abellard.

France
»Contribution of the Belgian and French industry
in the development of electrolytic cutting pro-
cesses in fuel fabrication and reprocessing.»
van Impe, Rombaux, Belgium.
Abellard, France.
»Fuel manufacturing.» CEA-SEFIC, CERCA,
CICAF, SICH et al.
»The management of nuclear fuel.» M Barth, et al.

Germany
»Fuel manufacturing.» U Braatz, K G Hackstein,
H G Kleibeler, R Schwarzwälder.

Italy
»Industrial aspects of the nuclear fuel cycle in
Europe.» A Cacciari.

Netherlands
»Fuel manufacturing in the Netherlands.»
Barendregt, Sens.

Spain
»Fuel production.» Anonymous.

Sweden
»Fuel manufacturing in Sweden.» B Widell.

Switzerland
»Fuel manufacturing. Swiss aspects».
R Naegelin.

United Kingdom
»Fuel manufacturing technology and pro-
duction facilities at Springfields.» H Rogan.
»Manufacture of cladding materials.» Imperial
Metal Industries, A Carter.

INTRODUCTION

The fabrication of fuel represents a significant part
in the total generating cost of a nuclear power
station. For a light water reactor a typical value would
be roughly 10% of the total generation cost. The fuel

fabrication is, however, more essential than this rela-
tive cost implies, since the fuel constitutes one of the
most critical components from an integral perfor-
mance and safety point of view.

In absolute numbers it also represents considerable in-
vestment and expenditure. At the present time nuclear
reactors with a total capacity of approximately
120.000 MWe are ccrr-mitted for operation around
1975 in the western world and the forecast for 1980
is 285.000 MWe. The corresponding values for annual
fuel fabrication of first core plus reload fuel will be of
the order of 400MS for 1975 and 900 MS in 1980.
The cumulative values up to 1980 are of the order of
ten times larger. Of these commitments about 50% are
in the US and 35% in Western Europe.

The papers presented for this session give a good gene-
ral view of the growth of industrial activity in Western
Europe to meet this anticipated market.

In the following the main attention will be directed
to the water reactor fuel area, with separate short
discussions of other fuels.

Before discussing the fabrication aspects of the various
fuel types, however, mention should be made of a
French paper written jointly by representatives of a
large number of organizations in the field and titled
»The Management of Nuclear Fuel». This paper is of a
very general nature and is addressed to the problems
of coordinating the various phases of the fuel cycle in
an optimal way. It gives an excellent illustration to
all the complex interactions that must be considered
in decisions concerning fuel management and might
have served as an introduction to the entire conference
rather than as a contribution to this session.

RAW MATERIAL PREPARATION

The preparation of the uranium fuel material into the
chemical form needed to start fuel element manufac-
turing in the more narrow sense might be considered
as a separate field, since it is in reality a chemical pro-
cess industry. In this context the UK uranium tetra-
fluoride plant at Springfields, described in the UK
contribution, merits special interest. This plant pro-
duces the feed for uranium metal fuel elements for the
Magnox reactors. Its annual capacity of 5000 tons of
UF'4 and its use of fluidized bed technology through-
out from uranyl nitrate solution to tetrafluoride powder
shows how a large throughput has made it possible to
adopt the most modern methods of the chemical pro-
cess industry in nuclear fuei processing.

No information is given on the corresponding French
facilities.
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The manufacture of UFg from UF4 at Springfields
using fluidized bed technology is also described in the
UK contribution. This is the only UFg plant descri-
ber*. in the contributions to this conference.

The conversion of UFg to UO2 powder suitable for
sintering is presently undertaken by at least three manu-
facturers.

The French plant at Pierrlatte (UCP) uses ammonium
diuranate precipitation (ADU) followed by hydrogen
reduction. No process details or capacity figures are
given.

The present UK plant at Springfields, with an annual
capacity of 300 ton? of powder, uses pyrohydrolysis
of the UFg followed by dissolution of UjOg and the
usual ADU precipitation and reduction. It is being
expanded with a new »dry» process line using as yet
unspecified technology.

The process used in the German plant at RBG,
Wolfgang, is described in considerably more detail in
the German paper. It is claimed to produce a powder
with very low fluorine content, suitable for cold
pressing without binder. The UO2 is produced from
thd ammonium uranyl carbonate (AUC) precipitate,
without intermediate drying, in a fluidized bed pro-
cess. The capacity of the present plan* is stated to
be 400 tons/year.

Finally, uranium metal production for gas cooled fuel
element is briefly described in the French and UK
contributions.

The capacity of the European raw materials prepara-
tion industry seems to be sufficient at least for the
next few years. No cost figures are given in the contri-
butions to the conference.

CLADDING AND STRUCTURAL MATERIAL PRO-
DUCTION

The production of components, other than the fuel
itself, for nuclear fuel assemblies, is an ancillary industry
of increasing importance. Apart from the manufacture
of magnesium cans for the UK and French gas cooled
natural uranium reactor programs, the manufacture
of zironium alloy cladding tubing is the subject of
greatest interest. However, relatively little new infor-
mation on this is provided in the contributions to this
conference. The activities of IMI in the UK, VDM in
Germany and Ugine in France, are briefly reviewed
in the respective national contributions but only
general information well known to those working in
the field is provided. Attention should perhaps be
drawn to the large zirconium soonge production capa-
city of Ugine, that seems to be sufficient for European
needs for a considerable time ahead.

In this context mention should be made of a paper
by van Impe et al on France-Belgian, advances in elec-
trolytic cutting methods for fuel ch dding materials.

URANIUM METAL FUEL FOR GAS COOLED
REACTORS

The British and French industries foi production of
this type cf fuel have now culminated in terms of
capacity and no further expansions are planned. In
the Italian coatribution mention is made of plans to

produce this type of fuel for the Latina plant domesti-
cally, but on a much smaller scale.

For the above reason this type of fuel is of less interest
for future development in the nuclear fuel field, and
I will not spend much time on reviewing the corres-
ponding contributions.

However, proper attention should perhaps be drawn
to the very extensive and remarkably successful deve-
lopment efforts that went into the build up of this
large industry. The use of a low specific power and
burn up, and correspondingly high tonnage through-
put, made possible the introduction of automatized
mass production methods much esvlier than in the
case of e g water reactor fuel. Reference has already
been given to the raw materials (UF4) manufacturing
at Springfields. Aiso of particular interest is the favo-
rable fabrication cost figures obtained in France as a
result of continued experience.

It appears that the magnesium canned uranium metal
fuei concept has been completely successful techni-
cally speaking and has lived fully up to expectations
both in the UK and in France. The main difficulties
with the corresponding reactors have been in other
fields. Hopefully, the technology of high burn up oxide
fuel will prove to be equally successful. Some years are,
however, still needed to reach the same level of confir-
mation as for metal fuel because of the long fuel life
times involved.

The European replacement market for magnesium clad
uranium metal fuel will be nearly 2000 tons p a in the
early seventies after the initial fuel charges for the last
reactors of this type have been completed. Perhaps it
is of interest-to note that this tonnage is not expected
to be reached by the total European water reactor fuel
industry before 1980.

AGRTYPEFUEL

This type of fuel remains a British speciality. No con-
crete plans for its manufacture outside the UK are re-
ported.

The production facilities at Springfields are briefly des-
cribed in the UK contribution. Starting from powder,
pellet production follows a relatively standard route.
The pellet production capacity is being extended to
500 tons p a.

The fuel pin and assembly Unes are reported to be
highly automated and have a capacity of up to 500 tons
p a. No details of fuel design and fabrication of core
hardware other than pins are given.

HTRTYPEFUEL

Since the HTR appears to be the only thermal reactor
type that may possible compete with the water reac-
tors in an open market in the future, a discussion of
the manufacturing economy and technology of this
type of fuel should be a subject of great interest to this
conference.

Unfortunately, relatively little general information on
this topic lias been contribu ed. Iu particular, practical-
ly nothing is reported tiom the large UK development
programme. Therefore, there is still no concrete back-
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ground for a discussion of the fuel cycle economy of
the HTR relative to that of the water reactors.

It is obvious that HTR fuel, manufactured with the me-
thods now envisaged, will present problems with regard
to quality assurance which are new and quite different
from those met with e g water reactor fuel. First of all,
it will probably be much more difficult to make a re-
liable prediction of the irradiation performance of a
coated particle from the results of nondestructive exa-
mination and secondly the enormous number of
particles needed practically exclude testing of
a significant fraction uf the coate J particles except
for outer dimensions and perha) is sphericity. In spite
of this a failure fraction of less than IQr^ is considered
necessary.

No direct information on how to tackle these problems
has been contributed. However, two Austrian papers,
by Bildstein and Koss, respectively, provide a good re-
view of the state of the art with regaid to testing and
characterization of coated particles. Perhaps they
could serve as a starting point for a more general dis-
cussion of the above points.

Mention should be made here of the Italian contribu-
tion where reference is made to the sol-gel method
of kernel production developed by AGEP Nucleare.

WATER REACTOR FUEL

Manufacturing technology

Water reactor fuel manufacturing technology is dis-
cussed in the German paper by Braatz et al and in
the Swedish paper by Widell. Brief accounts are also
given in the British paper by Rogar, and the French
paper. Certain aspects are also to be found in the
Italian paper by Cacciari.

All water reactor fuel of current interest is based
on the use of zircaloy cladding and pelletized UO2.
Apparently moisture problems with the fuel have
more or less eliminated vibropac fuel from conside-
ration. Present and expected future interest charges
on capitai relegate stainless steel to the role of an
emergency back up cladding material for PWRs.

Manufacture of UO2 powder for sintering has been
treated earlier.

Pellet manufacture now seems to be a more or less
standardized operation. Variations are found mainly
in powder treatment before sintering. The German
AUC powder that eliminates the need for a binder
and dewaxing stage is of special interest here. The
French also report pressing without binders.

Sintering is now universally made in hydrogen in
the 1600-17000C range although the Italian paper
mentions developments allowing a reduction by
about 3000C. Centerless grilling to final dimen-
sions seems to be used in ali cases.

Methods of securing a suitable hydride orientation in
the zircaloy tubing by use of correct tube reducing
methods are now well established. Difference in
zircaloy tubing treatment before fuel pin assembly
therefore are limited mainly to surface treatment.
BWR fuel manufacturers generally use pickling and
autoclaving while there seems to be a trend fcr PWR

fuel to limit the internal surface treatment to sand
blasting and washing.

Tube welding methods seem to vary. The UK reports
the use of magnetic force resistance welding with
subsequent trimming off of weld flash. In France and
Germany arc welding with helium or argon is used.

The use of brazed wear pads on the cladding surface
is a noticable feature of the UK fuel design for the
SGHWR.

Quality assurance in fuel manufacture is discussed in
detail only in the German paper.

Zircaloy tube acceptance tests based on ultrasonics
are now probably roughly the same at all manu-
facturers, with difference in instrumentation details
of a proprietory nature.

Leak testing of finished fuel rods seems to be gene-
rally employed. The use of krypton 85 for leak
detection purposes in the UK is an interesting detail.

Manufacturing costs

Most of the contributions to this session avoid this
issue. However, the German paper is an interesting ex-
ception. In it, relative figures are given for BWR and
PWR fuel fabrication costs as a function of plant
throughput. They have been considered to deserve a
reproduction in extenso here:

TABLE 1

Cost components

Conversion
Pellet production
Fuel pin production
Fuel pin assembly
Control
Analysis, waste
recovery, packing
Canning materia!,
assemb. parts

100 !U/yr

PWB

8.2
11.8
16.1
4.6
9.3

3.2

46.8

100.0

SVW

8.2
9.6

13.6
3.6
7.1

2.5

30.4

75.0

250 tU/yr

PWR

7.1
10.4
14.3
3.9
8.2

2.9

42.5

89.3

BWR

7.1
8.6

12.1
2.9
6.4

2.1

27.6

66.8

500tU/yr

PWR

6.4
8.6

12.9
3.2
7.1

2.1

37.9

78.2

BVWl

6.4
7.1

10.7
2.5
5.4

1.8

25.7

59.6

All cost components are normalized with the 1001 U/a plant for
the pressurized water fuel elements as the reference point.

It can be seen that a major part of the cost improvement
with increasing capacity has been attained at a fabrica-
tion throughput of 2501 p a, but that a further 10%
reduction is still considered possible by going to 5001
p a. This might lead to the conclusion that only fabri-
cators with such large sales could hope to sustain a
viable business.

However, considerations of the importance of quality
put the above figures in proper perspective. For in-
stance one single annual extra shut down of an 800 MWe
nuclear plant for replacement of faulty fuel during a
season of a high load, assuming to take 10 days and re-
quire replacement power with an extra cost of 3
mffis/kWh, involves an expense of dollar 600.000. This
is equivalent to a permissible extra cost of about
uoiiar 30/kg U for a fuel of improved quality that
avoids the abovementioned shut down.
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Thu i, in the leng run the quality level achieved by the
various fabricators is likely to be much more important
for tiä°ir long range competitive status than variations
in plant capacity at least as long as the latter is in the
2-3001 p a range or above.

Manufacturing capacity in Western Europe

The contributions to this session when put together
give a good general idea of the existing and planned
manufacturing capacity for water reactor fuel in
Western Europe. The following table represents a
simplified digest of this information.

TABLED

Water reactor fuel fabrication capacity in Western
Europe

Country

France

Germany

Germany
Italy
Italy
Nether-
lands
Spain
Sweden

UK

Belgium

Firm

CERCA

KRT

RBG
COREN
SFMN

_
n.a.
ASEA-
ATOM

Location

Romans,
Prome
Gross-
weizheim
Wolfgang
Saluggia
n.a.

—
n.a.
Vãsteiâs

UKAEA Spring-

MMN
fields

Dessel

Manufacturing capacity t/a

Present

10O1

100

u.a.
50
_

_ 2

-

100

100

200

Committed Under
for 1971

ISS

360
u.a.
n.a.

—
-

350

n.a.

discussion

-

-
-
_

tua.
~ 250

_

-

Total > 650 > 800

Total, oxide fuels, for France
Manufacture abandoned

n.a. = not announced

The case for fuel manufacture in Spain is discussed in
a special paper from that country. In Switzerland,
Denmark, Finland, Ireland and Portugal there are ap-
parently no near term plans for entering the water re-
actor fuel market. Swiss thinking with regard to fu-
ture ventures in the field in relation to the domestic
market are presented in a paper by Naegelin. The
Dutch decision to withdraw from the near term mar-
ket and the outlook for a future recently are dis-
cussed in a contribution by Barendregt and Sens.

In all probability, presently committed fabrication capa-
city will suffice to cover expected needs well beyond
1975. The fact »hat the capital investment in fabrica-
tion facilities represents a relatively modest fraction
of the total manufacturing cost in t Ms case seems to
have been taken into account by most producers.
Thus any needed capacity extension during the next
few years will most probably be by increase in the
number in working shifts in the existing plants rather
than by construction of new plants.

Fud warranties

The Italian contribution contains an interesting dis-
cussion of the role of fuel warranties in marketing. A
typical penalty figure of 2.5% of fuel selling price per
percent reduction in core heat removal capability be-
low nominal is given. Penalties for reduced burn up
capability is considered to be in direct proportion to
lost energy out-put. A maximum of 10% penalty
from each of these contributions is considered rea-
sonable in a well established market. It is concluded
that it is favorable for the buyers to retain the present
warranty system.

\ review of safety problems in manufacturing is given
in the German paper, which also contains a general
discussion of the merits of and trend towards standar-
dization.

RESEARCH REACTOl FUELS

Although perhaps somewhat outside the general theme
of this conference, research reactor fuel has been in-
cluded as one of the topics of the present session.

The French contribution gives a review of the advances
in manufacturing technology for MTR type fuels made
in the course of supplying the large numbers of dome-
stic researcu reactors. With an annual capacity of
25000 fuel plates there is considerable room for exports.

The German paper contains a description of MTR type
fuel manufacture at NUKEM

Generally speaking, research reactor fuel elements now
represent a relatively stable market with a few well
established fabricators. No capacity expansion or
entry of new firms can be expected.

CONCLUDING REMAiIKS

The manufacture of fuels for the present type of gas
cooled reactors is strictly geared to the needs of the na-
tionalized electricity industries in the UK and France
(except for the Italian Latina plant). With the HTR fuel
technology still in its infancy this leaves water reactor
fue1 manufacturing as the only branch of the industry
both to have reached a high level of technological ma-
turity and to work in a normal competitive environment.

The contributions to this session have provided little
new technological information in the field of water
reactor fuel manufacture, but they have shown that the
technology employed varies only in minor details between
the different fabricators.

The announced plans for capacity expansion seem to be
more than adequate to meet projected market require-
ments. Because of the rather limited capital tied up in
fabrication plants there is less incentive than in most pro-
cess industries to defer investments in waiting for market
growth. In addition lead time in fabrication plant con-
struction is much less than that for the reactors in which
the products are to be used. Therefore, no periods of
»sellers market» in connection with rapidly expanding
demand can be expected. Instead some overcapacity
will tend to be a normal feature of tbi industry.

The profitability of a manufacturing operation will,
under these conditions, in the long run tend to be more
dependent on the quality achieved, in terms of in-reactor
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performance, than on the introduction of cost cutting
and labor saving devices per se. Automation will still
probably be introduced on an increasing scale, but its
main function will be to eliminate human error
rather than to limit personnel requirements.

Success will be contingent on the efficient execution
of a stringent and relevant quality assurance program,
which is based on a true understanding of the function
of the fuel under irradiation. Recent experience of
European water reactor fuel performance has certainly
served to focus attention to the quality assurance as-
pect more than ever.

Addendum

In a Belgian contribution from GGCH provided too
late for this report, some information is given on fuel
element manufacture in the company Metallurgie et
Mecanique Nucleaires S.A. This company plans to pro-
duce most of the fuel for the Belgian water reactors
now under construction, and has built four produc-
tion Unes with a total capacity of 200 tons of PWR
fuel p a. In addition fuel elements for other types of
reactors, e g research reactors, are being produced.
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Session V

Reprocessing
Rapporteur S G Terjesen

Norsk Hydro, Norway

BIBLIOGRAPHY OF PAPERS PRESENTED TO
SESSION V
Foratom (I )
»The future of reprocessing in Europe», a Foratom
study by a group of experts issued in February
1970 and prepared by F Marcus.

Austria (2)
»Recent developments in radioactive waste mana-
gement.» F J P Oszusky, S Thorstensen.

Belgium
»Pu-recycling in thermal reactors and its industrial
consequences.»
Fossoul, Van den Bernden.

France (3) »Reprocessing.» Several contributors.

Germany (4)
»Reprocessing.» F Baumgärtner, H Krause.
E Merz, W Schüller, P Zühlke.

Italy (5)
»Industrial aspects of the nuclear fuel cycle in
Europe.» E Crispino, M Zifferero.

Spain (6) »Reprocessing.»

Switzerland (7)
»Reprocessing in Switzerland.» H R von Gunten.

United Kingdom (8)
»Reprocessing of oxide fuel at Windscale.»
T G Hughes, E F Kemp.

INTRODUCTION

The present discussion of reprocessing in Europe is
based on information disclosed in the papers presen-
ted by the members of Foratom. Of particular impor-
tance is the Foratom study: »The future of reprocessing
in Europe», prepared by Mr F Marcus on behalf of a
group of European experts, and issued in February
1970. A number of tables and passages from the For-
atom study have been quoted in this report.

It has been estimated that the European reprocessing
requirements in 1990 will vary between 10.000 tons
of contained uranium for a system of light water reac-
tors (LWR) followed by fast breeders (FB), and a
maximum of 40.000 tons for a system of gas cooled
reactors (HGR) followed by fast breeders. These quanti-
ties represent a reprocessing charge of the order of 500
Millions of dollar. In 1968 the total quantity reproces-
sed in Europe was about 1000 tons.

Considering the fuel cycle of a present day LWR, the
cost of the different items can roughly compared as
shown in Table 1. »Although reprocessing is the least
important step in the fuel cycle, when expressed by
its cost, it must be born in mind that the substantial
U-Pu credit presupposes that reprocessing is carried out.»

TABLEl

Reprocessing cost as part of the fuel cycle cost

hem

U-purchasing
Enrichment
Fuel fabrication
Reprocessing
Transport
Interest on capital

Total
U-Pu-credit

%

30
30
25
7
3

25

120
20

Once the fuel cycle industry becomes fully competi-
tive, the distribution of costs may be expected to
change somewhat.

The influence of the reprocessing price on the kWh
cost depends on the burn up of the fuel, i e the
energy produced per kg of U. At 200.000 kWh per kg
U for a LWR there will be 35 tons/year of irradiated
fuel to process from 1000 MWe installed. Taking the
total electricity generating cost as 4.5 mill/kWli
(= 0.0045 dollar kWh) and a total fuel cycle cost as
one third of this, the reprocessing cost will be about
0.1 mill/kWh or about 2%. For fast reactors with their
high burn-up, reprocessing has been predicted to account
for up to 30% of the fuel cycle cost.

In discussing the future of reprocessing in Europe
three points must be made, all relating to multinatio-
nal aspects of this activity and making it more important
than is indicated by its small contribution to the total
cost of electricity.

In common with entrichment facilities, reprocessing
plants require, for reasons of economics, a scale of
operation, which for a long time to come, p its them
out of reach for all but the largest of the European
countries. An economic size of a reprocessing facility
is estimated to 3 to 5 tons of contained U/day or 900
to 1500 tons/year. To maintain such a plant in con-
tinuous operation a total nuclear electrical capacity of
27,000 to 45,000 MWe as LWR or 18,000 to 30,000 MWe
as AGR is required. These figures show the importance
of considering the future of reprocessing on a European
rather than on a national basis.

As the last step in the fuel cycle, reprocessing ends up
with re-usable uranium and plutonium separated from
the fission products. Any reprocessing facility will
therefore be saddled with waste handling, and, in
particular with the ultimate storage or disposal of
fission products. This is a complex problem with wide
implications, not limited to the host country, and
therefore requiring common consideration. The cost of
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managing the fission products is by no means negligib-
le. Accordning to reference 2 this cost has been estimated
as high as 1% of the total electricity generating cost, or
0.05 mfll/kWh. In this figure is included interim liquid
storage, solidification, interim solid storage, shipment
and disposal in a salt mine or in an equivalent deep un-
derground vault. These figures are higher than common-
ly accepted today in Europe.

The multinational aspects of reprocessing are further
accentuated by the need for safeguards control of esta-
blishments handling fissionable material. This is to a lar-
ge extent a political question requiring governmental
action on an international level. As reprocessing, which
today is largely a government activity, is taken over by
private industry, it becomes important to find ways of
dealing with this question, acceptable to all concerned.

Recognising the multinational aspects of reprocessing,
13 European countries signed in 1957 a convention
leading to the establishment of the Eurochemic Com
pany with the object of building and operating a com-
mon reprocessing pilot plant at MoI in Belgium, and
of carrying out process development work. The United
Kingdom, having a strong lead in this field, was not a
party to this venture.

The reprocessing market in Europe suffers from a de-
velopment slower than expected of nuclear electricity
and of overcapacity. In 1968 the total quantity re-
processed in Europe was about 1000 tons, while the
available capacity was three to four times as big. The
result has been excessive competition. The necessity
of bringing about an orderly development in this
field has been recognised by Foratom. The object is,
through coordinated efforts, to arrive at sufficiently
large plant sizes to permit economic reprocessing at a
reasonably low cost.

Fuel elements are manufactured in many European
contries where economic reprocessing plants cannot
be located for a very long time to come. To prevent
subsidised small plants to emerge in such countries
it is essential to develop a European reprocessing in-
dustry with a structure that gives the utility and fuel
element manufacturers all over Europe satisfactory
access to reprocessing service.

THE REPROCESKING MARKET IN EUROPE

Reprocessing requirements can conveniently be divided
into a short term market and a long term market. The
former, including the year 1975, is based on the For-
atom inquiry made in 1967 supplemented with newer
information, and is summarised in Table 2.

TABLE 2

The short term reprocessing market

Reactor

type

LWR
HWR
AGR

Total
oxide fuel

MGR

Fuel to be reprocessed in tons

1970

45
16
0.1

61

1880

1971

78
33

1

112

2080

1972

99
28
28

155

2380

1973

106
33
46

185

2230

1974

135
42
96

273

2310

1975

201
35

156

392

2340

The corresponding quantities of plutonium are given in
Table 3.

TABLE 3

Pu contained in irradiated foci 1970-75 in tons per year

Year
Tons
Psi/year

1970
3.7

1971
4.4

1972
4.9

1973
5.2

1974
6.1

1975
6.8

The long term market for the years 1973,78,83 and 88
has been summarised in Table 4.

TABLE 4

The long term reprocessing market in Europe

Reactor

type

LWR
HWR
AGR

Total
oxide
fuel

FB
(U +Pu)
HTR

MGR

Fuels to be repressed in 1000 tons per year

1973

0.11
0.03
0.05

0.19

-

2.2

1978

0.8
0.1
0.3

1.2

0.03
negL

2.3

1983

2.1
0.3
1.0

3.4

0.1
0.1

2.8

1988

4.2
0.8
1.1

6.1

0.8
0.4

2.8

Table 2 ,3 ,4 , and 5 are extracts from more extensive
data presented by Marcus. The total amount of
plutonium contained in the fuel will rise from 16,4
tons per year in 1978 up to 77 in 1988.

EXISTING AND SCHEDULED REPROCESSING PLANTS

It can be seen from Tables 2 and 3 that the MGR repro-
cessing load remains essentially constant, increasing from
1880 t/year in 1970 to 2800 t/year in 1988. The present
capacity for this type of fuel at Windscale is about 2500 t/y.
Adding to this the undisclosed capacity of the Marcoule
plant, it is clear that the British and French plants together
easily can handle all future European MGR fuel.

As a consequence, the further attention of this report will
be focussed on oxide and fast breeder fuel. The European
capacity for oxide is planned to be as given in Table 5.

TABLES

European reprocessing capacity for oxide fuel

Country

B
D
GB
I
F
GB
I

Plant

Eurochemic
WAK
Windscale
Eurexl
Ia Hague
Windscale
Eurex

Sum increase
Sum total capacity

Capacity in t U/y

1966

100

100
100

1970

35-50
300
25

360
460

1974

900

900
1360

x)

300

300
1660

1978

300-600

300-600

1960-2260

India

Japan

x) Second Windscale extension



The Windscale capacity is obtained by installing new
head-end facilities equipped with mechanical shears
capable of handling complete fuel assemblies, in this
way the existing surplus capacity for MGR fuel can
be utilised for oxide fuels.

A comparison between Tables 4 and S clearly shows
that existing and scheduled European capacity for
reprocessing of oxide fuel will be adequate until about
1980. After that time th« rapid estimated increase in
demand will require a new large plant pretty soon.
By the mid - 1980's the level of oxide fuel in Europe
is anticipated as reaching 5.0001 U/y.

Published information concerning commercial repro-
cessing plants outside Europe has been listed in Table 6.

TABLE 6

Commercial reprocessing plants outside Europe

Country

USA

India

Japan

Plant

NFS
NFS extns +
GE
Allied
Atl.Richfield
National Lead

Trombay
Tarapur

Tokasi Mura

t/y

300
400?
300

1500
ISOO

1

30
125

250

Year

1966
1975
1971
1974

?

1

1965
1974

1973

Experience of reprocessing fast breeder fuel has been
obtained from several small plants, and a certain
amount can be handled by the installations listed in
Table 5. According io iiie British view reprocessing
of FB fuel must start at a date defined in the UK by
the run out of the plutonium stockpile which will
accumulate in the 1970's. This date is likely tc be
in the early 1980's. In the UK the first material is
likely to be processed in existing plants by diluting
with MGR fuel.

Preliminary studies on the reprocessing of HTR fuel
in the UK have indicated the desirability of saving the
fuel for several years after the inception of the reactor
programme, until sufficient stockpile has accumulated
to secure high utilisation of the reprocessing plant.
The reprocessing of such fuel may therefore not be
economically necessary until the mid-1980's.

TECHNICAL ASPECTS OF REPROCESSING
The object of reprocessing is to separate the fissile
material in spent reactor fuel from the fission products.
The uranium and plutonium must emerge from the
process sufficiently pure, and in a form suitable for
further application, i e for enrichment or for direct use
in a new reactor core. Recently interest has developed
in recovering also other elements, in particular neptunium
237, but so far activities of this kind have not contributed
significantly to the economics of reprocessing.

Practically universally used is the so called Purex pro-
cess. After shearing complete fuel assemblies, the con-
tained uranium is dissolved in nitric acid and subse-
quently separated from the fission products by a series
of extraction steps using as solvent tributylphosphate

diluted with a hydrocarbon. The uranium is finally
obtained as oxide or hexafluorMe and the plutonium
usually as oxide. The fission products are concentra-
ted by evaporation and stored in liquid form pending
ultimate disposal or storage, r issibly after solidifica-
tion. Most plants are designed for direct maintenance
of the equipment located inside the cells. Thorough
and time consuming cleaning of cells and equipment
is necessary before any maintenance can be performed.
Through research, development and technical scale
operation the process is now well understood and high
purity products can be obtained. The economy of the
process, when employed on a large scale, is resonable,
and ample development plants exist to carry out work
necessary to adapt the process to new fuel types. There are
no substantial cost reductions to be expected in the future,
excepting those conntected with scale of operation.

Least developed is the head-end operation involving
the shearing of complete fuel assemblies. At Wind-
scale the heavy duty shear is operated dry, i e not
submerged in water, and with dry bearings to avoid
difficulties with lubrication. The shear pack, compri-
sing blade, anvil etc, is easily replaceable, as it has
not yet been possible to design a shear pack capable
of handling the variety of fuel assemblies. The
blade and gogs have to be optimised for the specific
fuel, and this is accomplished by inactive chopping
experiments on simulated fuel. An attempt is being
made to develop a universal shear pack which can
operate with all types of fuel. Shearing equipment is
usually placed in cells equipped with master slaves
and viewing faculties. Mechanical cutting equipment
has been designed also in France. Electrolytic shea-
ring is being developed in collaboration between a
French company, a Belgian company and Eurochemic,
and is being tested on irradiated fuel pins in France.

The burn up of fissile material in the fuel is expected
to increase in the future, but figures as high as 30,000
to 35,000 MWd/t for LWR will raise no new problems
for the conventional Purex process, provided present
cooling periodes of at least 100 days are maintained.
However, still higher burn ups will be encountered in
the future, particularly with fuel from fast breeders,
and the degradation of the solvent by radiolysis will
become a problem. Fot this reason mechanical
extractors with very shoit retention times are being
developed in several countries.

The main disadvantage of aqueous processes, such as
the Purex process, is the large number of steps involved.
Attempts have therefore been made to develop dry pro-
cesses based on high temperature treatments. In one of
these the uranium is distilled off as fluoride, which is
the suitable form for enrichment. There are, however,
problems of complete recovery of plutonium and with
construction materials wiiich must be corrosion resistant
at elevated temperatures. The process has not advanced
beyond the pilot stage, but may be developed for fast
breeder fuel, although cost incentives appear to be slight.
The so called pyromeiallurgical method used for EBRII
reprocessing at Idaho, consists in melting the metallic
fuel, whereby fission products are distilled off or can be
removed by adsorption. Poor decontamination from
fission products are obtained, but the cooling time can
be shortened. This method is a potential candidate for
FB reprocessing. In the similar pyrochemical methods,
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gases, molten salts and liquid metals are used as media.
The general advantages of the dry methods are i) fewer
process steps ii) no radiation damage to reactants
iii) low volume and solid radioactive wastes. There is
no indication that any of these processes will replace
aqueous reprocessing.

The economic importance of waste management has
already been pointed out. Fortunately, this is a
field in which considerable progress has been made in
recent years, and where further efforts are reported
from several countries. So far, high level waste, con-
taining the fission products, is stored in cooled tanks
situated at ground level. This solution is comparatively
cheap, but may not be acceptable in the long run. The
US policy appears to limit the quantity of liquid high
level waste to be stored at a reprocessing site to that
produced during the proceeding five years. After that
time conversion to a solid form and transfer within
another five years to government operated, deep
underground storage vaults will become mandatory.
In Europe only West Germany is known to have salt
mines which they intend to use for waste disposal
along similar lines to these proposed in USA. Other
contries do not have such opportunities and will have
to seek other means as the much cheaper storage of
solid HLW in surface or near surface vaults. Blasting
of caverns with nuclear explosives in deep geological
formations is another solution. Suitable geological
formations are reported to be available in most
countries. At present, most work is aimed at methods
for converting the liquid HLWinto solid form. At
Harwell pilot piant work has demonstrated the feasibi-
lity of glass making with high activity wastes at a level
of 15,000 Ci per batch. A higher activity prototype
plant will probably be needed before a full scale unit
is constructed, and there are still a number of prob-
lems to be overcome. At Marroule an industrial scale
pilot plant is in operation. To improve the economics
of the operation a continuous calcination process
will be applied to the solution prior to vitrification.
In Germany the efforts are directed towards the de-
velopment of similar processes. For less active wastes
solidification and incorporation in bitumen appears
most attractive. The canning material left after the
dissolution of the uranium is highly active, and is
stored in silos under water to allow fission products
to decay. The discharge of radioactive gases to the
atmosphere presents no serious problem at present.
With the advent of FB and short cooling times the
level of radio-iodine will increase greatly and decon-
tamination factors of the order at 10s will be needed
before discharge to the atmosphere. Work on this
problem is in progress. So far, radio-xenon and kryp-
ton do not present serious problems. An expert group
under IAEA concluded that there would be no natio-
nal or world-wide public health problem from radio-
active noble gases before the year 2000, but that
careful attention would have to be paid to local doses
of these gases from large plants situated in areas of
unfavourable meteorological conditions. At one time
tritium was considered to be a problem, but disposal
by dilution with water or air is now accepted as satis-
factory for a long time to come.

Uranium and plutonium, when separated from the
fission products, will either be directly reused in the

fuel cycle or stored for a period. The transformation
to other chemical or physical forms can conveniently
be done at the reprocessing plant. The uranium from
reprocessing plants is in the first place available as
uranyl nitrate solution (UNH). Transportation in this
form is inconvenient, and conversion to oxide, UO3,
tetrafluoride, UF4, or hexafluoride, UFg, is indicated.
Methods are available for these conversions, and the
associated costs are summarised in Table 7.

TABLE 7

Approximate conversion costs of reprocessed
uranium products

Conversions Approx. cost dollar/kg U

UNH - UO2
UNH - UF4
UNH - UF6
UF4 - UF6

3
3

4-5
2

The choice of method will depend on circumstances.
Depleted uranium with below natural content of fissio-
nable material may be stored as solution or oxide for
later use in FB. If the uranium is to be re-enriched, con-
version to UF4 or preferably to UF5 is carried out. For
direct blending, such as for HWR, the oxide form is indi-
cated. The specifications for the uranium depends on its
use. For re-enrichment in a diffusion plant the USAEC
specifications were originally applied in Europe. They
have now been somewhat relaxed to allow a reasonable
plutonium content and normally pose no problems.
For uppr'.dLig by blending less rigid specifications are
required. Here the total neutron absorption is the limi-
ti'ig factor. By recycling-the uranium, its isotopic compo-
sition is changed with successive build-up higher alpha-
and gamma-active nucleides. This must be taken into
account when specifications for recycled material are set.

The ultimate use of plutonium is for fast breeders. There
is, however, a strong economic incentive for recycling
the plutonium in thermal reactors in order to avoid ty-
ing up capital in plutonium until FB becomes commer-
cial. Thermal recycling would lead to approximately 10%
saving in the uranium usage in LWR, but the fuel ele-
ment fabrication cost would increase. Recycling
of plutonium changes its isotopic composition so
that the content of gamma emitters increase. Repro-
cessing of such recycled fuel therefore requires not
only bigger tail-end capacity per ton of fuel handled,
but also additional shielding. Remote fabrication of
fuel elements may then become necessary. With the
resulting changes in isotopic composition the value for
further thermal recycling is reduced. If plutonium is
consumed in thermal reactors, the installation of fast
breeders may have to be delayed. Approximately 51 of
plutonium is needed for the start up of a 1000 MWe FB.
In the UK the policy has been to store plutonium for
FB programmes, whereas in other countries thermal re-
cycling in planned. A storage facility for plutonium
may cost 100-200 dollar/kg Pu. The specifications for
plutonium have been linked with the necessity of
glovebox handling.

Losses of fissile material in reprocessing is important
for economic and safeguards reasons. Measured losses
in liquid waste streams in a Purex plant are normally
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kept well below 1%. Uranium losses are percentwise
smaller than for plutonium. Considering additional
losses in solid waste and inevitable discrepancies in the
material balance, an overall recovery of 98% is gene-
rally accepted. In a plant treating 5 t/d LWR fuel this
unrecoverable 2% of fissile material can represent
10-15% of the total reprocessing charge. The determi-
nation of the input of U and Pu in the dissolver solu-
tion requires refined methods in order to be better
than 1,5%. The input determination is the reference
point in commercial arrangements with customers
and for safeguards control of fissile material. Finan-
cial losses can also result from the mixing of solutions
of fuel from different origines due to change in value
of enrichment and of plutonium. Optimum opera-
tion of such activities requires carefully planned
management.

The problems associated with the reprocessing of
other types of nuclear fuel have in part been mentioned
earlier in this report. Fuel elements for high-tempera-
ture gas-cooled reactors consist of pyrolytic carbon or
slicon carbide coated uranium and thorium carbide
or oxide particles dispersed in a graphite matrix. This
fuel requires a specialised head end treatment. The
grind-leach method under development in USA is be-
ing studied in UK, but preliminary development
work there suggests that alternative high temperature
chemical treatment may be more attractive. In Ger-
many a pilot pla/.t is being designed for 2 kg heavy
metal per day. The burn-leach method appears to be
favoured in combination with a Purex plant. Due to
the danger of crosscontamination, it is doubtful if
HGR fuel containing thorium, should be processed
at all in a plant normally handling uranium. Prelimi-
nary economic studies on HTR-fuel reprocessing in
UK have indicated the desirability of saving the fuel
for several years after the inception of the reactor
programme, until sufficient stockpile has accumu-
lated to ensure high utilisation at the reprocessing
plant. Storage has been shown to be technically fea-
sible. Reprocessing of this fuel may therefore not be
economically necessary until the mid - 1980's.

Although fast breeder reactor, are still in the develop-
ment stage, experimental reprocessing plants have
been put into operation in several countries, and the
special problem areas have been identified:

- higher plutonium contents will influence pro-
cess chemistry and critically measures,

- sodium must be completely removed,
— cooling of the fuel may be necessary during

mechanical treatment,
— higher fission product activity and concentra-

tion will complicate both process and waste
management,

- higher concentrations of gaseous fission products
call for new removal methods (iodine, krypton,
xenon, tritium),

— higher plutonium losses reduce possibilities of
low level waste release.

The amount of FB fuel to be reprocessed before
1980-85 may not warrant a large plant specifically
built for FB fuel, but this could be justified in the
years thereafter. A FB reprocessing plant would prob-

ably use the same basic technique as a LWR plant,
but several modifications have been suggested, and
substantial development work remains to be done.
For this purpose pilot plants are available in several
European countries. The cost of transport of FB
fuel is expected to considerably higher per kg than
for LW. but because of the high burn up, the cost
per kWh may even be lower.

ECONOMICS OF REPROCESSING

The cost of reprocessing has been analysed in consi-
derable detail in the Foratom study on the future of
reprocessing in Europe. Cost figures published
in the literature can be difficult to interprete because
it is not always clear what has been included and what
has not. In the Foratom study great care has been taken
to use the same practice as the chemical industry in ge-
neral.

The investment cost should include such items as, pre-
project, special development work, architect engineers
and other fees, commissioning, interest prior to start up,
purchase and preparation of site. Assuming a construc-
tion time of 4-5 years, which is not uncommon for a re- '
processing plant, and an interest rate of 10%, the con-
tribution of it, Merest prior to commercial production
will amount to approximately 15% of the total capital
cost.

A characteristic of reprocessing plants is the high base
cost, due to heavy shielding, specially equipped hot
cells, and the requirement for service-free operation of
equipment inside cells. Items of a plant which are essen-
tially independent of capacity include civil engineering
and ventilation, certain equipment in the \K *t plant, in-
strumentation, analytical laboratory and general services.
The same is also largely true for mechanical fuel hand-
ling equipment. Due to the high base cost the exponent
x in the general cost equation for upscaling chemical
plant:

= Ax

where I = investment
A = capacity factor

has been proposed to lie between 0.24 and 0.4. These fi-
gures are much lower than generally for chemical plant
showing that the capital cost varies but little with, plant
size. For the purpose of illustration a 1 t/d plant might in
1969 cost about 40 mill dollar and a 5 t/d plant about
75 mill dollar. A price estimate can, of course, only be
made when the specific size, type and location are de-
fined.

For reprocessing plants capital charges amount to more
than 50% of the total reprocessing cost. It is therefore
important with a clear definition of this item. Existing
practice is to fix the depreciation time for reprocessing
plants at 15 years. In the capital charges are included
(i) interest on money, (ii) depreciation on a linear basis
over a plant life of 15 years and (iii) return on capital.
These three items may conveniently be lumped in the
term capital charges. The Foratom study considers
two alternatives 15% and 30%, but the latter figure is
obviously more in line with practice in the chemical
industry.
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The operating costs are conveniently divided into con-
stant and variable costs. The personnel requirement
makes an important contribution to the constant
operating costs. It can be assumed that a reasonably
well instrumented 5 t/d plant will require ^50 per-
sons, while a 1 t/d piant will need at least 250. During
routine operations a total of about 20 of these posi-
tions will, in both cases, be filled by Ecademic per-
sonnel. If service functions can be shared with
other activities on the same site, f i waste handling,
health physics and analytical services, some reduc-
tions in these figure can be achieved. The variable
costs cover plam services, chemicals and waste hand-
ling and storage. Of these the latter is by far the
most important. Taking a typical reprocessing plant
at a reasonably well located site where HLW is stored
in tanks, a chop-leach head-end is used, normal release
of low level waste (LLW) is possible, and where final
waste storage takes place at the site, the total waste
cost is about 4,5 dollar/kg U. This figure depends
somewhat on plant size. Solidification, transport and
underground disposal of the HLWare not included.
Illustrative examples of reprocessing prices for
1 t/d and 5 t/d plants are shown in Table 8. For the
5 t/d plant the influence of plant load is also shown.

TABLE 8

Illustrative reprocessing prices with different
plant load

Plant capacity

Plant load

Capital charge
at 30%
Constant
operating cost
Variable
operating cost

Total cost $/kg U

1 t/d
300 t/y

100%

$/kg U

40

10

5

SS

20%
300 t/y

S/kgU

75

14

4

93

5 t/d
1500 t/y

50% 80%
750 t/y 1200 t/y

S/kg U

30 19

6 3

4 4

40 26

100%
1500 t/y

$/kgU

15

3

4

22

The strong influence of capital and constant opera-
ting costs makes it particularly uneconomic to run a
plant much below full load.

These figures are based on storage cf HLWin tanks on
site and includes perpetual care. Should it prove
necessary to solidify the HLW and transport the solid
to an underground cavern, another 4 dollar/kg U will
have to be added. Total cost of HLW management
then becomes about 7 doliar/kg U, but allowance has
still not been made for the cost of the underground
cavern. Should the US policy of ultimate disposal be
adopted, and all expences have to be born by the
reprocessors, the cost of fission product management
would, according to reference 2 increase to \% of the
electricity cost from a large LWR power station, or
of the order of 10 dollar/kg U.

The reprocessing puces given in Table 8 do not re-
late directly to the situation of reprocessing plants

as it will be in actual practice. With the rapidly
expanding market from the beginning of the 1980's
a more realistic assumption would be for a 1500 t/y
plant to start with 20% load, increasing to 100% in
some years and then remaining at 100% for the
rest of the 15 years period. In such a case it would
be necessary to work with a levelised price. For a si-
milar case with a 1500 t/y plant with a load increasing
from zero to 100% in 5 years the levelised price was
calculated in reference 1 to 33 dollar/kg U as compa-
red to 22 dollar/kg U for 100% load from the start.

As the fuel element transportation cost is estimated to
add 6 doll, r/kg U to the reprocessing costs, the buil-
ding of integrated power plants with a taylor made
small reprocessing plant attached might be considered.
But even for a 4000 MWe plant that does not seem
economic at present, but may be adopted for the
first industrial FB complexes or for HTR reactors, in
order to obtain experience. Theoretically, an optimum
plant size can be calculated in an expanding system.
Calculations quoted in reference 1 indicate that, under
certain assumptions an economic size would be about
1500 t/y. A number of factors will influence this
optimum size, and the reader is recommended to con-
sult reference 1.

CONCLUSIONS

The uncoordinated and subsidised expansion of repro-
cessing capacity in Europe threatens to prevent the
establishment of a viable European reprocessing indu-
stry. The present situation is characterised by large over-
capacity and a strong competition between small subsi-
dised plants and large well established plants benefitting
from lower construction costs and favourable financing
conditions. This leads to uneconomic prices and to the
signing of long term constracts with the risk that prices
will remain at an unhealthy low level and prevent in-
vestment of capital from private industry. It is necessary
to arrive at a certain degree of European understanding
to enable new plants to be built at the right time and
place to secure an optimum utilisation of resources.
New plants should be located close to high nuclear po-
wer density areas, but a reasonable geographical distri-
bution should also be aimed at. Many of the small
countries wish to safeguard their energy production
and to maintain fuel element fabrication industries. Un-
less solutions can be found to give each European
country non-discriminating access to reprocessing, there
will be a danger of uncoordinated emergence of small
subsidised plants. The small plants shou!d in the future
be used as pilot plants, and a European agreement to
this effect is desirable.

Although the reprocessing technique is well developed,
there remains areas requiring further work. Develop-
ment is needed on plant upscaling, head-end operations,
fuel transport and reception, automation, waste mana-
gement and processing of high temperature reactor
and fast breeder fuel. Arrangements are needed to avoid
duplication, and commercial arrangements are desirable
so that the results obtained can be used for new plants.
To facilitate operations on a European basis common
practices for nuclear safeguards, safety and waste dispo-
sal should be established.

ABBREVIATIONS
MGR = Metal graphite reactor
LWR= Light water reactor

HWR
HGR
AGR

= Heavy water reactor
= High temperature reactor
= Advanced gas cooled reactor

FB
U
Pu

= Fast breeder reactor
= Uranium
= Plutonium


