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1. 

Abstract 

An economic comparison of the various enrichment 
processes is problematic mainly because the capital costs 
are subject to large uncertainties as a result of different 
conditions used in the ground rules. The price of the 
electricity in the region considered also has a large 
bearing on the competitive position. Centrifuge, diffusion 
and nozzle separation processes are compared for plants 
reaching full production in 1082. The economic effect is 
investigated of in the important parameters such as 
electricity cost, capital cost, sales revenue and the rate 
of price increases. 

Adresses of the authors: 
Dr. K. Braun and Uip.-Jn^; II. Geipel, SIT Company for 

the Study of uranium Isotope Separation Processes Pty. Ltd., 
Rosastrasse 8, k") Essen, Federal Uepublic of Germany. 

Dipl.-Oekonom (n.Ec.J .J. [wand, 'ielsenberg AG 
(public company) 
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2. 

1. Introduction 

The economic comparison of various enrichment processes 
is of great current interest as decisions are imminent on 
a world wide scale on extending the uranium enrichment 
capacity. In the western countries a series of new large 
plants (about 1U plants of 9000 t SWU/annum each) mur>t be 
commissioned by the late eifthti^s. The corresponding 
capital expenditure in terms of current values is k to 5 
milliard DM (not including the required power plants). 

The investment decisions are, however, subject to the 
following risks: 
- Danger of excessive capital expenditure, brought about 
by the introduction of relatively new technologies not 
applied previously on a large scale,long construction times 
and increasing inflation. 
- Insufficient operating experience with some precesses. 
- Technical advances with newly developed processes. In 
general, the sale of the separative work produced is secured 
by ten-year contracts. The operators of separation plants 
count, however, on a period of depreciation of 15 to 20 
years; during this time new technologies can be developed 
which give a lower enrichment cost. 

In addition, there is the following uncertainty: up 
to now all the plants have been built and operated by the 
state and thus also possibly subsidized by the state. 
Only in the next few years it will be decided in the western 
countries whether a new enrichment industry, operated by 
private enterprise, is to bi< built up to supplement the 
state owned plants. 

Whilst U.S.A., Canada, south Africa, Australia and 
Japan have carried out feasibility studies, in Western 



Europe two organisations, URENCO and EURODIF, have already 
decided to build new plants. 

URENCO is the joint enrichment company formed by 
URAN1T (F. R. of Germany), UNFl. (U.K.) and UCN (Holland). 
It commences by building two centrifuge plants of 200 t SWU/a 
each, to be commissioned in l'>76 which can be expanded to 
a total capacity of 2000 t SWU/a by l'».So and to 1OO0O 
by 19B5 depending on the growth in demand. 

EURODIF has made a decision to build a large scale 
diffusion plant in France. The plant will have a capacity 
of about 90O0 t SWU/a with France providing the technology i 
and undertaking the construction jointly with Italy, Spain j 
and Belgium. It should reach full output in 1981/82. The ' 
decision to go ahead with this plant has a bearing on the 

] 
concept of supplying the total European needs. 

The Jet Nozzle Separation process represents a further 
enrichment alternative. It has been so far developed in 
Germany that a decision is impending on the buiding of a 
demonstration plant. If the further development continues 
in a satisfactory manner, this technology would also be 
available for large production plants in the eighties. 

A novel enrichment process is also being developed 
1M South Africa. Its published economic data are in line 
with similar data for the no/./le separation process. 

Lastly, some data on the Laser Process have been re- j 
leased recently. In several countries, including U.S.A., 
Israel and the Federal Republic of Germany, investigations 
mrm in progress. As regards the economics of the process, 
a* operating dnta are available so far. It is evleaged 
In the U.S.A. that large scale industrial plants would not j 
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be available before ll)85. The Laser Process would be 
particularly attractive if one succeeds in removing more 
U235 from natural uranium than has been possible up to now, 
In theory, thit, would allow to save up to 0̂̂ > of natural 
uranium. 

2. Uncertainties in the Economic Comparison of Enrichment 
Processes 

As regards the decisions to be made in the highly 
industrialized countries, the diffusion and centrifuge 
processes are under discussion, the latter in particular 
because of its low energy consumption. In countries with 
low energy costs, such as Cnnad.i and South Africa, the 
diffusion process and possibly also the nozzle separation 
process could be considered. 

This report compares: 

Centrifuge: IJSAEC and liliKNCO/ACE technology 
Diffusion: I/SA1X anil MIHODIF/CEA technology 
Nozzle Separation Process 

A comparison of the various processes encounters the 
following difficulties: 
- Differences in the current stsite of development and 
further development potential. 
- Limited availability of drita as governed by security 
arrangements. 

For the evaluation of the processes the largest un
certainties are in the capital costs. They constitute a 
fraction of the totaJ separative work cost ranging from 
about 50> (diffusion) to 6l)> (centrifuge) (see Table k). 
The capital cost data are also bused on different 
assumptions. 
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The Centrifuge Process has ,1ust left the stage of 
demonstration plant in Western Europe. Fully economic 
operation can not yet be expected from the first large 
industrial plant as there are problems still to be solved 
as regards the mass production of the centrifuges and 
operation of large scale plants. Recognizing the large 
development potential of the centrifuge, it is assumed that 
the capital costs can still l>e reduced drastically. This 
is expected t) be the case for large commercial plants 
upwards of 1000 t SWU/a which would be operational in the 
early eighties with a start of construction in 1978/79. 
Because of the anticipated technical developments, the 
capital cost data for this process are subject to larger 
uncertainties than for diffusion. 

The Diffusion Process has practically reached the end 
of its development and has hardly any further development 
potential left. In the USA it tins been proven in commercial 
plants over a period of more thnn 2(> years. 

It can be assumed that the capital cost data of large 
diffusion plants can be assessed reasonably accurately by 
the USAEC. 

In France industrial experience is obtained from the 
operation of the Pierrelatte plant (an output of only about 
3> of the planned EUltODlF plant) and from the testing of 
•ome full scale industrial components. Both the American 
and the French data on capital costs can not be verified 
leaving some uncertainties as far as outsiders are concerned. 

The Nozzle Separation Process has to be treated in a 
•imllnr manner as the centrifuge with respect to the capital 
costsi they should be reduced by 2r>> by comparison with 
the current state of art* At the snmo time, the energy 
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consumption is tt be reduced by *lÔ  of the present value. 
The development effort is concentrated on these objectives. 
In the following assesment it is assumed that these targets 
have been reached. 

Whilst the capital cost data are subject to larger un
certainties as discussed above, the operating costs can be 
estimated with a reasonable accuracy. 

The differences in the data of capital and operating 
costs for the USAEC and URENCO/ACE centrifuges and also 
USAEC and EUK0D1F/CEA diffusion plants are small and can 
be neglected. In the course of a sensitivity analysis the 
important parameters, such as capital costs, energy costs 
and price rises, are varied to cover a wide range of values. 

This report shows up the trends anil dependence of 
various parameters. However, at present it is not possible 
to make definite statements on the economics of each par
ticular process. 

3. Method of Calculation ami Uasic Dalit 

3.1 Method of Calculation 

A method widely applied in ninny enterprises, the 
Discounted Cash Flow Rate (UCFU), is used as a criterion 
of economic comparison. This is understood as the discount 
rate which at a selected reference time reduces to zero 
the present worth of all outgoings mid revenues received. 
It follows that a project with a higher IJCF rate has better 
economics. 
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Table 1: Basic Uat.i (l')73 Prices) 

Centrifuge Diffusion Nozzle Separation 

Capacity Unit t SWU/a 
(Total Capacity) " 
Construction Period, years 
Useful Life " 

1000 1O00 10OO 
(1000) (9O0O) (2500) 
3 6 5 
21) 2() 20 

Capital Costs 
Plant 1()6 DM 
Stored 
materials ii 

Hold up n 

Operating Costs 
Staff *) 10° DM 
Maintenance n 

Auxiliary and 
operating 
materials n 

Administration » 
Others w 

Total operating 
costs excluding 
energy ri 

430 

7.2 

11.0 
15." 

V)0 

7.2 
7.0 

h.o 
1.8 

s 

7.2 
0.2 

7.0 

2.5 
2 . 0 1.6 -J 
2.0 1.0 1.5 
l.O 0.6 1.0 

3l.o 9.0 12.0 

Energy Costs 
Spec, en, cons.kwh/kg SWU 
Spec. en. cost* I'f/kwh 
Total en. costs 10 6 DM/a 

2(», 2**00 240O 
2.5 2.5/1.5 1.5 
r> 60/36 36 

Revenue DM/kg SWU 12«) 120 120 

*) average s t a f f c o s t s 1 IfOOOOuM/ man-year 
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3.2 Basic Data 

The basic data used in the economic comparison are the 
available official values for plants reoching full production 
in 1982. Where necessary, these data have been converted 
to a uniform basis of comparison. 

An important parameter for the comparison of processes 
is the electricity price which lias a substantial influence 
on the separative work cost of the diffusion and nozzle 
separation processes. It is of lesser importance for the 
centrifuge. As far as can be seen at the present, the 
nozzle separation process can only compete with the establish
ed diffusion technology and the new centrifuge technology 
if low priced electrical energy is available. 

The following four plants are investigated: 
- Centrifuge with an electricity price of 2.5 Pf/kwh *) 
- Diffusion " " " " 2.5 " *) 
- Diffusion " " " 1.5 
-Nozzle " " " " 1,5 " 

The basic data for the plants considered ar» summarized 
in Table 1. 

All the processes arc treated in the same manner as 
regards the following: 
-Financing Alternatives are not considered and thus the 

calculated discount rate always relates to 
the total capital. 

-Royalties Neglected. 
-Taxes Neglected - thus the shown discount rate would 

apply before tax. 
-Price Level The reference for costs and revenue* is the 

price level in 1«>73. 

• ) USAEC basis of calculation 1 It) mills /kwh) 
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- Revenues A uniform (world m.irket) price of separative 
work is assumed at 120 uM/kg SWU. 

•).2.1 Capacity 

Plants with a capacity o 10OU t SWU/a are considered, 
reaching full production in 1982. As regards diffusion and 
nozzle separation, this only represents a section of a larger 
plant (diffusion 900(, t SWU/a, nozzlr separation 2500 t SWU/a) 
reflecting possible participation in a multi-national plant. 
However, contrifuge plants of this capacity can operate 
economically as independent plants according to UKENCO. 

3T2.2 Useful Life 

The economic operating life was set at 20 years for 
all the plants. The useful life of separate components, 
in particular for the centrifuge process, can be different. 
The USAEC allows for an economic operating life of 15 (10) 
years. This case is treated under U.2. 

j.2T3 Capital Costs 

The specific capital investment is approximately the 
same for all the processes. The diffusion and nozzle separa
tion necessitate a longer period of construction which con
tributes to larger interest charges. The influence of 
interest during construction on the capital costs is shown 
in Tab. 2. 
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Fig. 3 (left): J)C1-' Kate (•>-) v. Uevonue (UM/kg SWU) 
Constant Prices. 

Fig.4 (right) $ J)CK Itate (>) v. Ueveniie (UM/kg SWU) 
With Rising i'rices. 

Table 2: Specific Investment in OM/kg SWU installed 
(Price level 1«>73) 

Technology Centrifuge Diffusion Nozzle 
-f; 
! 1 

No interest during 
construction 'tl<-
Interest during 
corstruction 8'̂  p.a. k70 

'»30 

520 

kko 

510 



[ / 
Willi " J T n 11 I l • i 

11. 

Table 3: DCF Rates in Percentage Points 
Constant Prices R4. Ning I rices 

Centrifuge 2.5 Pf/kwh (1) 
Diffusion 2.5 " (l) 

" 1.5 " (2) 
Nozzle 1.5 " (2) 

15 
8 
13 
12 

12 
12 
16 
13 

Price rises adopted: capital costs V/o/a 
wages 9 n 

materials 5 " 
separative work price 3 " 

(1) electricity with 2.5 Pf/kwh 2 "(Nuclear P.S= 
(2) " 1.5 " 0 "(Hydro P.S.)I 

Table **: Split - up of Separative Work Costs 

Process Centrifuge Diffusion Nozzle 
State of technology 
(full load operation 1982) 
Electricity price, Pf/kwh 
Capital costs, > 
Energy costs, •; 
Operating costs 
excluding energy, > 

Wages, V 

1979 1976 1977 
2.5 2.5 1.5 1.5 
60 *»3 55 53 
t> 50 36 35 

2b. 2_ 2_ 12. 
1(H) 100 100 100 
13 3 h 7 

8% interest, 20 year depreciation. 
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Table 5s Changes in l'CF Rate in Percentage Points for 
various Rises in Wages and Electricity Prices 
(all other prices constant) 

Price rises, > p.a. Centrifuge Diffusion Nozzle 
Wages k 

9 
Electricity 2 

k 

- 2 . 2 - 0 . 2 - 1 . 1 
- 6 . 5 - 1 . 9 - 4 .7 

I) - 0 . 9 -1 .6 
o -2 .4 -4 .2 

Table 6: Shutdown Costs in 10b DM/month for 1000 t Unit 
Centrifuge Diffusion 
2.5 Pf/kwh1) 2.5 Pf/kwh1) 1.5 Pf/kwh2) 

Nozzle 
1.5 Pf/kwh2) 

6.3 8.4 7.4 7.9 
Contributing operating expenses: 

Staff 10O> Maintenance 50# 
Administration lOÔ o Operating materials 50> 

Assumed fraction of electricity cost: 1) 75%(Nuclear P.S.) 
2) 90«Jb(llydro P.S.) 

4.1 Assesment with Haslc )>atn 

The economic assessment was done both under the 
assumption of constant prices and also with yearly increases. 
The results are shown in Table 3 (see als Figs. 3 and 4). 

With constant prices the centrifuge shows the best 
economics. However, at an electricity price of 1.5 Pf/kwh 
the margin with respect to a diffusion plant is small. 

fcffsct of Price uises 
As a result of thsir different cost structure (see Table 4), 

ths diffusion and nozzle sepnratlort processes ars favoured 



I / 

1 3 . 

by price rises as compared with the centrifuge I see Table 3). 
In this case the economics of the centrifuge are equal to 
the diffusion process with 2.5 1'f/kwh. 

Split - Up of Separative Work Costs. 
Tabic k shows the split-up of the separative work costs 

for the various processes (price levels of 1973). 

k.2 Sensitivity Analysis 

In order to establish the influence of various para
meters on the economics of the different plants, the para
meters are varied and the corresponding bCK rates calculated. 
Figs. 1 to k show the chances in the UCK rates as a function 
of capital costs, electricity prices and revenue. 

The effect of different rates of increase in wages and 
electricity prices are obtained by changing only one of 
these two parameters with all the other prices kept constant. 
The results are shown in Table 5. 

However, with th-i application of general price in
creases in accordance with Table 3» the following is obtained: 

- With an extremely high increase in the electricity price 
of 9>/annum, the DCF rate is reduced to 7V for diffusion 
process with 1.5 Pf/kwh and to o.. with 2.5 1'f/kwh. 
• The DCF rate of the centrifuge would remain unchanged 
with respect to the case of constant prices, if the separative 
work price increased by A,5 /annum or if the wage* only in
creased by 7^/a. 
- The diffusion with an electricity price of 1.5 Pf/kwh 
is not so economic as a centrifuge with hjO DH/kg SVU if 
the electricity price increases by more than 5.5>/«. 
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In establishing the economics of the various processes I 
the load factor of the installed capacity is, in general, J 
not considered: it is assumed that a loOO t plant erected i 

I 
is op*rating at full output irrespective of the location ! 
and operator because of lon^ term delivery contracts | 
arranged already before the commencement of construction. I 

i 

Should, however, the diffusion and nozzle separation 
plants have a load factor of only 75> during the first three 
years of production, the 1>CF rate would be reduced by about 
2 percentage points. Partial loading is less likely with 
the centrifuge because of the flexibility in adding new 
capacity (small production units, short construction periods); 
this case is therefore not considered here. 

The effect of reducing the operating life from 20 to 
15 years was also analyzed: the DCF rate falls then by 
about 1.5 percentage points for all the processes. 

An interruption in production due to technical or 
other reasons for a period of, say, one month results in 
the plant shutdown costs as given in Table 6. 

As shown in Table b, the centrifuge process shows an 
economic advantage with the given assumptions: the additional 
costs for the diffusion and nozzle plants are brought about 
by the large fixed cost contribution of the power supply. 

5. Discussion of Uesults 

Keeping in mind the lar/e technological advances to 
be expected, the differences in the economics of the various 
processes are small in relation to the uncertainties in 
the basic datr». As regards the comparison of the processes, 
the choice of boundary conditions is of crucial importance. 
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The most important boundary conditions are: 
- trends in the price of enriched uranium (price trends on 
the world market not predictable, variations in exchange 
rates), 
- cost trends for components, operating materials, wages 
and energy, 
- possible reductions in capital costs by technological 
advances. 

It is shown that for the centrifuge the economics are 
substantially influenced by the capital and maintenance costs -
in these areas large advances can be expected. This process 
is nearly independent of the level and increases of the 
electrical energy price. Centrifuge plnnts can be built 
in comparatively small units. Therefore, this process is 
particularly suitable to Europe. 

On the other hand, the economics of diffusion and 
nozzle separation plants depend heavily on the electricity 
price in addition to capital costs making such plants 
suitable to countries with low electricity costs. 

Due to the long construction and operating periods of 
enrichment plants, there are substantial differences between 
the proceases taking into account the different structure 
of the plant costs in conjunction with rising pricest with 
the current trends the centrifuge is disadvantaged in the 
long run by comparison with diffusion and nozzle separation. 

With the assumption that tho capital costs given for 
the varloua processes represent the lowest achievable valuea, 
the following statement* can be niades 
- The centrifuge with capital costs under 700 and 1*70 DM/kg 
SWU installed ia more economic than diffusion with electricity 
prices of 2,5 and 1.5 Pf/kwh, respectively. The centrifuge 
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under 520 DN/kg SWU installed is moro economic than the nozzle 
separation with 1.5 J'f/kWh. 
- The centrifuge with a capital cost of ^30 UM/kg SWU installed 
has the same economics as diffusion with an electricity price 
of 1.0 Pf/kWh or the nozzle separation with 0.7 Pf/kWh (see Fig.:.' 

6. Concluding Uemnrks 

In the foreseeable future the price of separative 
work in the western countries will be determined by U.S.A. -
the largest producer. Decisions on additional capacity can 
be expected there as from 1(>76 with a possiblity of privately 
operated plants. Irrespective whether the new capacity is 
provided by the state or private enterprise, large rises 
in the price of separative work can be expected. This, however, 
would only have a slight influence on the competitive posi
tion of nuclear energy: an assumed doubling of the separative 
work price would only lead to a (>'- increase in the power 
generation cost. On the other hand, a doubling of the oil 
price of, aay,7i>DM/t (overtaken in the meantime) would 
increase the generation cost by nore than 5*>7". 

Above all, the security of supply of separative work 
appears to be most important. Several technologies have 
been developed for uranium enrichment. The time has now 
come to make decisions to implement a programme on a large 
technological scale. 

*» #»*•# 
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