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PRELIMINARY REMARKS 

Some of the data.published in this report 
may not be traced back explicitly to the answers supplied 
by the technology holders as, for instance, for the sake 
of clarity, one system of units has been used throughout 
the report. However, all the information contained herein 
has been discusssd with the technology holders on several 
occasions in WG.2 B meetings before receiving the consen
sus of the group as a whole. Thus, this report reflects 
the viewpoint of technology owners concerned. 
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V - SCOPE OF THIS REPORT -

Within the overall scope of INFCE, working group 2, devoted 
to uranium enrichment, was mandated to study the six followinq subjects : 

a) Enrichment reeds and availability according to various fuel cycle 
strategies. 
- joint planning of future capacities ; 
- opportunities for cross-investment ; 
- freedom of choice for customers in An open market. 

b) Technical and economic assessment c-f the different enrichment 
technologies. 

c) Assessment and comparison of the -proliferation risks of the various 
enrichment techniques. 

d) Safeguards aspects specific to enrichment. 
e) Multinational or regional fuel cycle centers or similar arrangements. 
f) Special needs of developing countries. 

In order to carry out some of these tasks WG 2 created two 
subgroups 

- WG 2k for the assessment of the enrichment needs 

- WG 2B for dealing with the technical, economic, commercial, safe
guards and non-proliferation aspects of enrichment. 

Sub-group 2A working jointly with subgroup 1A in account of 
their common preliminary objective of reviewing existing nuclear power 
forecasts chose to solicit, through a questionnaire, new national data 
on primary energy, electrical energy and nuclear power growth estimates 
for all nations up to the year 2025 to be used as a base for the fore
cast of worldwide natural uranium and separative work demand. 

The 1A/2A questionnaire was submitted to 110 countries and 
responses have been received from 48 countries. These countries represent 
about 80 - 85 f of estimated presently installed wot Id nuclear power 
capacity. 
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The pre-2000 forecast was mainly based on the answers given to 
the questionnaire by individual countries. The post 2000 forecast for which 
few answers were received was supplemented by informations and studies well 
documented, intemationnally accepted such as the WEC-report for the high 
nuclear growth projections and the OECD/NEA studies for the low nuclear 
growth projections. 

Subgroup 2B devised a questionnaire relating to technical, industrial 
economic, commercial, non-proliferation and safeguards aspects, and institu
tional arrangements of the techniques involved. This questionnaire was sent 
to the technology holders to be answered to the best of their knowledge and 
willingness, taking into account special problems such as secrecy and commer
cial interests. 

The following states have qualified themselves in their answers as 
technology holders. 

Answers supplied by technology holders relating to the various 
processes ere indicated in table 1.1. below : 

Table 1.1. 

PROCESS 

COUNTRY 

Gaseous 
Diffus ion 

Gas 
Centrifuge Nozzle Helikon Chemical Laser Plasma TOTAL 

BY 
COUNTRY 

AUSTRALIA 

FRANCE 

GERMANY, F.R. 

ITALY 

JAPAN 

NETHERLANDS 

SOOTH AFRICA 

U.K. 

U . S . A . 

X 

X 

X 

X X
X 

X
X

X
X

X
X

 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

XX X 

2 

4 

3 

3 

4 

1 

1 

1 

6 

TOTAL BY PROCESS 4 6 1 1 3 6 1 

(1) ■ A joint answer for the Troika countries. 
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Possible steps to implement some of the results, would need to take 

account of existing non-proliferation arrangements and in particular the 

provisions of the Non-Proliferation Treaty where appropriate. 
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2 / " Toxical and economic assessment of the different enrichment technologies 
2.1 - STATE OF ENRICHMENT TECHNOLOGIES -

2.1.1. General information on the technologies 

2.1.1.1 Gaseous diffusion 

Principles -

The gaseous diffusion process is based on preferential flow 
through micropores of the lighter molecules contained in an isotopic 
mixture in an appropriate chemical form : in the case of uranium enrich
ment by gaseous diffusion, the process gas is pure UP. and the size of 
micropores must be on the order of several tens of Angstroms in diameter. 
The isotopic effect is then obtained under the conditions of Knudsen 
flow. This results from the diffusion of a fraction Q of the 07$ gas 
flow through a micropore barrier (or membrane), the two sides of which 
are maintained at appropriate pressures. The reaaining, non-diffused, 
flow is depleted in the lighter isotope. 

ENRICHED FLOW 
PROM STAGE "S" 
'TO STAGE "S + 1" 

RETURN (REFLUX) 
FLOW FROM NEXT 
HIGHER STAGE 
"S + 1" 

DIFTSSCD FLCW 
DIFFUSES 

FLOW "L" 

'eti 
Low pressure 

Memb r ;me 
n-OiL |NON-DIFFO$ED 

O/Vt STAGE 

FORWARD FLOW 
FROM NEXT LOWER 
STAGE ("S - 1") 

PLOW 
rROH STACK "S" 
TO STACK "S - 1 " . 

Schematic of a gaseous diffusion stage. 
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Separation factor -

The elementary separation factor is small, and according to the 
kinetic theory of gases, is at any temperature equal to the square root of 
the inverse ratio of the molecular masses of the two isotopes (U 235 Fg =» 349 
O 238 P - 352) : a - /152. - 1.0043. 

349 

NOTE : The indicated elestentary separation factor, a • fl » refers to the ratio 
of the isotopic molar ratios in the enriched and depleted streams coming 
out of a separating element, a refers to the enriched fraction (enriched/ 
entering) while 0 refers to the depleted fraction (entering/depleted). 

In practice, values attained fora.fi lie around 1.004. 

Stage cotaponent^ -

Components : compressors, diffuser housing the membranes (or barriers), 
heat exchangers, etc... may attain large sizes, which makes unnecessary the 
laying out of units in parallel. As a funtion of enrichment, stage sizes conform 
approximately to the flow rates of an ideal (non mixing) cascade. For I£U (*) 
production, this condition is nearly attained by use of two or three standard 
stage sizes and operating pressure adjustments. The operating elements are-cells 
which contain a given number of stages. Interconnection of stages is by means 
of valves and piping. 

As currently employed in industrial facilities to produce low enriched 
uranium (LSI), the gaseous diffusion process uses hundreds of stages in series, 
between 1 OOO and 1 500 in a typical low enrichment plant ; it requires several 
thousands of stages in series to produce highly enriched uranium (HSU). 

Plant flexibility -

Flexibility for changes in tails and product assays is achieved pri
marily by controlling feed and withdrawal rates. This may be accompanied by 
changes in the number of cells on-stream, pressure adjustments and withdrawal 
of product at several points in the cascade. 

Operating data -

- process parameters : classified. 
• Specific power consumption t 2 300 - 2 500 KWh/SWU 

- Specific stage inventory s * 175 gO/SWD/a. according to French data. 
< 100 gU/SWU/a. according to US data. 

- Stage capacity , 2270 - 13 050 SWU/a in the Eurodif plant. 

(*) LEU : low Enriched Uranium i.e at an assay less 
than 5 % U 235. 

http://fora.fi
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Specialized components -

- Barriers (membranes) and diffusers. 

- Compressor rotating seal. 

- Compressor design. 

Process particulars -

Historically, the gaseous diffusion process has been applied 
for many years in several countries. It is presently under operation for 
industrial purposes in France, UK, USA and U" *. 

This technique offers a potential for further inprovements. 
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2.1.1.2 Gas ultracentrifuqe -

Principles -

The ultracentrifugation process is based on the separation 
effect on a mixture of isotopes by a strong centrifugal field in a rota
ting cylinder, suitably combined with the cascading effect of a counter 
current circulation. 

Gaseous Uranium hexafluoride (UFg) is fed into a rotor which 
spins at high speed inside an evacuated casing. The gas rapidly acquires 
the same rotational speed as the rotor and an exponential gradient of 
pressure is let up between the axis and the wall of the rotor. The resul
ting pressure ratio depends upon the peripheral speed (this ratio may be 
of the order of one million) and the radial pressure distribution differs 
far the two isotopes of Cranium on account of their mass difference.3y the 
establishment of an internal, counter-current axial flow, the separation 
effect can be increased and the withdrawal of enriched and depleted streams 
Cir. the carried out in a convenient wanner. The feed is introduced near 
the middle of the rotor, and the withdrawal of the enriched and depleted 
fractions is made near the ends. 

!-.•» I'. 
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Separation factor -

At a given temperature, the elen»n* *>ry separation factor a• 0 
of a counter current centrifuge depends on tn-s "wis difference & M of the iso
topes and on the square of.the peripheral•spetJ according to : 

AM v2 VI 
2 R T 2 r 

H - e 

Where : R 
T 
V 
L 
r 

is the gas constant. 
is the absolute temperature 
is the peripheral speed t V « u r 
is the active length of the centrifuge rotor 
is the centrifuge radius 
is the angular spedd of rotation. 

However, as indicated above, by the establishment of a counter-
current axial flow within the centrifuge and by increasing the length of the 
centrifuge, a single machine can represent the equivalent of many elementary 
separation units, both in separative work performed and in overall centrifuge 
separation factor. In this way, the stage (centrifuge)separation factor, a - 3, 
achieved may range from 1.2 to 1.5. While such stage separation factors are 
substantially greater than for a stage of a gaseous diffusion cascade, the 
material throughput in the centrifuge is very ouch lower. The net effect is 
that the separative work performed by a single centrifuge is much lower than 
that produced in a large gaseous diffusion stage. 

The separative work performed by a centrifuge of length L is 
given by i 

SW n pO 
2 [ 2RT J 

In which P is the mass per unit volume 
0 is the mutual diffusion coefficient of the isotopes. 

Stage components -

A stage consists of one centrifuge, or several ones connected in 
parallel, with associated piping and valves. 

Operating data -

- At the centrifuge i not available, but operation at room 
temperature and subataospheric pressure, 

- Specific power consumption : 
Ranging from 105 to 400 Kwh/SWU depending upon technology. 
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- Specific process inventory : low ; about 0.15 g U/SWU/a in 
the case of Troika. 

- Centrifuge annual capacity : depending upon the technology : 
5 to over 100 SWU/a/centrifuge. 

Specialized components -

The centrifuge contains some very specialized components such 
as the centrifuge rotor, the bearings, feed pipe, product and waste scoops. 

Process particulars -

The centrifuge process is used by the Troika countries in 
Almelo and Caoenhurst. 

It will be used in the US for the next increment of enrichment 
capacity to be built at Portsmouth. 

It will also be used in Japan for a new enrichment facility. 

Development of this process xs being carried out in several 
other countries. 

The centrifuge process offers a relatively high potential for 
further improvements. 
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2.1.1.3 - Aerodynamic processes -

Aerodynamic enrichment processes nay c a l l upon different 
basic pnysical phenomena, and this i s reflected in the differences 
between the two processes submitted by She federal Republic of Ger
many (Nozzle) and The Republic of South Africa (Helikon). 

The Nozzle Process : 

Principles - The nozzle process can be described as a gas 
jet deflection process. The process gas is a mixture of H2/ UFg 
containing around S % UFg.Theoretically, this process in reversible. 

fno G*» h»«vy 
Frtct'Or. 
C*Cl*t«tf 

Clint wctwfl uf the K pamiofl njzik »> >lcm 

Separation factor - The value presently attained with 
technical elements is 1.015 at a cut (ratio of enriched to entering 
stream) of 0.25. No theoretical value is given. 

Stage components - A stage consists essentially of : 
- a vessel housing the nozzles, 
- a two stage compressor(with intermediate cooler) to maintain the 
proper pressure levels and flows, 

- a heat exchanger at the compressor outlet,, 

- interconnecting piping, 

- eontr&l valves, 
- electric motor drive. 

Zn a cascade, all staqes are connected in series. The stages 
contained in a cell may be cut off fron the plant headers by means of 
valves. 
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Operating data -

- At the nozzle : 

inlet pressure o. 25 bar (in the derao plant) 
temperature 40* C 
UFg/Hj concentration 4.2/95.8 mole % 

• Specific power consumption : 

In theory < several 100 kvh/SWU 

In a commercial plant : 33C© kwh/SWU 

- Specific process inventory : (demo plant) 
as 2.5 g u/swu/a (at stage level) 
« 100 9 U/SWU/a (at plant level) 

- Stage capacity : 
270 - 820 swu/a in the demonstration plant. 

Specialized components -

- Nozzle separating elements 
- Compressor rotating seal. 

Process particulars -

This technique is claimed to offer a potential for further 
improvements. 
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The Helikon process : 

Principles -

The UCOR process is based on an advance^ vortex system for the separa
tion of uranium isotopes contained in a hydrogen carrier gas employing the 
Helikon cascade technique. Theoretially the process is reversible. Process 
gas is a UPg-H2 mixture. For the purpose of the present report the UCOR 
process will be called the Belikon process . 

FEEO STREAM 

DEPLETED STREAM 

CONVENTIONAL CASCADE FOR CUT 0 1/4 

Separation factor - The value attained at present is 1.025, 
but the cut (ratio of enriched to entering stream) is very low 
(.045 - .055). 

Stage components - The particularity of this process lies in the 
design of a module which, depending upon internal partitioning, may house 
part of a stage or several stages. A module contains : 

- The "vortex" separating elements, 

- one or two axial flow compressors with electric drive, 

- One or two heat exchangers - depending on the design. 
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Modules are interconnected in series (or in parallel if the 
flow rate requires it) by means of ducts carrying streams at differents 
assays. 

Operating data r 

- At the separating element 

inlet pressure : 6 bars 
temperature < 75• C. 

- Specific power consumption : 

Theoretical limit : « 300 Jewh/SWO 

At the separating eleraent a 1800 kwh/SWU 

At the plant level as 3500 kwh/SWU 

- Specific inventory : not available 

- Module capacity : 

< 8 OOO - 80 000 SWU/a - depending on nodule size. 

- Specialised components -

- "Vortex" separating elements 
- He1ikon modules 

Process particulars -

May be improved further 
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2.1.1.4. - Chemical Process -

Chemical enrichment process*"! aay rely upon different chemical 
phenomena based upon exchange reactions occuring between two chemical 
species in different phases. The nature ^f chemical species and phases 
has not been disclosed by the technology helders, but some data have 
been published on equilibria between phases : 

- liquid - liquid 
- gas - liquid 
- gas - solid 
- liquid - solid 

Principles -

Chemical enrichment processes are based upon a phase equili
brium difference in uranium isotopic composition in two different phases. 
Cne phase nay be stationary or the two phases may be moving in a 
countercurrent fashion. 

Product 

• — I 

4 

f l 

4 

Top reflux 
V - * 

: I 
1 1 ' 

<P 2 

1 I 
1 
isotopic 

Feed exchange 

1 
1 
1 

1 t 4 < 
1 

' 

1 

Bottom ref lux 

« Haste 

Principle of a chemical exchange cascade 
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Separation factor -

Varies according to the type of system (phases, chemical 
species) used 

a . / J « 1.0CX13 - 1.0030 

Stage components -

Depending upon the phases chosen, they may include exchange 
colums, packed towers, mixer—settlers, pumps for phase circulation 
and interconnecting piping. 

Operating data -

- At the separating element : undisclosed 
- Temperature : F : room 
- Specific power consumption : F : 600 kwh/SWU (commercial plant) 
- Specific separative work : F : > 100 SWU/m3 of phase density 
- Kinetics : not available 
- Specific stage inventory : 

F : high in comparison to other processes 
USA : from 50O to 1000 gU/SWU/a depending upon kinetics. 

Specialized components of process, -
- Choice of chemical species 
- Phases 

Process particulars -

All - appropriate chemical reaction, interacting phases and 
technology are important. 

- Large, separation factor, rapid exchange kinetics and 
closed reflux system are desirable. 

- Improvements foreseen. 

F One phase liquid 

J One phase liquid and one adsorbent. 

USA Two phases liquid. 



2.13 

2.1.1.5 - Laser processes -

Laser isotope separation can be carried out either on 
atomic uranium vapcr (AVLIS) or on a molecular uranium compound (MLIS) 
It is based on the difference in the light absorption spectra of U235 
and U238 to excite selectively the desired U isotope which is 
subsequently separated either by ionization, dissociation or chemical 
combination. 

Principles -

HLIS : In the molecular laser process, a specific light fre
quency emitted by an infrared laser is used to"deposit energy selecti
vely onto a Specific isotope which in turn exhibits a chemical Oifference 

The process, applied to OFg in a carrier gas expanded to low 
temperature leads to dissociation-by means of a high intensity ultra
violet or I.R. laser to a product 0F5 in solid'particle form. 

RCACTIOn PRODUCT* 

Molecular 
Laser Isotope 
Separation 
Process 

CAJMMI* CA* 

FEED" 

Conceptual 
Schematic 

DEPLETED 
URANIUM 

riuomtnATiOM 
ffVTEM 

<^S ENRICHED URANIUM 
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AVLIS In the atomic l a se r process, in a vapor produced 
a t a controlled r a t e , U-235 atoms are se lec t ive ly excited and ionized 
using tunable l ase r s in the v i s i b l e region of the spectrum. Electroma
gnet ic methods are used t o e x t r a c t the plasma of 0-235 ions from the 
vapor. 

COflCSptual «» JxnucToiwcou.tCTOi» 
Schematic ~ 

DEPLETED URANIUM 

ENRICHED 
URANMJM 

Atomic Vapor 
Laser Isotope 
Separation 
Process 

FEED 



2.̂ 5 

Separation factor -

In theory, it is very large. In practice, it will be lower on 
account of transfer of excitation through molecular collision between the 
two isotopes. 

Stage components -

. Both processes 

- Excitation laser 
- Reaction laser (MLIS : dissociation - AVILS : ionisation) 

. AVLIS : uranium vapor oven 

. MLIS : expansion nozzle with associated compressor and 
energy recovery device. 

In theory, the laser is a one step separation process. In prati-
ce, the number of stages required for a given separation will depend on the 
degree to which the actual process approaches the ideal. 

Operating data -

- At the separating element 

AVXIS : High temperature for uranium vaporization 

MLIS : Low remperature for well separated molecular spectra. 

- Specific power consumptii.i 

. That required for excitation of the desired species, 
+ laser inefficiencis 
+ a vapor oven (AVXIS) 
♦ UP6 transport and super cooling systems (MLIS) 
♦ plant auxiliary systems. 

- Specific stage inventory : very low. 

Specialised components -

Tunable Power lasers (U.V., visible, X.R.) 

AVLIS : U vapor oven - electromagnetic collector 

MLIS : U7g expansion supcrcoller - energy recovery. 

Process particulars -

May be partieulary useful for tails stripping. 
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2.1.1.6 Plasma Process -

Principles -

The plasma separation process is based upon ion cyclotron-
resonance which is independent of ion energy. The resonance freeruency 
f (in hertz) depends only upon : 

- H, the ion mass (in AMU) and 

- B, the magnetic field (in gauss) 
It follows the relationship 
f » 1.52 103 B 

M 
In a uniform magnetic field, the ion cyclotron frequencies of 

U 238 and 0 235 ions of a plasma differ by about 1%. Exciting the plasma 
with an electric field;oscillating at a frequency equal to the 
cyclotron frequency of the minor ion species (0-235), causes an 
increase in the energy and the orbit diameter of the U 235 ions relative 
to the U 238 ions, thereby facilitating physical separation of the 
isotopes. 

Plasma Isotope 
Separation 
Process 

RESONANT «T 

ENRICHED g g g l P 
URANIUM URANIUM 

Conceptual Schematic 
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Specialized stage components -

- Ion scarce 
- Superconducting nagnct 
- Collectors 

Process particulars -

May be particularly useful for tails stripping. 
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2.1.2. - Technology owners end their particularities 

2.1.2.1 - General 

The processes described above have been considered, studied 
and developed to various degrees, depending upon the technology holder and 
his objectives in developing the technology ; e. g. , whether the technology 
was to be held in reserve in case, of need, to satisfy only a part or the 
totality of the holder's domestic requireaents, or was to become of inter
national significance. 

As is indicated in chapter 1, not all technology holders 
answered the questionnaire. Also, the amount and depth of information 
supplied in the answers varied widely between processes and technology 
holders. Horoever due to classification restrictions, some questions 
remained unanswered. 

2.1.2.2. ~ Technology owners 

On the basis of the answers to the questionnaire, the techno
logy owners are indicated in table 2.1., together with information on the 
level at which their process has been demonstrated as of June 30, 1979. 
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TABLE 2.1. 

Size of facilities in operation 
(as of June 30, 1979) 

""~*-»—-process 
Cauntrv""""*"̂ —«̂ _ Diffusion 

Gas 
Centrifuce 

Aerodynamic 
processes 

Chemical 
orocess Laser Plasma I 

Australia c - - c -

France A c - B c -

Germany (F.R.of) - A (•) B 
(Nozzle) 

- c -

Italy 3 C(V C - - c -

Japan c B - C c 
" 

Nederland - A (*) - - -

South Africa 
(Rep of) 

- - A (••**) 
(ftelikon) 

- -
• 

UK A A(*) - - - -

A B - c c C 

USSR 
■ 

A(***) - - *» - -

Coda Size of facilities 
( SW/») 

Typical aim of facility 

A 

B 

C 

AU > 100 000 

1 000 < AD < 100 000 
40 < 1 000 

Production 

Industrial development 
Laboratory and pre-indus
trial demonstration. 

- no answers supplied v'.th the INFCE Questionnaire. 
(•) Joint trinational Orenco Centec plants : "TroUta" 

<*•) B t In the frame of ita participation in Burodif. 
C s In the frame of its national program. 

(*••) No answers supplied in answers to INTCE questionnaire i data inferred from 
informations published elsewhere. 

(•«••) no answers supplied to INTCE questionnaire but data obtained from corres
ponds nee . 
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2...2.3. Background on the technologies 

Insight on the state of the art of the various technologies can 
be derived from : 

- The financial expenditures and staff devoted to R ( D programs. 

- The level of development from laboratory to cumulated years of 
operation. 

Information on these items has been summarized, respectively, in 
Fig. 2.2. and 2.3. They show clearly which technology has been intensively 
developed and by whom. 

NOTE : The financial expenditures are expressed in US dollars based on the 
following assumed rates of exchange : 

DM 2.0 
1 US S - French Francs 4,50 

Yen 200 

2.2. - Characteristics for LEO production 

Production of low Enriched Uranium involves the production of 
ton amounts of enriched uranium at assays in the range 3 to 4$ U 235. Separa
tive work requirements are on the order of 100 SWU/a per NWe of installed 
nuclear capacity. Enrichment plants designed to supply a number of nuclear 
power plants, and to secure the economies of scale, must therefore have capaci
ties ranging from several hundred thousands to many millions of SWU/a. 

2.2.1. - The reference niant -

A reference plant has been described by several technology holders 
but only for three processes : gaseous diffusion, gas ultracentrifuge and 
chemical exchange ; pertinent data arc indicated in a synoptic fashion in 
table 2.2. 

Gaseous diffusion 

Data on reference plants have been submitted to a significant 
extent only by France and U.S.A. (table 2.1.). 

Gas ultracentrifuge 

Data on reference plants have been submitted to a significant 
extent only by France, Japan, the troika countries(Federal Republic of 
Germany, NL and UK ), and the U.S.A. 

Chemical process 

Among the several answers supplied on the chemical processes, 
only one reference plant was described, by France, 

Data received on enrichment processes outside the scope of a 
reference plant are discussed in page 2.27. 
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Fig:2.3 

[■ OVERVIEW OF DEVELOPMENT PROGRAMS 
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2.2.2.- Conditions of application 

2.2.2.1 Status of the plant 

The answers received from the technology holders indicate two 
types of ownership : national or multinational. A national plant may supply 
non-domestic needs. The status of existing or future production plants is 
indicated in table 2.3. 

2.2.2.2. Technolocry holders and operators 

The relationship between technology holder, administrator, plant 
owner, plant operator varies with each country and each process. For instance, 
a technology holder may be a government or a state organization or a private 
enterprise. 

Table 2.3. indicates by country and process the name of the 
entities concerned for existing and future production plants 

2.2.2.3. Lead times 

The lead times between the decision to build and first production 
and full production is important to know for the sake of planning. They depend 
upon the process and the technology holder, and their extent varies according 
tc the type of decision made : new plant construction, extension of an existing 
plant and whether component manufacturing is already in progress. Lead time data 
collected on production plants vary between 1.5 and 7 years. They are given at 
the bottom of table 2.2. 
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Note to table 2.3 

Australia AAEC : Australian Atomic Energy Commission 
(Sydney) 

FRG 

France CEA : Commissariat a l'Energie Atcmique (Paris) 
EURODIF 
COREOIF: compagnie pour la Realisation d'Osines 

de Diffusion Gazeuse. 
Germany KHC : Kern Farschungzentrum (Karlsruhe) 
(Federal Republic of) GFK : Gesellschaft fuer Kernforschung (Karlsruhe) 

NUCLEI : Nuclebras Enriquimento Isotopico S.A. 
NUSTEP : Nuclebras Trenndusen Entwicklung und 

Patent Ververtungs Gesellschaft. 

Italy 

: japan 

SAR South Africa, 
(Republic of) 

CHEN 

ACI 
IPCR 

JAERI 
OU 
PNC 

TIT 

: Comitato Hazionale per l'Energia 
Nucleare (Roma) 

: Asahi Chemical Industry Co 
: The Institute of Physical Chemical 
Research 

: Japan Atomic Energy Research Institute 
: Osaka University 
j Power reactor nuclear fuel development 
Corporation. 

: Tokyo Institute of Technology 

UXOR : Uranium Enrichment Corporation 

TRO : Troika 

UK : United, Kingdom 

URENCO : Joint Trinational Centrifuge Organisation 
of FRG, Nederland and UK. 

BNFL f British Nuclear Fuels Ltd 

USA : United States of 
America 

DOE t Department of Energy 

GAC i Goodyear Atomic Corp. 

UCN t union Carbide Nuclear. 

US.GOVT: Us Government 

USSR : Union of Soviet 
Socialist Republics. 
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- Industrial setup 

Enrichment processes require for their iaplementation the 
availability of special components, the nature of which varies with 
each process. The corresponding specific components .iot being usually 
available on the market, or having to be manufactured in compliance 
with strict specifications, nay require as a prerequisite the cons
truction of dedicated sanufacturing facilities. 

The specific manufacturing facilities required for reference 
plants are summarized near the bottom of table 2.2. Information 
relative to specific components for all the processes are supplied 
with the description of technologies in chapter 2.1.1. 

The need for dedicated manufacturing facilities may bear on 
the economics of a process and/or constrain the rate of expansion 
of installed enrichment capacity. 

- Data for other than reference plants 

Even though certain technology holders did not describe a 
reference plant, some have supplied pertinent information referring 
to & demonstration plant or in relation to their knowledge cf a 
process. Data relevant to technico-eccncmics on all processes are 
presented in table 2.6. Zn addition to data given for reference plants, 
it covers : 

. Gas ultracentrifuge 

Australia supplied information on their developments. 

Informative data nave also been supplied by France. 

.Aerodynamic Processes 

Two processes have already reached a level close to 
industrial demonstration 

- The nozzle process in the Federal Republic of Germany, a technolo
gy developed by the KPT in Karlsruhe. 

- The Helikon process in the republic of South Africa, a technology 
developed by UXOR in valindaba. 

. Laser isotope separation processes 

The present state of development did not enable the techno
logy holders to supply data comparable to that of other processes. 
Commercial feasibility is yet to be demonstrated. 
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Plasma separation process 

The present state of development did not enable the techno
logy holder to supply data comparable to that of other processes . 
Commercial feasibility is yet to be demonstrated. 

- Technico economics 

The various enrichment processes, being based on different 
physico-chemical phenomena, being reversible or not, suffering from 
various inefficiencies, requiring particular operating and maintenan
ce conditions, exhibit significant differences on their specific 
value of investment, power consumption, staff, lifetime etc... For 
the sake of an easy comparison, values available have been collected 
in table 2.4 for all processes and technology holders. 

This table shows both similarities and differences between 
processes and technology holders even though some differences (or 
similarities) may result from strictly local conditions. For instance 
cost of power, plant li-£«tiae, cost of money and amortization condi
tions do bear significantly on the results of a plant optimization, 
and some of those underlying assumptions have not always been clearly 
spelled out. 

Moreover, technology holders did not alway supply in their 
answers the sane types of information, making fair comparisons ques-
tionnable or difficult. Furthermore, the fact that the technologies 
are at different states of development make many of the comparisons 
of limited value. Nevertheless, the parameters listed in table 2.6. 
should prove valuable criteria for technico—economic assessments when 
all data are available from technologies which are fully developed or 
at the same stage of development. 

Thus, the following observations derived from the quantitative 
data in table 2.4. must be regarded as tentative and should be used 
with extreme caution : 

1 / The pratical unit separation factor is significantly higher for the 
centrifuge than for other processes. However, in theory, much higher 
values could be expected from LIS and PSP. 

2/Compared to the other processes, the unit separative power of the 
centrifuge process (one centrifuge) is several tens or hundreds of 
time) lower (depending upon the technology) than for aerodynamic or 
gaseous diffusion processes (one stage), but the centrifuge requires 
about 35 times fewer stages in series than the nozzle process and 
about 100 times fewer then gaseous diffusion. 

The unit separative power of chemical processes would probably 
be intermediate between those extremes, but no comparative value has 
been quoted. 
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Separation factor -
The pratical unit separation factor is significantly higher for 
the centrifuge than for other processes.However, in theory, 
much higher values could be expected from LIS and PSP. 
Unit separative power -
Compared to the other processes, the unit separative power of 
the centrifuge process (one centrifuge) is several tens or 
hundreds of times lower (depending upon the technology) than 
for aerodynamic or gaseous diffusion processes (one stage), but 
the centrifuge requires about 35 times fewer stages in series 
than the nozzle and about lOO times fewer than gaseous diffu
sion. 
The unit separative power of chemical processes would probably 

by intermediate between those extremes, but no comparative 
value has been quoted. 
Specific process inventory 
The specific process inventory is very low for the gas centri
fuge. It is very high for chemical processes while intermediate 
values are obtained for gaseous diffusion and aerodynamic pro
cesses (nozzle). The features should be directly reflected in 
the turnove times : that required for uranium in the feed to 
be withdrawn as product (see below), as well as in the startup 
times s that require for reaching production assay and throu
ghput for a plant initially filled with natural uranium. 
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Specific process area -
According to the answers to the questionnaire, all values 
lie in the same range. 
Minimum economic plant size -
Answers to this question are somewhat subjective as no 
economic limit was set in the question, but gas centri
fuge, aerodynamic and chemical processes call for 
somewhat lower values than gaseous diffusion. For the 

centrifuge a significant difference between technology holders 
is noticed. 

Reference plant size -
For the centrifuge, the same important difference is shown in 
the reference plant the size of which varies between 1 and 8.8 
MSWCJ/a. It is of 3 MSWU for chemical enrichment according to 
Franch data and either 9 or 10.8 MSWU/a, for gaseous diffusion. 
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Specific power consumption -
This parameter is quite significant of a process. Low 
or very low for chemical and centrifuge processes, higher 
for gaseous diffusion, and still higher for aerodynamic 
processes. 

Specific staff (for reference plant) 
lowest for gaseous diffusion, higher for the gas cen
trifuge and still higher for the chemical process. The 

spread shown reflects the impact of the technology chosen. 
Specific investment (for reference plant) 
The values quoted in the US answer may be representative of 
the technologies involved although the figure quoted for 
gaseous diffusion in Eurodif is significantly lower : less 
than S 450/SWU/a. 
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Turn over time -
The turn over time is that necessary for the uranium 
in the feed to be withdrawn in the product stream. 

Separative work cost breakdown -
The cost characteristics of the gaseous diffusion and 
centrifuge processes are quite apparent from the informa
tion presented on French. Japanese, and US technology. 
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Plant lifetime -
Plant lifetimes depend upon process, technology and operating 
and maintenance policy. Xjarge variations in the estimated values 
£j.e seen for the centrifuge processes between technology holders. 
Plant availability -
All values vre very high, so the differences between processes 
and te^hnolovjy owners should have little bearing on the ove
rall economics. 
Estimated separative work cost -
On account of confidentiality restrictions, few data are avai
lable. Moroever, comparisons should be made only after taking 
into account all aconomic and technical assumptions. The lack 
of complete information precludes a significant discussion of 

comparative costs. However, regarding the US estimates, the 
cost benefit in favor of the gas centrifuge as compared to 
gaseous diffusion is consistent with the choice made by se
veral countries. But in the case of France, it is gaseous 
diffusion which was chosen for the Coredif increment. It 
appears that economic, technical and other factors beyond a 
projected unit cost of separative work are important in deci
sion making as between various technologies. 

For a customer, cost, contractual conditions and flexibilities 
as well as assurance and diversification of supply may be 
taken into account in deciding how best to satisfy his requi
rements. 
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2.3 Conclusions : 

On the basis of the submitted data and information, it can be 
concluded that the technical and economic viability of enrichment techni
ques is well established. Each of these technologies has been independen
tly developed to industrial scale application in several countries. The 
lead times for installation are sufficiently short not to hamper the 
requirements of a growing nuclea* energy program. Several other technically 
proved technologies are at a less advanced state of development >st offer 
good prospects for future industrial application. 
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3/ - AVAILABILITY OF ENRICHMENT SERVICES 
3.1- Enrichment services contractors 

To date, enrichment services have been offered both for domestic 
and outside supply, aubject to safeguards and pertinent nor. proliferation 
conditions. 

The assessment of future separative work requirements is based 
on nuclear power stations presently installed and forecasts for additional 
capacities. 

Relatively long-term enrichment contracts have to be concluded 
with all suppliers to meet long-term needs although there are uncertaincies 
associated with demand growth forecasts. The lead times associated with 
design and construction of nuclear power plants are as long or longer than 
the lead time required to provide additional enrichment capacity. 

At present, the situation in the enrichment market is characte
rized by the predominant position of the CS DOE which apart from the capaci
ties of Technabserport (USSR) that are available to the Western world, is 
almost the exclusive supplier of the West. Not before the early eighties 
will sizeable contributions from other suppliers such as EURODI? and CRENCO 
be felt. These will be followed in the late eighties by CCREDXF and PNC 
(Japan). 

Complying with a decision of the South African government 
the South African UXOR Corporation (Uranium Enrichment Corporation of 
South Africa) intends to meet only domestic requirements at first by 
expanding the existing, oilot plant and not to enter into international 
enrichment-contracts in the near future. 

Likewise, the German-Brazilian Nuclei Company does not have 
any concrete plans for expansion apart from the demonstration plant 
currently under construction. 

The ownerships of the companies mentioned and their connec
tions to the technology holders and the operators of the plants are 
described below in detail, inasmuch as possible. 

/ EUROPIF / 

The owner of the Tricastin diffusion plant is EURODIF S.A. 

116, avenue Aristide Brland 
92220 Bagneux - France 
Tel. (1) 664.13.13 

The operator is EURODIF-PRODUCTION (a fully owned subsidiary 
of EURODIP S.A.) 

Site du Tricastin 
B.P. N» 175 
26700 Pierrelatte - France 
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EURODIF is a private company,the shareholders of which are 
the following (fig. 2.1.) : 

Ownership composition 

AGIP Sue1eare 

Comitate Nazionale per 
l'Energia iiucleare 

Conpagnie Generale des 
Matieres Nucleaires(COGEMA) 
10C % subsidiary of the 
Commissariat a l'Energie 
Atoniique (CEA) 

Eapresa Nacional del 
Uranio S.A. (ENUSA) 

Societe Beige pour 
1'Snrichissement de 
1»Uranium (SCBEN) 

Societe France-Iranienne 
pour l'Enrichissement de 
i'ttraniua par Diffusion 
Gazeuse (SOFIDIF) 

12.SO % Italian state ownership 

12.50 % 

27.778 % French state ownership 

11.111 * 60 % Spanish state ownership 
40 % Spanish utilities 

11.111 % 50 % Belgium state ownership 
50 % Belgian utilities 

(60 % COGEMA 
) 

25.OC > (40 % Iranian AEO 

/ COREDIF / (Compagnie de Realisation d'Usinesde Diffusion Gazeuse) 

COREDIF is a private company with the following sharehol
ders (fig.3.1.) : 

Ownership composition 

COGEMA 

IAEO (Iranian Atomic 
Energy Organisation) 

ECRCDIF 

29 % French state ownership 

20 % Iranian state ownership 

51 % split according to percentage 
in EURODIF above. 



Fig. 3.1 
SHAREHOLDERS AND SHAREHOLDINQS IN EURODIF AND 

COREDIF 
(Shareholdings In °/o) 
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/ IS DQg / (United States Department of Energy) 

Ownership and control of the three gaseous diffusion plant 
at Cak Ridge, Paducah and Portsmouth rest solely in trie US Government. 
The three plants are administrated by the Department of Energy, which 
holds and controls access to the technology and are operated in an 
integrated mode. 

The Oak Ridge aid Paducah gaseous diffusion plants are opera
ted under contract with DOE by Union Carbide Corporation Nuclear Division 
and produce low assay enriched uranium (LEU) for use in civilian power 
reactors. 

The Portsmouth plant produces LEO for LWRs and a small 
aircunt of high assay enriched uranium (HEU5 for various purposes. It is 
operated under contract with DOE by Goodyear Atomic Corporation. 

Addresses : 

Oak Ridge Gaseous Diffusion Plant 
Post Office Box P 
Oak Ridge,Tennessee 37830 

Paduceh Gaseous Diffusion Plant 
P.O. Box 1410 
Paducah, Kentucky 42001 

Portsmouth Gaseous Diffusion Plant 
P, O. Box 628 
Pike tor., Ohio 4S661 

/ URENCO / 

Urenco-Centec is a tri-national organisation established in 
1971 by an international treaty (the Almelo Treaty ) between 
the Federal Republic of Germany, the Kingdom of the Netherlands and the 
united Kingdom of Great Britain tnd Northern Ireland. Under the Treaty, the 
three countries agreed to merge their previously independent national 
programmes, and jointly collaborate in the development and commercial 
exploitation of the gas centrifuge process for the enrichment of uranium. 
Thus Urenco-Centec became an international joint venture of three holders 
of advanced enrichment technology, in other words, the creation of Urenco-
Centec has led to the integration of several technologies without spreading 
sensitive technology to countries not yet in possession of such technology. 
The three countries also declared their readiness to consider entering 
into co-operative arrangements vith other countries, and to integrate their 
collaboration into the framework of the European community. 
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In translating the Treaty into a working arrangement, it was 
a declared intention that the process should be exploited at an industrial 
level rather than by governmental bodies, and this led to the Betting up 
of joint industrial enterprises. Accordingly, enterprises have been esta
blished in the United Kingdom (Urenco U.K. at Capenhurst) and the Nether
lands (Urenco Nederland at Almelo) for the construction, ownership and 
operation of enrichment plants. A third enterprise in the Federal Republic 
of Germany(Urenco Deutschland at Gronau) is envisaged. The partners in each of 
these enterprises are British Nuclear Fuels Limited (BNFL), Ultra-Centri
fuge Nederland NV (UCN), Uran-Isotopentrennungs-gesellschaft abH (Uranit) 
and Urenco Limited. 

Urenco-Centec, comprising Urenco Ltd. based at Harlow, U.K., and Centec 
GmbH based at BenBberg in the Federal Republic of Germany, provides the 
central services required by the collaboration. All enrichment service con
tracts are conluded and administered by Urenco Ltd., in which BNFL, UCN 
and Uranit have equal shareholdings. Similarly, the overall co-ordination of 
research and development programmes and of industrial rights is provided 
through Centec GmbH, in which BNFL, UCN and GnV ( a joint company between 
Interatom and NAN) have equal shareholdings. For organisational convenience, 
Urenco Ltd.and Centec GmbH have a common management and supervisory board. 
The Urenco-Centec organization consistently employs staff from the three 
countries on all levels and all sectors of its activites(Pig.3.2). 

A.dresses : 
I 
I 
I URENKO U.K. 

RISLEY 
WARRINGTON 
CHESHIRE WA3 6AS 
ENGLAND 

URENCO NEDSRLAND 

URENCO Ltd 

POSTBUS 254 
PLANTBOrSWEG 8 
ALMELO 
TBS NETHERLANDS 

18 OXFORD ROAD 
HARLOW 
BUCKS SL7 2NL 
ENGLAND 

CENTEC-CfflbH 

ntAMKEMrORSTER STXASS 21 
5 0 6 0 ttRGXSCB SLADBACH 1 
FOSTTACR 106 
FEDERAL REPUBLIC OF GERMANY 
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/ SUKLEI/NUSTE? / 

The organizational structure of technology owner, iuv- ;tors, 
licensees is shown in the following figure : 

KHC 
KARLSRUHE 

* 
NUCLEBRAS 

RIO 
STEAG 
ESSEN 

INTERATOM 
ffZNSBERG 

* 
0 

m 
55> ■>* i n 

<5» - ^ 
5ft O 

N0STE? 
ESSEN 

. 

NUCLEI 
RIO 

CCNSORTICM 
INA 

ESSEN/BENSBERG 

- DEVELOPMENT 
- TECHNOLOGY 
PROGRAM 

OWNS 
DEMCM5TRATION 
PLANT 

ARCHITECT 
ENGINEER 
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It may be %*m that the process license was transferred froa 
KHC to STEAG and then to NUSTEV, which is a know-how commercialization 
company. In a similar way, the know-how user company NUCLEI was founded. 
So, in principle, always the same companies STEAS, INTERATOM, NUCLEBRAS 
are involved. Their relation is basically fixed in the German-Brazilian 
nuclear agreement. 
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/ Technabserport (USSR)J 

Technabsexport is 100 % owned and controlled by the USSR 
Government. 

The adress is : 

TECHNABSEXPORT 
Snolenskaya Sennaja 32/34 
MOSCOW 121200 

Telex : 7239 MOSCOW 

Telephone : 244 - 45.72 

/ PNC / (Power Reactor and Nuclear Fuel Development Corporation - Japan) 

The Japanese Centrifuge Process is developed as a national 
project to establish domestic enrichment capacity to meet domestic demands 
and, possibly, some foreign requirements. 

PNC is the technology holder, but the specific nature of 
participation for the plant facilities is still pending. 

The organization structure of technology owners, plantowners, 
shareholders and operators are summarized in table 2.3. 
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3.2 ~ Present and planned capacity 

To date, uranium is enriched on an industrial scale mainly 
in gaseous diffusion plants. 

. Gaseous diffusion ; 

* In the PSA the US DOE operates diffusion plants in Cak-Ridge, (Tennessee), 
Paducah (Kentucky), and Portsmouth (Ohio), which were originally construc
ted for military purpose. Today, they supply most of the nuclear power 
stations of the Western world with enrichment services. 

The 1978 operating level of these plants was 12.7 MSWU/a (*). 
Their capacity (fully powered) is to be increased from 17.6 NSWO/a by the 
improvement programs CXP (Casade Improvement Program) and COP (Casade up-
rating Program) to 25.6 MSWU/a by 1985. 

- In the USSR uranium is also enriched in gaseous diffusion plants. Their 
separation capacities and location are not known. According to /I/, 
2.4 MSWU/a are indicated to be supplied in 1978 to Western nuclear power 
stations. This amount is projected, on the basis of curently available 
reports, to increase to 4.4 by 1983 and then decline gradually, to 
2.4 MSWU/a. 

- In France, late in 1973 EURODIF S.A., Paris decided to construct a 
gaseous diffusion plant in Tricastin, Southern France. 

The diffusion plant, designed for an enrichment capacity of 
10.8 MSWU/a is to be progressively started up. While construction is still 
in progress on the large size stages a production of 2.2. MSWU should be 
made during 1979. Present plans call for a production of 6 MSWU in 1980, 
8.5 MSWU in 1981 and 10.8 MSWU/a from 1982 on. With the participation of 
Iran, EURODIF has founded a company under the name of COREDIF (Compagnie 
de Realisation d'Usines da Diffusion Gazeuse) with the aim to elaborate 
the prerequisites for the construction of another, diffusion plant on the 
basis of French diffusion technology. It is planned to begin with the 
construction in the early eighties of a 9 to 10 MSWU/a plant at a site yet 
to be determined. The first production of this plant with 2.0 MSWU/a could 
be started late in 1986, while full capacity would be reached by 1990. 

(*) MSWU/a : million separative work units per annua. 

/1 / Uranium Enrichment Present Position Paper, prepared by the United 
States of America March 24, 1978. 



3.10 

Gas centrifuge : 

- In Western Europe, the partners of UREJJCO are building a 200 000 SWU/a 
plant in Almelo, Netherlands, and another 200 000 SWU/a plant in Capenhurst, 
U.K., which have reached more than 50 % capacity. Further plants which are 
already under construction at these sites will help to increase total capa
city gradually to 2.0 MSWU/a by 1984 in compliance with supply contract 
obligations. 

Additional capacity will be oriented to the market situation and 
can be expanded to 10 JBWU/a by 199D. 

At a build up rate of 1.5 MSWU/a, the total capacity would reach 
17.5 - 2O.0 MSWU/a by 1995. 

" I n the USA, regarding new enrichment plants the construction of a centrifuge 
plant is underway in Pike ton (Ohio). The design capacity of 8.8 MSWU/a is 
scheduled under current plans to be achieved by 1994, depending on the 
market situation. 

- Japan, meanwhile has opted for the centrifuge process, planning the construc
tion of a 500 000 SHU/a demonstration plant for 1981 which is to operate 
at full capacity in 1986. This plant is to be followed later on by a commer
cial plant with a capacity of 5.0 MSWU/a which is expected be finished by 
1995. 

- The. Australian Government is proceeding to study the feasibility of the 
establishment of a commercial enrichment industry in Australia. 

. Aerodynamic Processes : 

- In Brasil, within the framework of the German-Brazilian Agreement on the 
Peaceful Use of Nuclear Energy, a 220 000 SWU/a separation nozzle prototype 
plant under construction, is to start operation in 1985. At present, cost 
effectiveness studies are being conducted for the construction of further 
enrichment plants based on this separation process. However, there are pre
sently no concrete plans for the construction of a commercial plant. 

- South Africa has bean engaged,sine* 1974, in constructing at VklindaJba a 
6 000 SWU/a prototype module which uses the South Africa separating process 
in a helixon cascade layout developed in that country. For the near future, 
South Africa does not plan to go beyond its own demand and supply the inter
national market with separative work. The capacity of the plant projected 
for domestic requirements is of 200 to 300 000 SWU/a. 



3.11 

. Chemical exchange : 

- Prance has intensified its development of a chemical exchange enrichment 
process, a well-known chemical approach. The construction of a demonstra
tion plant with a capacity of several 100OO SW/a is planned to start in 
1980, with the view of full production in 1984. Concrete plans for the 
construction of a commercial plant do not exist at present. 

. Advanced processes : 

- Worldwide, uranium enrichment based on laser and plasma separation proces
ses, which offer the theoretical possibility of separating uranium isotopes 
quantitatively in a single process step, has met with the greatest atten
tion. These processes may be particularly useful for tails stripping. 

The construction of a demonstration plant based on one of these process, 
is planned in the USA for the mid-1980's. The capacity of this plant, 
however, has not been laid down. 

3.2.1. Projection of enrichment capacities 

Table 3.1 contains estimated projections of enrichment capacities 
and annual growth rates of installed capacities until year 1995. A distribu
tion between presently operating, cooitted, and planned capacities is shown 
in figure 3.3. 

The basis for this, compilation is the answers to the IKFCE WG.2b 
Questionnaire INFCE/WG 2/5 (B), dated 10.04.78, and some additional informa
tion by the technology holders. 

In the view of WG 2 , enrichment capacity can be expanded on 
a timely basis to meet future demand as such demand becomes first. 

3.2.2. Effects of tails assay on separative work requirements 
and uranium demand. 

About 85 t of approx. 2.4. % 0-235 enriched uranium are required 
for the initial fuel load of a light-water reactor with an electric power 
rating of 1,000 MM. This means that with a tails assay of 0.20 % 0-235, 
approximately 366 tons of natural.uranium and 257.000 separative work units 
(SWU) are needed to produce this amount of enriched uranium fuel material. 

Each reload requires 33.9 t of 3.15 % enriched uranium which 
is equivalent to 196 t natural uranium and 157 200 SWU per year at the 0.20 % 
reference tails assay. These amounts vary in opposite directions when the 
tails assay is modified t 
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- With a tails assay of 0.10% U-235, '69 t natural uranium, and 218 0C0 
SWU are needed, resulting in an annual natural uranium consumption lower 
by about 14%, while an additional separative work requirements of approxi
mately 39% is required. 

- with a tails assay of 0.30% 0-235, the natural uranium requirements 
increase to 235 t equalling an additional demand of 20% as compared to 
the reference case with 0.2O% U-235 and the septr;tive work requirements 
drop to 125 000 SWTJ representing a decrease of about 20% of the require
ments. 

These values are collected in table 3.2.for a product at 3.T5%. 
The respective variation of separative work and natural uranium requirements 
when the tails assay varies in the range 0.05 to 0.30% is shown in Fig.3 4 
for a product at 3.0 % 0-235. 

Table 3.2. 

Annual natural uranium and separation work requirements for 
a 1,000 >W ?WR reload with 3.15% U-235 enrichment. 

T a i l s assay 
Natural uranium requirements S# requirements 

T a i l s assay 
CtU / a ) 

nat 
% h o 3 SWU/a) % 

0.05% 159 31 .2 284 181.0 

0.10% 169 86.5 i i a 138.5 

0.15% 181 92 .6 181 115.4 

0.20% U-235 196 100 157 100 

0.25% U-23i> 213 109.0 139 88.6 

0.30% U-235 235 120.1 125 79 .7 
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3,2.3. Sccnoaic Optimum tails assay 

As illustrated in Table 3.2. and Figure 3.5, the separative work 
requirements increase substantially with decreasing tails assay, while the 
natural uranium requirements undergo a strong decline. 

If C_ denotes the cost per kg of material used (natural uranium) and 
C the separation work cost per SWU, the following applies to the total enrich
ment cost, C , per kf of product : 

c . 3L (, ♦ * S 
p p s p * 

SW » separative work (kg) 
p ■ enriched product (kg) 

F » natural uranium feed (kg) 

C * total enriched product cost (per kg) 

C » separative work cost (per SWU) 

C_ ■ natural uranium feed cost (per :<g) 

Since the two factors of C_ and C_, respectively, vary in opposite 
directions as a function of the tails assay, C stay be minimized by selecting 
the "optitmim* tails assay. p 

Example : with an assumed separative work cost of 
Cs - 1CO $/SWU 
and a uranium cost including conversion of 
Cr * 100 S/kg £/, 

The values obtained for C as a function of tails assay S with 3.15% 
U-235 enrichment are given in table 3.3. which shews that with the above assump
tions, the minimum product cost is attained for a tails assay lying between 
0.20 and 0.25%. 

Note : Tht values of SW and F_ can be computed for any tails assay using : 
P P 

f - ? «■ T -
N - N P T 

F T 

where N , N and N are the weight fraction of 0-235 in the product, feed and 
tails stream respectively, for natural uranium, N - 0.00711. 
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Table 3.3. 

Cost of 1 kg of uranium enriched at 3.15% 

t a i l s assay 

F/P 

(kg UAg 
product) 

CF 
(S/fcgU) 

SW/P 
(kg S»Ag 
product) 

C_ 

C$Ag SW) 

s 1 
(SAg of 
product) 

0 .05 4.690 ICO 8.392 100 1308.2 

0 .10 4.992 100 6.421 ICO 1141.3 

0 .15 5.348 100 5.351 1C0 1069.9 

0 .20 5.773 100 4.636 1C0 1040.9 

0.25 6.291 lOO 4.109 100 1O4O.0 

0 .30 6.334 100 3.696 100 1063.0 j 

The optinum tails assay depends only on the ratio of unit 
separative work cost C to unit natural uranium cost C_. Its variation is 
shown in Fig. 3.5. 

The unit cost of natural uraniun is that of the compound to be 
enriched, generally U? . This cost depends heavily on that of yellow cake (U. 0g) 
to which conversion costs must be added. 

The unit cost of separative work/ Cs, is governed by a number of 
cost factors, the influence of which varies with the enrichment process conside
red. The two main underlying cost elements in those processes which are of 
practical importance today *r* the amortization of the investments and energy 
consumption, but operating and maintenance costs may not be neglected. 
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3.2.4. Recycled uranium 

Current acceptance specifications for OTg feed delivered to 
gaseous diffusion plants allow for the use of recycled uranium. These speci
fications limit : 

a. alpha activity from all transuranics to 1500 dpra per gram 
of uraniun. 

b. beta activity due to fission productsto 10 percent of the 
beta activity of aged natural uranium. 

c. gamma activity due to fission products and uraniura-237 to 
20 percent of the gamma activity of aged natural uranium. 

The Unit for the alpha activity was established on the basis 
that only a small fraction of the total enrichment plant feed would be 
recycled uranium. If the feed were mostly recycled uranium, this limit would 
have to be reduced by a factor of more than 10 ; however,such transuranics 
car. be reduced by use of chemical traps. 

The return of uranium from reprocessing to enrichment facilities 
reduces the requirements for natural uranium. However, because U-236, which 
is forced by neutron capture in U-235, parasitically absorbs neutrons, addi
tional U-235 is needed whenever U-236 is present in fuel producing the sa-e 
energy as U-236-fres fuel. When the aacur.t. beco-.es significant, the presence 
of U-236 will have to be accounted for in the fuel cycle cost evaluation of 
recycling uranium. 

For the Troika enrichment plants, reprocessed uranium is 
accepted. Specifications for non-natural uranium are in the process of 
being determined. 

3.2.5.- Recovery of U-235 from existing tails stocks 

The past and present operation of the enrichment plants has 
produced huge amounts of depleted uranium, the tails, which nevertheless 
still contain some U-235 isotope. This results from commercial operation in 
the vicinity of the optimum tails assay. Important savings in the natural 
uranium requirements could be obtained, depending on the extent to which U-235 
remaining in the tails can be recovered with acceptable economics. 

It should be mentioned that tails stripping can be done with 
any of the fully developed enrichment technologies. However, as shown above 
(page 3.16 ) , tails assays below approx. 0.20% would not be economic at 
current prices. 

http://beco-.es
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In the future, new processes with proper characteristics could 
be considered for this purpose. Thus, in the US, besides the determination of 
the comnercial feasibility of the laser and plasma processes for separating 
uranium isotopes,a major purpose of the R 6 D program is the potential for 
recovery of additional U-235 from the tails produced in the present *JS gaseous 
diffusion and future gas centrifuge production plants. However, because the 
laser and plasma enrichment methods are still at a very early development 
sta^e, their potential for natural uranium savings at acceptable costs cannot 
yet be estimated from the information available. 

3.3. - Flexibility and responsiveness to demand forecast 

The most important factors in determining the amount of separa
tive work needed in the future are the expected nuclear power growth rates 
by reactor type and the corresponding fuel cycle strategies. 

The planned rate of expansion of enrichment capacity is based 
upcn a philosophy of matching demand, and on account of the heavy investments 
involved, a decision to build an enrichment facility is usually taken only 
after the capacity of the facility has been sufficiently committed to firm 
requirements under appropriate contractual agreements. 

Many factors may affect the rate at which enrichment capacity 
should be built : 

- Rate expansion of nuclear power capacity, 

- Fuel cycle options, 

- Building up or reduction of national or international 
stockpiles,. 

- Change in natural uranium availability, 

- Change in the operation of existing facilities, 

- Change in enrichment plant tails assay. 

3.3.1. Rate of expansion of nuclear power capacity 

The nuclear power expansion rate has a direct effect on the 
nuclear fuel cycle. Among the various reactor types, at present it is essen
tially the light water reactors which require enriched uranium for their 
operation/ however, other types of reactors may call upon enrichment facili
ties for services : AGR, RTR, HWR and FBR either normally or under some par
ticular circumstances or in a modified version. Scenarios of implementation 
of various reactor mixes and the improvement of reator characteristics is 
studied by specialized INTCE working groups WG.1, WG.1.A/2.A, MS.5 and WG.8. 

So, installed nuclear capacity, reactor mix, reactor characte
ristics (first core, reloads, burn up), construction lead time, modification 
of construction delays, cancellation and ordering of new plants will affect 
the separative work requirements. 
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3.3.2. Fuel cycle options 

In a given nuclear power development picture, the various 
options taken on the fuel cycle have a bearing on separative work requirements. 
The effect of modifying the tails assay of the enrichment plants on separative 
work and natural uranium requirements is discussed in pages 3.11 - 3.16) and below : 

The recycling of uranium and plutoniuai from reprocessing plants 
could decrease separative work requirements by about 10 to 20% if it were 
used extensively. 

The modification in the lead time for fueling reactors would 
have an effect on the scheduling of S.W. requirements, staking then appear 
earlier or later, thus increasing or decreasing the requirements at a given 
date. 

3.3.3. Change in enrichment plant tails asray 

Tor the easterner buying enrichment services, the economic 
optimum tails assay depends only on the cost ratio of his natural•uranium 
to that of separative work. But it is possible to depart somewhat from the 
optimum without suffering a large penalty (see Table 3.3). Such a choice nay 
be made by the customer using any available contractual flexibility to decrea
se the tails assay in order to save on uranium in case of delay on a project, 
or on the contrary, to increase the tails assay to obtain more enriched product 
in case of a supply shortage or better than expected reactor operation, in 
which case more uranium feed would have to be provided. Decisions by the 
customer to change the tails assay would, however, have to recognize any 
limitations which stay be imposed by the natural uranium sarket.and his supply 
contracts with such market. There are definite limitations on the extent to 
which natural uranium supplies can respond quickly to increased demand. 

Specifically, changes in tails assay could, depending on the 
natural uranium supply contracts involved, and the amount of advance notice, 
have significant effects upon the uranium market stability. Raw material 
producers, however, would be expected to protect themselves, to the extent 
possible, against changes in requirements by their contractual agreements 
with their customers. 

Similarly, any change in the tails assay imposed by the supplier 
of enrichment services, aa permitted by his agreements with his customers, have 
to recognize the effect on both his customers and the natural uranium supply 
industry. 

In diffusion plants, flexibility for changes in tails and 
product assays .',s achieved primarily by controlling feed and withdrawal rates. 
This may be accompanied by changes in the location of the feed point, the 
number of cells on-stream, and the power supplied to specific cells. 

In centrifuge plants, a degree of flexibility for changes in tails 
and product assays exists by control of the cascade feed rate and the interstage 
flows. 

Generally, flexibility for changes in assays is limited by the 
losses of efficiency when the plant is operated too far away from its design 
point. 
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3.3.4. Chance in natural uranium availability 

In case of an important change in natural uranium availability, 
probably with an associated change in its sarket price, it night be desira
ble to change the tails assay of enrichment plants and as a result,change 
the schedule for production of separative work to meet an established schedule 
of enriched uranium requirements. As indicated above (see Table -3.3.), a given 
quantity of enriched uranium can be produced with varying ccir.bir.ations of 
feed and separative work, by changes in the tails assay. 

In the event of an increase in natural uranium availability and 
a reduction in its market price, an increase in tails assay may be desired, 
suggesting a deferral in the schedule for installation of additional separati
ve capacity and, perhaps, even a reduction in separative work production from 
existing plants. The extent to which and the timing at which such steps could 
be effected, however, would depend on the existing contractual commitments 
for production and sale of separative work. In general, it would be expected 
that separative work sale contracts would commit large percentages of the 
enrichment plant capacity over considerable time periods, and the effect of 
the change in natural uranium availability would be felt over a longer time 
period when the schedule for installation of uncommitted separative capacity 
could be modified without large economic penalties. 

In the event of a decrease in natural uranium availability and 
an increase in its market price, a decrease in tails assay may be desired, 
suggesting an acceleration in the schedule for installation of additional 
enrichment capacity and, perhaps, even attempting to obtain additional sepa
rative work production from existing planes. While some acceleration of new 
construction may be possible, it would not likely make a substantial contri
bution to separative work production for a number of years. The capability of 
existing plants to increase their production may be quite limited since they 
would be constructed and operated at maximum capacity to meet firmly committed 
demand. Thus, a decrease in natural uranium availability probably can be 
compensated only by the construction of additional enrichment capacity, and 
this requires a substantial lead time (see Table 2.2.) before the counter 
measures could take effect. 

In case of an important change in natural uranium availability, 
it might be desirable to modify the operating tails assay of enrichment plants. 
But, if a given production of enriched uranium is to be obtained, things will 
be different for an increase and for a decrease in natural uranium availability. 

This is due to the operating flexibility of enrichment plants. 
The latter are designed to operate usually close to their maximum capacity so 
that separative power can be easily decreased markedly (putting in stand by, 
downrating),but be increased only very slightly (upratlng). So, a decrease 
in uranium availability can be compensated only by the constructing of addi
tional enrichment capacity and this requires a certain lead time for counter 
measures to take effect. 
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3.3.5. Change in the operation of existing facilities 

A change in the operation of existing facilities stay be brought 
forth by several reasons : 

- intrinsic plant flexibility 

- Equipment modification : implementation of a newer technology, 
power upgrading... 

- Retirement of a facility having become obsolete 

- Commissioning of a new facility 

- Operation of formerly independent facilities in a complex 

- Failure of some equipment 

- Failure of power supply or of some vital material required 
for operation. 

However, plant flexibility which could be called upon on short 
notice (less than one year) in case of a shortage may be very limited except 
in the case of sor.e prevailing excess capacity. 

3.3.6. Stockpile variation 

An enriched product stockpile is one response to an impending 
shortage, either of separative capacity or of natural uranium, and is the 
only way by which an immediate response could be assured. Whereas it is possi
ble to avail oneself of natural uranium from a stockpile of such material, 
a stockpile of enriched uranium is the only way to stockpile separative 
work. 

Stockpiling has, to date, been a question of national policy, 
but it could be also undertaken at an international level. It can be done by 
the consumer. However, and it is the case today, it can be done by a producer 
wishing to utilize available excess enrichment capacity and natural uranium 
stocks ; such stockpiling enables the construction of a new facility to be 
postponed,with potential economic benefits resulting from better utilization 
of existing equipment. But when a producer's stockpile of enriched uranium 
runs out, it is like decommissioning a plant fulfilling the same market 
requirements,so that an equal increment of capacity would be needed to be put 
on stream. 

Nevertheless, stockpiling entails the costs of carrying the 
inventory which are paid in the end by the customer, as well as possible cost 
benefits derived in its production. A decision to undertake the establishment 
of a stockpile should be made after consideration of the economics involved 
and the purpose which it is to nrv*. 
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3.4. - .Main contracting conditions -

Many arrangements fcr insuring supply and demand of enrichment 
services are incorporated in the contracts between producers and their 
customers. While teras and conditions may vary from one supplier to another, 
key contract features relating to assurances are generally as follows : 

- Contracts negotiations are concluded 4 to lO years prior to the initial 
delivery and ccnunit the supplier to provide certain enrichment services. 
These contracts provide the enricher with a firm foundation for the finan
cing of construction. Short tern contracts and spot sales do not require 
any specific lead time. 

- Separative work deliveries are scheduled 4 to lO years in advance and 
quantities are subject to adjustments by the customer on the order of up 
to t 20 percent. This allows the enricher to do production planning and 
gives the customer a degree of flexibility in adjusting SWU deliveries to 
match reactor requirements -

- Commitment periods are in general for 10 years, with option to extend. 
This enables the enricher to run the facility as nearly as possible to 
the optimum with a committed ouput and binds the buyer to take the output. 

- Advance payments are quite a complex natter. Depending upon each producer's 
policy, they are to be made with specific lead time. Their amount may be 
set as a lump sun of money based or. reactor size or represent a percen-age 
of the order of 10% of the contract value. This provision more 
firmly coimits the buyer to the supply source since failure to take delivery 
under the contract would mean forfeiture of the advance payment. 

- Termination charges are dependent on how long in advance the customer gives 
notice. Generally, these charges are significant if given less than 4 to 
5 years in advance of scheduled delivery. These further bind the buyer to 
take delivery and protect the en-'icher's investment. 

- Tails assay is generally firmly referenced, although some customer flexibi
lity in specifying the tails assay applicable to his order is becoming 
common. It is necessary for both the supplier and customer to firm up the 
tails assay in advance since this parameter determines the feed deliveries 
and can affect plant operations. 

- Contracts generally contain force majeure, assignment, and dispute settle
ment provisions. These provisions are necessary to define the obligations 
and rights of each party in the occurence oZ unexpected or extraordinary 
events. 

A comparison of key contract features of the suppliers offering 
contracts for enrichment services are given in Table 3.4. The statements were 
excerpted from the information given by the technology-holders in response to 
the questionnaire. Since no official information has been received so far 
from the USSR, features of USSR contracts available to the secretariat were 
used for the sake of comparison. 
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3.5 Conclusions; 

The supply possibilities have diversified as new enrichment 
suppliers (Ettrodif, Ttechnabserport and Urenco) have entered the market as 
independent competitors. 

The diversified form of contracts available to customers contain 
sufficient variations to enable them to make the choice which would 
best satisfy their particular requirements. 
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Enrichment demands according to various fuel cycle strategies 

Base forecasts for nuclear energy growth capacity 

Introduction 

World energy demand^ and the mix of fuels to meet this demand are dependent 
on a large number of factors which include population growth, economic 
growth, technological development in supply and utilisation of fuels, re
source availability and national and international policies. These factors 
are themselves interdependent and the problem of predicting demand or supply 
is therefore complex. 

The utilization of energy over the next 50 years could follow any one of an 
infinite number of paths within a very wide bounding range. At one extreme 
there could be world economic collaps and at the other a return to the 
bouyant growth of the 1960's or better. Neither can be regarded as incredible. 

Kuclear power, which will be contributing to meeting future world energy 
demands, will be significantly affected by developments of the world economy. 
Rather than attempting to specify the most probable level of installed 
nuclear capacity, it was decided to establish high and low values lying 
within the extremes described in the previous paragraph, recognising, however, 
that the actual installed capacity could lie outside the selected range. 

It was evident that there would be great advantage in re
lying as far as possible on recently completed studies of future world 
energy demand, modifying these a3 appropriate to take account of the latest 
information on the energy policies of the individual countries. Therefore, 
a questionnaire was circulated to IAEA member countries requesting their 
high and low estimates of future electricity demand and installed nuclear 
capacity over the period up to 2025. 

The questionnaire was supplied to 110 countries and responses were received 
from 48 countries, as.shown in Appendix 2A. These countries represent about 
80 - 85 $ of estimated presently installed world nuclear power capacity. The 
most significant omissions, from the point of view of current and expected 
nuclear power capacity are the centrally planned economy (CPE)nations. These 
are estimated to comprise about 15 <f, of the presently installed world nuclear 
power capacity. Not all responding nations supplied the full range of data 
requested. Of the 48 responding nations 42 nation*, provided information on 
nuclear power growth estimates through lQQO, 35 nations provided data up to 
2000, but only 13 through 2025. 



4-2 

Forecast for Pre-2000 Period 

Due to the large number of influencing po l i t i ca l and economic parameters 
underlying the projections of the individual countries, the o f f i c ia l ly con
veyed figures were generally adopted without any modifications (with the 
exceptions mentioned below),since the countries themselves are in the best 
position to evaluate these factors and therefore have projected accordingly. 

The IEA reviewed the 19^5 and 1990 capacity projections for their member 
countries during the summer of 1978 and formed the view that the stated 
governmental plans which corresponded with the IKPCE submissions were 
l ike ly to be delayed. Therefore, they suggested that lower figures for 
installed nuclear capacity would be appropriate for their irember s ta te s . 
The member governments of IEA accepted these revisions in aggregate. Con
sequently, for th i s study, i t was decided to adopt the IEA figures for the 
two years I985 and 1990 in preference to the questionnaire responses. How
ever, one objective of the IEA study was declared to be the stimulation of 
member governments to take action to overcome presently foreseen delays in 
their nuclear programmes. Therefore, the responses to the INFCE questionnaires 
for the year 2000 have been adopted without change. No changes have been made 
for the I978-2OOO period to the responses of non-IEA countries in reaching the 
aggregate to ta l s , since there i s no consistent and rel iable process for 
doing th i s without challenging individual national submissions. 

Considerable discussion was devoted to the matter of appropriate regional 
breakdowns of the IKPCE forecasts for WOCA. Some delegations wished to pro-
sent the projections on a fairly disaggregated regional basis in order to 
reflect policy differences among different groups of countries. However, i t 
was decided to present data with only an OECD and non-OECD breakdown on the 
basis that individual pol ic ies of nations, in regions that might 
be selected, would not necessarily be similar, and because current pol ic ies 
of nations could change. Furthermore, since projections can be related, in 
general terms at l eas t , to data supplied by individual nations, i t would be 
possible to construct essentially any regional breakdown desired by other 
Working Groups for the pre-2000 period. 

Responses from CF2 nations to the nuclear power growth questionnaire have 
not been received and the accuracy of the available data, which azy be 
somewhat out of date, ifl unknown. Against th i s backdrop, the Co-Chaimon or. 
several occasions (solicited input from the CFZ nations. Pending receipt or 
inforaation i t was decided to use tho nuclear c^owth forecasts ac civen by 
llZtS >. Tho f inal III7C2 ficurc3 for the rrc-2000 period are proccnted in 
Table 
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TABLE 4-1 

Pre-2000 HIPCE Nuclear Power Pro. iect ions (D in «et GW(e). 

Region 1985 1990 1995(3) 2000 

OECD TOTAL LVR 197.6/222.3 288.8/366.3 396.6/595 580.4/875*7 
TOTAL 224/249 329/410 461.6/671.6 682.6/1020.5 

REST OP W 0 C A ( 2 ) TCPAL 19/23 45/50 90/100 150/186 

WOCA TOTAL LVR 213.8/241.7 329.1/410.5 479.3/634.1 717.9/1040.7 
HWR 14.9/15.7 26/29.1 43-7/55.9 73-5/101 
HTR 0.6 1.6 2.6 3.6 
GG 6.75 4.25 0.8 0 
AGE 4.9 8.0 12.4 16.8/23 
PBH 2.O6/2.36 5.05/6.55 12.8/15.9 21.8/38.3 (4) 
TOTAL 243.6/272 374/460 551.6/77L7 833.6/12C6.6 (2) 

(1) IEA modifications apply only to the OECD total. All adjustments are 
assumed to be taken up by LWR's. Totals for other reactor types remain 
the same. 

(2) Rest of VOCA reactors are shown in Table 2.1 and therefore, details are 
not included here. Data were derived as indicated in footnotes 11 and 
12 of Table 2.1. 

(3) The figures presented in this column are derived by interpolation between 
1990 and 2000. 

(4) These FBR totals could be 23/43.6 (footnote 8, Table 2.1) 

In addition the following projections were considered for CPE. These figures 
have not, however, been employed in any of the calculations -

CPE 
mi 1220 1995 2000 

LWR 29.8/50.3 59-3/102.7 99-2/184.7 145.7/283.1 
LVGR 18.5/31 38/60 67.5/105 100/160 
FBR 0.7 0.7/2.3 2.3 2.3/3.9 
TOTAL 49/82 98/165 169/292 248/447 

WOCA - World Outside C.P. Areas 



4-4 

Forecast for Post-2000 Period 

Since only a few answers were received for 2000-2025, another method had to 
be adopted to develop the projection for th i s period. 

The general philosophy adopted was that only information and studies which 
had been well documented and which had been generally accepted internation
a l l y should be employed. It was recognised that t h i s procedure mi^ht not 
incorporate the very latest information possible, but i t has the advantage 
of using the best methodology available on projection techniques, and the 
resulting growth rates should, therefore, provide a reasonable basis for 
projecting the pre-2000 capacities further to 202$. 

Methodologies for Estimatir" World Energy Demand 

Many approaches have been developed in recent years for estimating world 
energy demand leve l s into the next century. These can be grouped broadly 
into the following categories: 

i ) Trends continued - Historic trends in energy consumption or h is tor ic 
energy growth patterns plus historic energy coeff ic ients are taken 
as indicators of future demand l e v e l s . 

i i ) Adjusted trends - Energy projections using i ) above are adjusted to 
take account of obvious factors such as expected energy price r i s e s , 
increased environmental concern, degree of government action e t c . 

i i i ) Demographic projections - These derive energy requirements from 
estimates of the future population and expected per capita consump
t ion l e v e l s . 

iv ) Scenario construction - This entai ls the construction of one or more 
scenarios, which may contain elements of methods i ) , i i ) and i i i ) , 
and cover a wide range of possible futures, enabling one to obtain 
a greater awareness of the sensi t iv i ty of the underlying assumptions. 

A wide range of demand estimates results from these four methods and their 
different underlying assumptions. 



4-5 

An analysis of the principal existing forecastings was undertaken (Co— 
Chairmcn/H0-l/6(A), Kay 30, 1978)* Six forecasting studies were re
viewed in this report: 

(1) "World Energy Resources 19^5-2020", reports on resources, conser
vation and demand, submitted to the Conservation Commission of the 
World Energy Conference, October 1977 (WEC). 

(2) Workshop on Alternative Energy Strategies "Energy: Global Prospects 
I985-20OO", 1977 (WAES). 

(3) "Uranium Resources, Production and Demand", December 1977, OECD 
(NEA)/IAEA and "Fuel Cycle Requirements", February 1978, OECD (NEA). 

(4) "Third International Institute for Applied Systems Analysis Energy 
Programme Status Report", January 1978 (IIASA). 

(5) "Nuclear Power: Issues and Choices", 1977, Nuclear Energy Policy 
Study Group sponsored by the Ford Foundation and administered by 
the Mitre Corporation (Ford/Mitre). 

(6) "Essor Economique et Ge*ographie Nucleaire", November-December 1976, 
A Giraud in CEA Notes d'Information (CEA). 

Of the six studies, only two - WEC and NEA - attempted time dependent pro
jections beyond 2000 on a suitable regional basis. The results of the pro
jections undertaken in these studies are shown in Table 2.3 and Figure 2.1. 
The INFCE projections are included for comparison. The Ford-Mit'-e: report 
has been excluded because it referred solely to the USA. The IIASA projec
tion was a world figure for the year 2030 only. It provided no ready 
means of producing a 2025 figure or of disaggregating individual energy 
sources, including nuclear power capacity over time for the WOCA region. 
The CEA projected world installed capacity, which again provided no means 
of calculating installed capacity in WOCA. 

WEC and NBA were considered useful for INFCE purposes because of their 
thoroughness. In addition, WEC'e structure permits detailed analysis of 
the individual energy sources. The WEC study, despite various deficiencies, 
was considered the best available long-term forecast dealing with the 
poct-2000 period and had received extensive international review. Conse
quently the WEC methodology was adopted as a departure point for the INFCE 
lon^-term (2025) h^T" forecast. 
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Description of WEC Studies 

The WEC studies are a group of eight individual reports. Two are of 
particular relevance to IBPCB: "The Contribution of Nuclear Power to World 
Energy Supply, 1975 to 2020" and "World Energy Demand to 2020". The supply 
analysis is based on what is technically feasible and does not take into 
account social and political considerations and the consequent commercial 
climate. Thus, the supply study is an analysis of what can be, rather than a 
forecast of what will be. 

The supply study is based on a particular pattern in the growth of nuclear 
power for the supply of electricity, and is derived from the use of an "S" 
curve penetration model (Fisher-Fry) with a conservative asymptotic limit of 
50# of electrical energy. The Fisher-Fry substitution model describes the 
penetration of a new technology into an existing system that is experiencing 
expansion. It takes account only of the technical ability of the new 
technology to replace the old. Thus, the new technology grows very rapidly 
as it is both replacing old technology and capturing some of the new market. 
The Fisher-Pry model confines itself to describing' phenomena and is not 
structured in character. 

The selected pattern of high growth of nuclear power used in the supply study 
was derived from a growth rate in electrical energy which was produced as a 
part of the companion study "World Energy Demand to 2000" prepared for the 
Conservation Committee of the WEC by the Energy Besearch Group of the 
Cavendish Laboratory, Cambridge. In the WEC demand study an initial range 
of energy demand scenarios H1 to 5 and L1 to 4* were derived by a simple 
income and price elasticity model, where high-low world economic growth rates 
of 4.256 and 3.0$ per annum were assumed. 

Although both the separate supply and demand studies cited above were used in 
the WEC forecast, it should be noted that the WEC model is not an iterative 
model. Supply and demand do not interact in a formal manner. Rather, the 
model postulates a given level of demand and then seeks a means to meet that 
demand without formal price-based interactions. Thus, electrification is 
deployed in an arbitrary manner for various years and is not estimated by the 
model. Once hydroelectric power is exhausted, the model deploys nuclear 
capacity, which is limited only by the market penetration profile of the 
Fisher-Pry model. 

*ThiB terminology should not of course be confused with the classification of 
strategies in Chapter 2. 



TABLS 4-2, 

A Comparison _of Installed Nuclear Capacity Projections for Selected Years (CWe) 

Source Note 1 * 
VOCA 

>5 
WOULD 

20< 
VOCA 

30 
WORLD 

2020 
WOCA WORLD 

2025 
WOCA WORLD 

02CD/IAEA 
1977A8 

1 27S-368 1000-1890 2157-6650 

WEG suggested 
range (p.218) 2 (961-1405) 1300-1900 (2176-3741) 32OO-55OO 

AECI/JBSC 3 270 303 1141 1543 3423 5033 

ntras 4 244-272 293-354 833-1209 1080-1654 1650-3350 1800-3900 

VEX: HS 5 282 353 1014 1442 2805 4218 

VEX: L4 6 279 346 967 1349 2584 3886 

WAES (p.193) 7 291-412 913-1772 

In 1975* the world's installed capacity was 76 GW(e). 
Bracketed ranges are derived figures. 
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Rotes on Fi/nire 4-1 and Table 4—2 

1A) OECD/KEA ACCELERATED TREND: The source of these figures i s 
"Uranium Resources, Production and Demand", a joint report by the 
OECD Nuclear Energy Agency and the IAEA. The estimate assumes the 
success of ambitious nuclear power programmes, the possible 
unavailability of conventional fuels, rising costs, and the return to 
higher rates of increase i n energy consumption. The estimates were 
developed on a regional basis. 

1B) OECD/HEA PRESENT TREND: The source i s as above. This scenario i s 
based on present trends in energy utilisation and supply. The 
estimates were also developed on a regional basis. 

2A) WEC Suggested Range High: The source of these figures i s World Energy 
Resources, 1983-2020, published by the World Energy Conference. 
WOCA capacity is assumed to be 74% of world capacity in 2000 and 6&A 
in 2025. The 2025 figure has been derived by continuing the growth 
trend of 2000-2020 up to 2025. 

2B) WEC Suggested Range Low: as above. 

3) AECL/WEC: The source of these figures i s "The Contribution of Nuclear 
Power to World Energy Supply, 1975-202O" which was prepared by 
Atomic Energy of Canada Limited for the Conservation 
Commission of the World Energy Conference. The nuclear growth rate 
in 1975 was selected to agree with the historic rate and, where known, 
the construction programme in each region. For the long term i t was 
assumed that the fraction of electricity supplied by nuclear power 
would tend asymptotically to 50?o in a l l regions. The figures for 2025 
have been derived by applying regional growth rates from 2000-2020. 

4A) IHFCE HIGH: The derivation of these figures i s explained in the text. 

4B) INFCE LOW: as above. 

5) WEC H5: The source of these figures i s "rforld Energy Resources 1985-2020". 
The assumptions of this scenario axe described in the text. The figures 
have boon calculated by Dr. Richard Eden on the basis of these 
assumptions. 
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f>) WEC L4: The underlying economic assumptions of this scenario are 
low world economic growth (3$ pa), high energy prices and oil constraints. 
Low levels of conservation are achieved because of poor economic 
performance. 

tA) VAES HIGH: The source of these figures is "Energy Supply to the Tear 
2000; Global and national Studies", by the Workshop on Alternative 
Energy Strategies. The figure represents the maximum likely installed 
capacity. 

7B) VAES LOW: The source is as above. The figure represents the minimum 
likely installed capacity. The VAES figures are developed from 
scenarios which have coal or nuclear as the major replacement fuel 
for oil. 

I 
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One of the chief assets of the WEC methodology is the use of fuel substi
tution models* These realistically depict fuel selection and the way in 
which new sources are developed and some potential supplies decline. 
Another strong point of WEC is that the model was constructed on a regional 
rather than a global basis, thus permitting the use of various assumptions 
appropriate to each region. 

Development of Upper Bound of 2025 Range 

The H5 scenario adopted as the basis for the upper bound of the IKFCE pro
jection, is based on an average annual world GNP growth rate of 4*2 % over 
time and assumes fairly high electricity growth rates - electricity com
prises 33 $ of world primary energy by 2000 and 45 <f, by 2020. Nuclear power 
is assumed to comprise roughly 50 56 of the electrical energy market share 
by 2020. Another important feature of H5 is that it assumes large coal 
imports for Western Europe and Japan. 

In order to link the 2025 upper bound projection to the high end of the 
range for 2000 which had been adopted for INFCE, it became apparent that H5 
had to be adjusted upward from the original WEC H5 projection. The method 
for adjustment was to apply the implied H5 growth rates to the upper bound 
INFCE assumptions for 2000. The capacity data in H5 for WOCA were adjusted 
upward by a constant ratio, based on the HIPCE submissions for the year 2000 
(I2O1 GWe). This constant is 1.19. Since WEC projections do not extend 
beyond 2020, a simple linear extrapolation was used to extend the 2020 data 
to the year 2025. This resulted in an upper bound projection of 3900 GWe 
for WOCA. 

Development of Lower Bound of 2025 Range 

Whereas the sophisticated demand modelling techniques of WEC incorporating 
various social, economic and energy parameters were considered to provide a 
viable basis for developing an upper bound of the INFCE 2025 projection, 
it was concluded that for arriving at a lower bound the best way 
would bo simply to extrapolate the present conservative trend of nuclear 
growth rates as used in the NEA report, "Uranium Resources, Production and 
Demand" (December 1977, p«77)« 
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By t h i s procedure, however, the economic and indus t r i a l implicat ions of low 
growth were not taken into account. The growth r a t e s tha t were applied to 
the INPCK low project ion of 833.6- GWe in the year 2000, were: 

2000-2005: 5.4 56 
2005-2010: 3.7 56 
2010-2015: 2.6 <f> 
2015-2020: 2.3 <f> 
2020-2025: I . ? % 

This produced a lower hound projec t ion of about 1800 GWe in 2025 for VIOCA. 

TABLE 4.3 
Installed Nuclear Power Capacity Projections in WOCA * 

Countries (net GWe) 

Year High Case Low Case 

1980 159 144 
1985 274 245 
1990 462 373 
1995 770 550 
2000 1200 (1207) 850 (834) 
2005 1650 (1633) 1100 (1081 
2010 2150 (2132) 1300 (1296) 
2015 2700 (2701) 1450 (1474) 
2020 3350 (3338) I650 (1652) 
2025 3900 (3899) 1800 (1797) 

Notes: a) World Outside CPE Area 

b) Beyond 2000 the projections are rounded to the nearest 50 GWe; 
precise projected figures are shown in brackets. 
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4.2 Reactor and Fuel Cycle Strategies 

412.1 Introduction 

According to the decision to adopt the pre-2000 nuclear power projection 
submitted by the countries, reactor mixes and fuel cycle strategies for 
the pre-2000 period were used as provided in the answers to the question
naire. 

For the post-2000 period, several i l lus tra t ive strategies were defined 
which, when applied to the high and low projections of nuclear power growth, 
would identify a wide range of demand for nuclear resources and services . 
Each strategy was characterized by the rapid dominance of one 
reactor concept. This was viewed from the standpoint of current technology 
and probable (or possible) future technology to give high and low uranium 
requirements. It must be recognized that , by their very nature, the i l l u s t r a 
t ive strategies are not expected to be r e a l i s t i c projections of the actual 
need f~r nuclear resources and services; they merely seek to give a clear 
demonstration of the nature of the ef fects associated with the alternative 
choices. The selected i l lus trat ive strategies are described in Section 4«2.2. 

4 .2 .2 I l lustrat ive Strategies  

1) LWR Once-Through 

Upper Uranium Demand Qa) 

i ) Pre-2000 reactor mix as indicated by INPCE questionnaire r e 
sponses. 

i i ) After 2000, current technology LWR's are installed exclusively, 
phasing out other types at the end of their 30 year l i f e . 

i i i ) No reprocessing i s assumed, either before or after 2000, and 
the FBR's in the questionnaire returns are allowed +o run in 
Plutonium d e f i c i t . 
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Lower Uranium Demand ( lb) 

i ) As ( i ) above. 

i i ) Improved technology LWR with 15 % reduction in uranium demand 
introduced in 1990 with re tro f i t t ing of pre-1990 LWR's by 2000 
followed by a further technical improvement in the year 2000 
with retrof i t t ing of a l l pre-2000 LWR's by 2010, giving about 
30 % overall reduction in uranium requirements. 

i i i ) Same as Item ( i i i ) in l a . 

Working Group 8 had some divergence on whether the 30 % improvement 
was achievable, and i f so , whether i t would be fully retrof i t table . 
Additional variants proposed by Working Group 8 to cover th is are 
included in Section 2 . 3 . 

2) HWR Oncc-Throu.qh 

Upper Uranium Demand (2a) 

i ) As ( i ) above. 

i i ) Post 2000 the rate of natural uranium HWR capacity additions 
doubles each two years unt i l HWR's capture 100 $ of the market. 

i i i ) Post-2000 non-HWR capacity additions are LWR's operating on 
the once-through cycle; a l l LWR's incorporate 15 % improvements 
beginning in 1990 (retrof i t complete by 2000). 

iv) As ( i i i ) in LWR once-through ( l a ) . 

Lower Ursnium Jtem.ind (2b) 

i ) As ( i ) above. 

i i ) HWR employing s l ight ly enriched uranium brought in at the same 
rate as ( i i ) above (2a) . Pre-2000 HWR's continue to operate on 
the natural uranium cyc le . 

i i i ) As ( i i i ) above (2a) . 

i v ) As ( iv) above (2a) . 
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3) FBR's 
Upper Uranium Case (3a) 

i) As(i) above. 

i i ) PBR capacity increased at a constant rate to 150 GW in 2005 
for the high nuclear growth case, with that same rate being 
applied to the low nuclear growth forecast case . After 20O5, 
the FBR i s allowed to capture 100 % of market, subject to p lu t 
onium ava i lab i l i ty . 

i i i ) The FBR's wi l l be "current technology" (oxide fuelled) reactors 
with a two year* out of p i l e time throughout. 

iv) Other than FBR's only HWR's and LHR's are introduced post 2000, 
retaining the year 2000 HWR/LWR share ratio from the questionnaire 
returns. 

v) The LWR wil l use improved technology (15 f>) from 1990 with 
retrof i t as in ( i i i ) (2a) . 

v i ) HWR's bui l t pre-2000 are natural uranium fuel led, and those 
bui l t post 2000 are s l ight ly enriched uranium fuel led. 

Lower Uranium Case (3b) 

This wil l be as above (3a) but wi l l use an advanced (carbide fuelled) 
FDR design from 2000 on with a one year out of p i l e time. 

Working Group 5 also discussed FBR introduction. They judged that 
from a technical point of view up to 50 GWe could be achieved by 
2000. Such an upward revision i s small, bearing in mind the time 
scale to 2000, and th i s pos s ib i l i t y i s treated in Section 2.3 as 
Strategy 6. 

* The two-year out of p i l e time for recycle material (both plutonium and re
cycle uranium) was ur.cd in a l l rocyclo s trategies , except for the advanced 
(carbido-f'uolled) FBR strategy, where one year wa3 used. 
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As an a l t e r n a t i v e t o the carbide fuelled PBR, Working Group 5 con
sidered the improved technology heterogeneous core oxide fuel led 
PBR. However, t h i s has s imilar fuel requirements, and the carbide-
fuelled case was se lected by Working Group 5 to represent advanced-
technology FBR's. 

The ITBR system i s more sens i t ive t o out of p i l e times than arc the 
other r e a c t o r s . For a lower bound on uranium demand a one-year out 
of p i l e time was chosen. For a consistent comparison, the a l t e r n a 
t i v e of a two-year out of p i l e time i s considered i n Section 3«4. 

4) LV.'R With Self-generated Plutonium Recycle 
Upper Uranium Case (4a) 
This follows the same pa t t e rn as the once-through upper uranium 
case with current technology LWR's but with plutonium recycle com
mencing in the year 1990 for new reactors and phased into pre-1990 
reactors over a 10 year per iod. I t i s assumed that suff ic ient fuel 
i s reprocessed t o meet the plutonium needs of the LWR's. 

Lower Uranium Case (4b) 

As in preceding upper uranium case (4a) but employing Pu-recycling 
LWR's with improved characterist ics (as described in the appendix of 

Sub-Group 1A/2A report) introduced in the year 2000, 

5) HVlR's With Fuel Recycle 

Upper Uranium Demand, .(5a} 

As (2a) except t h a t a l l po9t-2000 HWR addit ions operate on the na
t u r a l uranium fuel cycle with Pu recyc le . Reprocessing capacity i s 
assumed to be ava i lab le to support the HWR fuel recyc le . 

Lower Uranium Demand, ,(5h.) 

As (5a) above except t ha t a l l post-2000 HWR addit ions operate on 
the thorium/uranium fuel cycle using highly enriched uranium for 
recycle and make-up. 
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4*2.3 I l l u s t r a t i v e Mixed S t r a t eg ic s 

Each of the five I l l u s t r a t i v e Single-Type S t ra teg ies described in Section 
3.1.2 i s based on the assumption of rapid dominance of one reac tor con
cept in the WOCA market a f t e r 2000. In recognit ion of the fact tha t market 
penetra t ion of advanced nuclear technologies wi l l vary in d i f fe ren t count r ies 
depending upon economics, nat ional energy policy and technological and i n 
dus t r i a l c apab i l i t y , several mixed s t r a t e g i e s were selected for a n a l y s i s . 
These have been a r b i t r a r i l y selected and should not be considered as fo re 
cas t s of l i k e l y mixes. These I l l u s t r a t i v e Mixed S t r a t eg i e s assume tha t one 
or more d i f ferent reac tor types are deployed in to a r b i t r a r y f rac t ions of the 
WOCA market a f t e r 2000. The r e s u l t s of t h i s ana lys is provide data intermedi
a t e to tha t of the s ingle- type s t r a t e g i e s , thus f a c i l i t a t i n g the i n t e r p o l 
a t ion of the requirements for nuclear resources and services for other pos tu
la ted reac tor mixes. 

Five I l l u s t r a t i v e Mixed S t ra teg ies are described below and r e s u l t s are d i s 
played in Section 3«3»3» For a l l mixed s t r a t e g i e s , the pre-2000 reac tor mix 
and reprocessing capacity are a s indicated by the quest ionnaire responses . 
A r e t r o f i t t a b l e modification of the LHR r e s u l t i n g in a 15 $ reduction in 
uranium requirements i s assumed to be i n i t i a t e d in 1990 with the r e t r o f i t 
of a l l LWR's accomplished by 2000. All FBR's i n s t a l l e d a f te r 2000 are assumed 
to have advanced c h a r a c t e r i s t i c s and a one year out of p i l e t ime. After 2000 
the WOCA nuclear market i s assumed to be divided in four separate submarkets 
each with i t s own reactor deployment s t ra tegyi 

This -ubmarket has a constant 10 % share of the projected 
new and replacement nuclear market for WOCA in 2000-2025. 

These submarkets each have a 30 $ share of the projected 
new and replacement nuclear market for WOCA in 2000-2025* 

1 . Mjxcd Strategy 1 

Suhmarkct A HWR's using s l i g h t l y enriched uranium (SEU) are deployed 
exclusively and capture 100 % of the cubmarket. 

Submnrkct B FBR'n capture l / 3 of the submarket. The remaining 2/3 are 
LWR'o with 15 f> improvements. 

Submarket A 

Subinarkct B. 
C and D 
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Submarket C 15 £ improved LWR's capture 100 $ of the submarket. 

Subm-trket D 30 % improved LWR's capture 100 % of the submarket. 

2 . Mixed Strategy 2 

Subaiarket A Same as Mixed Strategy 1 

Submarket B FBR's capture 100 % of the submarket subject only to the 
avai labi l i ty of plutonium from the submarket. Plutonium 
i s available from two sources: 

a) that which i s generat' i in the submarket after 2000 
b) the proportionate share (30 %) of the WOCA spent fuel 

stockpile generated pre 2000. 

To the extent that FBR's in the submarket may be plutonium 
constrained, 15 $, improved LWR's would be added. 

Submarket C Same as in Mixed Strategy 1 

Submarket D Same as in Mixed Strategy 1 

3 . Mixed Strategy 3 

Submarket A Same as in Mixed Strategy 1 

Submarket B Same as in Mixed Strategy 2 

Submarket C An LWR with 15 % reduction in uranium consumption i s assumed 
to capture 100 % of the submarket during the period 2000-2010. 
After 2010 the PBR begins to displace the LWR at a rate based 
upon a 6 year market penetration rate doubling time. The 
in i t ia l rate of PBR introduction i s taken to be 1 GWe/yoar 
for the low energy demand projections and 6 OWe/year for the 
high energy demand projections. Post-2010 reactors that are not 
FBR's are 15 % improved LWR's. 

SubmarVet D Same as in Mixed Strategy 1 

4 . Mixnd Strato"y 4 

Submarket A Same as in Mixed Strategy 1 
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FBR's capture 100 % of both submarkets constrained only by 
plutoniun availability within the whole of HOCA. Should 
such a constraint limit the number of FBR's, both markets 
would be 15 i» improved LKR's. 

Same as in Mixed Strategy 1 

}. Mixed Strategy 5 

Snbmarket A Same as in Mixed Strategy 1 

Submarket B Same as in Mixed Strategy 2 

Submarket C HWR/Th with Pu startup and makeup captures 100 % of the sub-
market . 

Submarket B Same as in Mixed Strategy 1 

4»3 Calculational Methods 

Calculations of fuel and service requirements were carried out using an IAEA-
developed computer model which simulates the material flows through the 
various process steps in the nuclear fuel cycle. The model was designed to 
accept as input the development programs and operational characteristics for 
the various reactor types in the strategy under consideration. 

These primary input data are used together with fuel cycle data describing 
reprocessing and storage facilities for spent fuel, as well as lead times, 
delay times and material recovery efficiencies for each fuel cycle operation. 

These reactor characteristics data and fuel cycle data were supplied by other 
INPCE Working Groups which had responsibility in the appropriate areas. 

The simulation of thj reactor programme and fuel cycle strategy produces cal
culated results on nuclear fuel and heavy water needs, and requirements for 
enrichment and other fuel cycle services. 

Submarket B 
and C 

Submarket D 
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lgnT-if>>m1BPt demand 

The separative work denand was calculated both en an 
annual and a cumulative basis. According to the variety 
of strategies the results are widespread. The extreme 
values for the WOCA high nuclear energy demand forecast 
are 427.106 SWU/a and 60.106 SWU/a in 2025 for the LWR 
ence-through and the breeder strategy, respectively, or 

9 9 
cumulated 8.22.10 SWU and 4.19/10 SHU. The corresponding 
figures for the low nuclear energy denand forecast are 
192.106 SWU/a and 44.106 SWU/a or cumulated 4.64.109 SWU 
and 2.9.lO9 SHU. 
A summary of the r e s u l t s of the i l l u s t r a t i v e s t r a t e g i e s 
(annual and cumulative separat ive work demand) i s shown 
in F ig . 4 . 2and 4 .3 and Table 4 . 7 . Por -the sake of completeness, 
corresponding annual and cumulative uranium demand is shown in Fi<*. 4.4 and 4«5 
and Table 4*5 
Legend; 

H ■ high nuclear growth project ion 
L - low nuclear growth project ion 
1-5 - I l l u s t r a t i v e S tra teg i e s as defined in chapter 4.2 
* " Current technical characteristics 
° " Improved technical characteristics 
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FIGURE 4-2 

ANNUAL SEPARATIVE WORK REQUIREMENTS IN ILLUSTRATIVE STRATEGIES 
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FIGURE 4 - 3 

CUMULATIVE SEPARATIVE WORK REQUIREMENTS IN ILLUSTRATIVE STRATEGIES 
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"able 4.4a 13? ATHrj?.L SEFAHA7I73 KOHT-: 33XA.SD (10* 3W3/&)* 

^ < . | l?SO 1990 2COO 2010 2020 20'o 
S t r a ^ p ^ \ l 

) ' ■ -

! 
Rla 

b 
19 
19 

53 
54 

125 
130 

232 
194 

365 
303 

£21 
353 

H2a 
b 

19 
19 

54 
54 

123 
123 

124 
146 

95 
160 

61 
152 

H3a 
■fa 

19 
19 

54 
54 

123 
122 

168 
127 

216 
96 

227 
60 

R4a 
b 

19 
19 

52 
52 

106 
94 

187 
129 

269 
195 

3J j 
224 

H5a 
b 

19 
19 54 

It* 
123 
138 

m 
125 
272 

95 
333 

61 
335 

Lla 
b 

16 
17 

40 
42 

88 
90 

134 
111 

175 
145 

192 
158 

L2a 
b 

17 
17 

42 
42 

85 
85 

79 
91 

56 
87 

38 
77 

L3a 
b 

17 
17 

a 
41 

85 
84 

92 
84 

84 
64 

71 
44 

L4& 
b 

17 
17 

40 
40 

72 
65 

106 
74 

136 
90 

I48 
98 

L5a 
b 

17 
17 42 

88 
94 

79 
147 

55 
153 

38 
147 

Tails assay:' 0.20 < 
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Table 4 . 4 b CU"-7JLA?IY3 VC~ SSPASATIV3 l.'OHK D^IAXD ( 1 0 ' SWJ)* 

" \ Y e a r 1 | 

Str?.* ecc" ̂ *^vj 
19&C 1090 2OO0 2O10 2C20 2025 

El a 0.063 0.42 1-33 3.16 6.21 
1 

8.22 b C.063 0.42 1.35 3-00 5-53 7.20 

H2a 
b 

O.O63 
0.063 

0.42 
0.42 

1.34 
1.34 

2.65 
2-73 

3.76 
4.29 

4.14 
5.07 

H3a 
b 

O.O64 
O.O64 

0.42 
0.42 

1.33 
1.33 

2.63 
2.67 

4.80 
3-81 

5.92 
4.19 

H4a 
b 

O.O64 
O.O64 

0.42 
0.42 

1.22 
1.19 

2.70 
2.13 

5-13 
3-96 

6.71 
5-03 

R5a 
b 

O.O64 
O.O64 

0.42 
O.42 

1-34 
1.36 

2.65 
3.58 

3.77 
6.68 

4.15 
8.36 

Lla 
b 

O.O56 
0.057 

0.34 
0.35 

0.90 
1.00 

2.14 
2.04 

3.71 
3.34 

4.64 
4.10 

L2a 
b 

0.057 
0.057 

0.35 
0.35 

0-99 
0.99 

1.66 
1-91 

2.56 
2.82 

2.79 
3.22 

L3a 
b 

O.O58 
O.O58 

0.35 
0.35 

0.99 
0.98 

1-93 
1.69 

2.82 
2.64 

3.21 
2.90 

I4a 
b 

0.057 
O.057 

0.34 
0.34 

0 .90 
O.89 

1.82 
1.60 

3.04 
2.42 

3-76 
2.90 

L5a 
b 

O.O57 
0.057 

0.35 
0.35 

0.99 
1.01 

1.86 
2-35 

2.56 
3.87 

2.79 
4.62 

Tails assay: O.20 £ 235D 
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ANNUAL URANIUM CONSUMPTION—ILLUSTRATIVE STRATEGIES 
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FIGURE 4-5 

CUMULATIVE URANIUM CONSUMPTION-ILLUSTRATIVE STRATEGIES 
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T ^ > 4.5a 137 A^o'AL U D̂ T'-CO (10 t / a ) * 

S t r a t e ^ v ^ l 
1?80 looO 2000 2010 2020 202= 

Hla 
b 

0.033 
0.032 

0.035 
O.O87 

0.20 
C I S 

0.34 
0.26 

O.52 
O.38 

1 

1 
O.59 
0-43 

H2a 
b 

0.032 
0.032 

O.O87 
0.057 

0.17 
0.17 

0.27 
0.24 

0.42 
0.33 

O.48 
O.36 

E3a 
b 

0.031 
0.031 

O.O78 
O.078 

0.14 
0.14 

0.19 
0.13 

0.24 
0.090 

0.24 
0.047 

H4a 
b 

0.032 
0.032 

O.O78 
0.078 

0.14 
0.12 

0.25 
0.19 

0.37 
0.26 

0.42 
0.32 

ESa 
b 

0.032 
0.032 

0.087 
0.087 

0.17 
0.18 

»l5-
0.23 
0.27 

0.28 
0.30 

0.29 
0.29 

U a 
b 

0.029 
0.029 

0.066 
0.065 

0.14 
0.12 

0.19 
0.14 

0.24 
0.18 

0.26 
0,19 

L2a 
b 

0.029 
0.029 

0.065 
0.065 

0.12 
0.12 

0.16 
0.14 

0.20 
0.16 

0.22 
0.16 

L3a 
b 

0.028 
0.028 

0.056 
0.056 

0.099 
0.10 

0.093 
0.095 

0.086 
0.073 

0.068 
C.04S 

L4a 
b 

0.028 
0.028 

0.056 
0.052 

0.094 
O.083 

0.14 
0.10 

0.17 
0.13 

C.18 
0.14 

L5a 
•b . 

0.029 
0.029 

e.»rf 
0.065 
O.O65 

0.12 
0.12 

»./3 
0.14 
0.15 

0.14 
0.14 

0.13 
0.13 

Tails ass*y: 0.20 * 



5» i Comparison of enrichment demand and availability 

This comparison calls for different presentations according to the 
time scale which is envisaged* 

Prior to 2000, a direct comparison between annual demand and availability 
can be made by using high and low nuclear forecasts as well as 0,2 £ tails 
assay for demand, mad foreseeable enrichment capacity taking into account 
plants already in operation, committed, or planned. Such a comparison is 
illustrated by figure 3*1 where it can be seen that, considering capacities 
presently under operation and committed for construction, the cross over 
dates appear around 1990, a few years either before or after according to 
high or low nuclear power forecasts. Taking into account the additional 
projects which are planned, these cross over dates would be delayed at least 
until the second half of the nineties. This aeans that, due to the availa
bility of technologies and to the fact that construction lead times of 
enrichment plants are shorter than ten years, it is possible, subject to 
satisfying environmental, financial, economical and political considerations-to-
avoid any risk of shortage of separative work capacity by taking appropriate 
steps in due time. 

Beyond 2000, an indication of the needs to be met is given on an annual 
basis as a function of the various illustrative reactor scenarios which have 
been evaluated by IXFOB Sub Group lk/2k (figure 4.2). Comparing these needs 
to the presently foreseeable enrichment capacity is of little interest since 

there is no particular concern as to enrichment 
availability before the end of the century and since enrichment capacity can be 
expanded. It should be noted that the separative work capacity which would 
have to be installed is order to meet the needs of the highest reactor scenarios 
would require a very rapid expansion. However, in the context of the corres
ponding expansion of nuclear power plants, the effort required for this rapid 
expansion is enrichment capacity should not be prohibitive* 

The supply of enrichment services also osy affect the needs for natural 
uranium through possible variations in the tails assay. While the situation 
regarding natural uranium falls within the scope of XS7CS VG.l, it should be 
noted in VC.2 that a more exhaustive depletion of natural uranium by a decrease 
of tails assay from 0.2 £ to 0.1 £ would reduce uranium needs by about 15 £ 
and thereby extend the time a given resource base would last. Such a decrease 
in tails assay, however, would increase separative work demand by about 40 £• 



MSWU/l 

90 

80 

high nuclear growth projection 

low nuclear growth projection 

19)8 79 

HB-5.1. 
Enrichment Capacity ( M S W U / a ) sums as oi May 1979 

1990 91 

year 

95 I99G 

► 
Versus anual separative work demand 
(Tolls psaays 0.2 % U 235) 



5-3 

5.2 Conclusions; 

As they stand, present capacities under operation or construction would 
cover projected enrichment needs until around 1990 whereas adding presently 
planned capacities would cover projected enrichment needs until the second 
half of the nineties. 

Beyond 2000, the separative work capacity which would have to be 
installed in order to aeet the needs of the reactor scenarios with the 
highest demand for enrichment would require a very rapid expansion. However, 
in the context of the corresponding expansion of nuclear power plants, the 
effort required for this rapid expansion in enrichment capacity should not 
be prohibitive. 
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6. Assurance of SUSIJIT 

6.1 Present s^ana of er.richsent saracst 

As i s raw material supply, the existence of a stable enriciaant market 

i s of priae importance to both consumer and supplier. 
Since enrichBent requires a, high capital inrestaent, installation of 
new capacity to satisfy demand can be expected to be undertaken on the basis of 
consumer-supplier contractual eosentsents, bat taking into consideration 
forecasts of nuclear power growth. At present, forecasting i s difficult 
for suppliers doe to cut-back of nuclear pro STOWS; notwithstanding 
this fact, i t can be expected that contractual agreements will serve as 
a basis for providing sufficient capacity to aeet the contractual demand. 

In addition there i s s t present a certain f lexibi l i ty due to the existence 
of abnormally blah stockpiles of enriched uraaiuB at u t i l i t i e s or in 
governaa&Yt stockpiles in producer or consussr wuatries. 

6.2 Preedcn of choice for customers i r an ouen aari»t. 

For a long tine, the international market for enrichment services had 
been dcslnated by one supplier only. Since the entry into the ssrket of 
new suppliers, a diversified markrt esergsd^. asd .following the announce* 
aenta of various countries,this tendency i s expected to increase with the 
accession of other countries. 
Froa the users' point of view, there i s now scope for consumers to be 
better assured of their supplies by choosing the supplier and*? 

by the possibility to diversify their sources of sanely. 
the ability of a user to protect frisself i s enhanced Tsx "oeing able to 
take advantage of the f lexibi l i ty of the contractual conditions offered 
by various suppliers. 
In the psst, the types sod degrees of flexibility available to customers 
were regarded 'vj some as insufficier.-. At present, however, as the result 
of the availability st several suppliers and several types of contractual 
conditions, nesy of these diff iculties hart been eased. Is addition, there 

Turn Seen some eveiarion in the types of eestraets offered by «ome suppliers, 
with the opportunity for the holder of as existing contract to convert i t 
to the newer types i s order to tafce advantage of a different type of 
flexibility. •• There has been further consideration of these topics in MC.J. 
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Kith respect to f lexibil ity, however, i t has to be appreciated that the 
mariet risks surrotadiag tat heavy i sve s t s e t iavolv-d i s aev earicaseat 
capacityhavs to *ce carried by someone. The customer saaact errect te 
be exespted frem them e d to be givea conpiete freedom. 

6 .3 Alternative iastitational aranaemeete 

Considering the aforementioned problems, the best assurance of supply of enrichmea-
services for a country with a sufficiently large nuclear province might be the 

possession of a national domestic plant. For many countries, however, 
such a solution will be such too costly or not \techsieall7 o r economically 

feasible, without taking into account political and non-proliferation 
considerations. Consumer investment ia enrichmeet fac i l i t i e s , including 
the creation of joist international ventures, could be appropriate for 
such countries. 

a nunber of countries could also obtain a greater assurance of timely, 
efficient and reliable enrichment services by the pooling of financial, 
technical, engineering and management resources. The consumer countries 
participating in such sn arrangement would then have the chance te im
prove their fuel supply, since normally they would be given preferential 
access to production f lexibi l i ty . 

Taken together with the supplier arrsBgeeents* which hare been commonly 
used to date, i t could be concluded that problems of assumes of supply 
and markets can be solved through a combination of joint planning of new 
capacities, diversification of supplies, mutual assistance arrangements, 
and joist tentui'ss associating the users, either as investors or u share* 
holders, with the producers. 

There may be tapply uncertainties related to changes i s aes-prolif erstion 
conditions applied by supplier or consumer countries or groups of countries 
in joist if en tares. Possible solutions to these problems are diseusssd i s 
Working Qroup J. 

file:///techsieall7
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6.3 Conclusions: 

Improvements regarding assurance of supply and markets could 
be reached by a variety of Measures takemr separately or in coabinationf 
soae of which have already been iapleaented. These measures are: 

joint planning of new capacities, the diversification of supplies, 
mutual assistance arrangements and joint ventures associating the users 
either as investors or as shareholders with the producers. These improv-
menta would especially be important for DC*a who are more vulnerable to the 
effects of interruptions in nuclear fuel supplies* 
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Assessment and comparison of the proliferation aspects of enrichment 

Proliferation aspects in general 

It has been assumed that the decision by a country to construct 
nuclear weapons covertly or overtly is a political one and is beyond the 
scope of Infce. It is the concern of Infce however to consider the extent 
to which the existence or form of a nuclear power fuel cycle would make 
easier the implementation of such a decir- .1. 

The relevance of civil nuclear power programs to proliferation 
risks arises mainly from the access such programs nay provide to materials, 
technology and from the availability of facilities which can contribute 
to the potential acquisition of nuclear explosives. 

The activities identified in this respect include: 

a) The possible removal of materials from nuclear power cycle facilities, 

b) The misuse of facility designed for commercial operation modified as 
necessary to produce weapons-usable material, 

c) The construction and operation of a non-declared facility for conversion 
of material to weapons-usable form.' 

Proliferation aspects of enrichment 

From the point of view of proliferation risks, consideration must 
be given to the diversion of nuclear materials, the spread of technology 
possibly leading to the construction of an undeclared facility, and the 
misuse of a declared facility devoted to commercial purposes. In this 
respect, uranium enrichment would be one of trie various ways by which wea
pons usable nuclear material can be obtained. 
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7.2.1 Proliferation aspects of nuclear Materials in enrichment facilities 

Moat uranium enrichment facilities based on proven technologies 
(i.e. t diffusion and gas centrifuge) and the facilities under construction 
based on technologies which are not yet in the stage of co—arciml appli
cation (sossle. chemical) are designed and constructed to produce low en
riched uraaiuw in the :range af 3-4* IW35 foP nuclear power programs, a 
arterial which cannot he used as such for nuclear weapons. 

The proliferation risk associated with nuclear material within 
this assay range lies 1n Its possible diversion for use in other fad 11 tits 
for the production of weapons usable mterlal. Such production aay be oade 
easier, the higher the assay of the material diverted. 

7.2.2 Proliferation aspects of enrichment technologies 

The same basic technology utilized for LEU production might be 
used to produce highly enriched uranium, a weapons usable material. Enri
chment technologies made available might be utilized to build and operate 
an undeclared or unsafeguarded facility with the.aim of producing such 
material. In evaluating the proliferation risks associated with a given 
technology, one must take into account the fact that the time, resources 
and difficulties of various proliferation pathways based on this technology 
may b» reduced over time. On the other hand, Lbs various means to minimize 
-proliferation risks nay also improve with time* 

"Concerning advanced enrichment processes such as laser or 
pi a—a, the technologies are at too early a stage of development for their 
possible proliferation implications to be properly assessed. 
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Proliferation aspects of operating a-.-.chment facilities 

One way to acquire weaocns-usable material would be to use an 
enrichment facility, designed and operated for low enrichid uranium to 
produce high enriched uranium (HEU) by modifying the plant and/or its 
method of operation, for example by rearrangement of cascade equipment 

', changes of operating conditions or by adoption of a batch 
recvcle ooeratlna mode* However, these modifications would be of varying 

degrees of difficulties, depending on the enrichment process used and the 
extent of the modification. Basic changes from the original design would re
quire activities and fundamental changes of operation mode which are subject 
to detection particularly if the plant was under safeguards from its inception. 

Means to minimize the proliferation risks of enrichment 

In the foregoing paragraphs, the potential proliferation risks 
in the availability of enrichment facilities, the associated nuclear 
material and the respective technology have been Identified and generally 
described. 

While there are , certain inherent resistance factors to 
proliferation 1n the different enrichment technologies there are further 
means that can be taken to minimise these risks of proliferation. 

Barriers to proliferation Include : 

• The application of international safeguards to materials and facilities 
through a system of material accountancy reports, on-site inspections 
and verifications and various containment and surveillance techniques, 

• Institutional aspects (multinational or national arrangements) with 
supervision by governments involved in controlling plant, technology and 
nuclear materials. 
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- Features inherent in the different enrichment techniques, which make 
the undetected production of HEU and the enrichment and use ef a clandestine 
enrichment capacity more difficult. 

7.3.1 International safeguards aspects specific to enrichment 

7.3.1.1 International implications in gereral 

The objectives of IAEA safeguards at an uranium isotope enrichment 
plant are derived from the general objective of IAEA safeguards : "the 
timely detection of diversion of significant quantities of nuclear material 
from peaceful nuclear activities to the manufacture of nuclear weapons 
or other nuclear explosive devices or for purposes unknown and deterrence 
of such diversion by the risk of early detection" '. At an uranium isotope 
enrichment facility, the fulfillment of this objective must recognize the 
unique capability of such facilities to Increase the U-235 concentration of 
uranium and thereby to Increase Its strategic valve. 

Three general aspects of a «yete» designed to meet this objec
tive at a uranium enrichment facility can be defined. First, the IAEA 
must verify accountancy for all of the declared nuclear material. Second, 
the IAEA should ensure that all nuclear materials, introduced and with
drawn, are verified at key measurement points. Third, and perhaps tfre most 
Important, the IAEA should be able to verify and conclude that the facility 
is operated as declared to produce LEU. 

For all three aspects, materials accountancy plays an important 
role in providing the IAEA with required safeguards information. Wit' 
respect to the second and third aspects, the IAEA should pay special 

InfciPc/153, paragraph 28. 
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attention to the use of surveillance and containment measures to provide 
assurance that i t has complete knowledge of all flews of uranium and that 
the facility has not been misused. 
As far as current practical experience i s concerned, see section 7-3--»3• 
and reference to Euratom systems* 

7 .3.1.2 International safeguards aspects'of enrichment technologies 

In general, enrichment technologies are considered by States 
to involve information which i s particularly sensitive for commercial or 
non-proliferation reasons. States may, in such instances, request that 
special material balance areas (KBAs) be established around process steps 
involving such information and within which there would be either controlled 
access or no inspector access permitted. Provision for such non-access 
areas is provided for in INFCIRC/153, Section 46(b) ( iv) , whereby a State 
can request the establishment of a special material balance area around a 
process step if i t i s considered to involve "commercially sensitive in
formation". If such special MBA's are established, more extensive safeguards 
procedures could need to be applied in order to maintain completeness and 
continuity of knowledge. For example, additional emphasis might need to be 
placed on containment and surveillance measures. In this instance, the 
design of the facility will play a particularly important role in permitting 
the IAEA to fulfill i ts safeguards obligation. 

Features of relevance in the application of safeguards. 

A summary of safeguards relevant features i s shown in table 7*1, 
taken from the informations given by the main technology holders in response 
to the WC 2B questionnaire. Some data are reproduced from table 2.4 and 
paragraph 2.2.3. 

Designing a safeguard system for enrichment fac i l i t ies , the 
following features would be of major importance in the application of 
safeguards : 

- The Treaty on NcnTrroliferation of Endear Weapons; Uon-Nuclear-Weapon 
State parties to the Treaty, undertake to accept safeguards as i s in

dicated ia Article III of the Treaty. 
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are taken fron Table 3.6 and are relevant either to 
existing commercial plants or to values expected to be 
attained in a commercial plant for processes still 
under the demonstration stage. 

Values attained in these processes in a newly 
developed and/or crude technology would very likely be different 
and would probably entail : 

. lower separation factor 

. lower unit separative power 

. lower specific process inventory 
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The data relative to : 
. Specific process area 
. Specific power consumption 
are taken from Table 3.6 and are relevant either to 
existing commercial plants or to values expected to be 
attained in a commercial plant for processes still under 
the demonstration stage. 

a newly developed and/or crude technology would very 
likely be different and would probably entail s 

. higher specific process area 

. higher specific power consumption. 
weight measurement accuracy, range covers systematic and 
random arrors. 

Values attained in these processes in 



. 
f • .. ..Jk. 

• 
ASSAY MEASUREMENT 

ACCURACY 
o/o 

FEED 

PROD. 

WASTE 

• ▲ 

• 
ASSAY MEASUREMENT 

ACCURACY 
o/o 

FEED 

PROD. 

WASTE 

J _ _ 
A • 

ASSAY MEASUREMENT 
ACCURACY 

o/o 

FEED 

PROD. 

WASTE 
r A • 

ASSAY MEASUREMENT 
ACCURACY 

o/o 

FEED 

PROD. 

WASTE L■ 
i i i 1 

ASSAY MEASUREMENT 
ACCURACY 

o/o 

FEED 

PROD. 

WASTE 

0.05 010 015 0.20 0.25 

MAX. PRODUCT 
ASSAY IN LEU PLANT 

^235 o/o 

¥ Limit by criticallty 

F 
FRG 

J 
SAR 
TRO 
USA 

0 * 

i i 

MAX. PRODUCT 
ASSAY IN LEU PLANT 

^235 o/o 

¥ Limit by criticallty 

F 
FRG 

J 
SAR 
TRO 
USA 

i " o i i 

MAX. PRODUCT 
ASSAY IN LEU PLANT 

^235 o/o 

¥ Limit by criticallty 

F 
FRG 

J 
SAR 
TRO 
USA 

25 50 75 100 

CAPACITY OF A HEU 
FACILITY 
103SWU/a 

F 
FRG 
J 

SAR 
TRO 
USA 

1 fc- , 1 

CAPACITY OF A HEU 
FACILITY 
103SWU/a 

F 
FRG 
J 

SAR 
TRO 
USA 

■ 

1 1 fc- , 1 

CAPACITY OF A HEU 
FACILITY 
103SWU/a 

F 
FRG 
J 

SAR 
TRO 
USA 

50 100 

Assay measurement accuracy, range covers systematic and 
random errors. 

The maximum product assay attainable in an unmodified 
LEU plant under very specific operating conditions varies 
significantly both with process and technology holder. 
However a given technology can be subjected to some 

intrinsic limitations, for instance in account of 
criticality and/or license. 
Capacity of a HEU facility : the centrifuge, in account 
of its small unit separative power capacity enable 
minimal size plants to be constructed. Larger size 
plants are to be comtemplated with gaseous diffusion 
in account of equipment si2e limitations of technologies. 
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The construction lead time for a HEU facility: 
see 7.3.3.1. 

The equilibrium time varies widely with the process under 
consideration. It is less than a week for the centrifuge. 
It is of several months to a year for gaseous diffusion. 
For chemical process it is in excess of one year in the most 
favourable case and it may easily attain tens of years. 

The construction of a HEU dedicated facility is a very 
important endeavour and its cost can be estimated to 
require a capital outlay around or in excess of 200 
millions of dollars. It requires also skilled people 
from concept to manufacturing line and a correspondingly 
sophisticated industry, (see 7.3.3.1 - 7.3.3.2 and 
7.3.3.3.). 
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• Operation mode of LEU facility 

To the extent that there is a continuity of operation, the 
realized separation work production of the facility may, or may not, 
correspond to the design capacity. Actual equipment operational perfomanc 
and maintenance needs may be greater or less than anticipated. Further, 
the rate of production of separative work may vary with time. The 
variability in the product assay specifications required by customers 
can affect the relationship between the flows of feed, product and 
tails which would be subject to the material accountancy procedures of 
the safeguards inspectorate. Vo the extent that during a particular product 
assay campaign, operating conditions are relatively stable, the application 
of. safeguards would be facilitated. 

-Potential for BED production* 
For the diffusion, nozzle and chemical processes batch recycling 

(recycling of product as feed) is a very difficult and expensive way 
of producing HEU, and would be readily detectable ; e.g., by the 
interruptions of normal process flows and fluctuations in electric power 
consumption levels. Also, this mode of operation could incur the risk 
of a criticality incident if the equipment were not suitably designed 
for that assay involved. For instance, in Eurodif, the maximum assay is 
limited to 5 % on account of criticality. For these processes, it is 
reported to be limited to 5% on account of criticality. For these processes, 
it is not possible to rearrange the cascade equipment to produce HBJ and 
the installation of additional stages so as to permit HEU production 
would be difficult and subject to detection* 
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For centrifuges an aperation in a batch recycling mode would in 
principle be possible. But Secause of criticality limitations significant 
alterations in the design particularly in the material transfer equipment 
are required. A batch recycling node Mould be subject to detection* 
because of the important change in the operation node. In the case of 
centrifuge enrichment the LEU production facility would aost likely be 
comprised of a nuaber of unit cascades operating in parallel. One 
approach to the conversion of such a facility in whole or in part, to 
the production of HEU would be the rearrangement of the in parallel ope
rating cascades into a series operations of several cascades. The 
difficulty of aaking such a rearrangements for the production of a signi
ficant quantity of HEU depends strongly upon the size, and the number 
of cascades involved and the specific design features of the plant. 
These changes would be subject to detection. 

Little flexibility exists for operation at higher than design 
separative work rates when full power Is being used. By reducing product 
withdrawal rate, product assay can be Increased. However, a significant 
assay increase could only be achieved for a fixed separative capacity 
by a substantial reduction of product rate, which would be subject to 
detection. 

Increments of capacity 

Centrifuge enrichment facilities may be built up of relative
ly small increments of separation capacity. This may allow the safeguards 
inspectors to follow step by step, the build-up of production capacity 
by mass flow measurements. 
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- Measurements 

The current enrichment plants process uranium in the form of UF-
for which the accuracy of material aeasurements is extremely nigh. 

- Cascade inventory 

For normal operation of an enrichment plant, whatever the 
process involved, cascade Inventory has to be maintained at an appropriate 
level which depends upon the technology involved. 

The specific cascade inventory is extremely small for the gas 
centrifuge. It i s very high for chemical processes while Intermediate 
values are obtained for gaseous diffusion and nozzle. These features 
should be directly reflected in the times require* for reaching produc
tion assay and throughput for a plant initially filled with natural 
uranium and In the times required to change product assay. 

Fcr a centrifuge plant because of the small inventory, there 1s 
a short equilibrium time between initial run-up and production of 
enriched product. Measurements and verification of weights and assays 
can therefore begin promptly. 

- Maintenance policy 

The transfer of equipment and personnel crossing the border of 
the special MBA may include the transport of material. Thus the mainte
nance policy chosen has an effect on the necessary effort for containment 
and surveillance measures. 

Centrifuge plants following the nil maintenance policy (not 
the ease for the US plant) have, or will have at the conclusion of the 
construction period a minimum of movement of large equipment items and 
personnel into and out of the operating cascade area. The same would be 
true for gaseous diffusion plants 1n the absence of wjor saintanancs 
or Improvement programs. 
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Movement of equipment during steady operation, in these cases, can be 
scheduled in advance and aporopriate advance notice provided to the 
safeguards inspectors. In gaseous diffusion plants, such movements will 
be exceptional. 

- Safeguards infrastructure 

The central safeguards approach to ensure that the facility is 
operated as declared and no diversion of nuclear material has occured, 
will require application of the following basic safeguards procedures : 

- Verification of design infonnation 
- Material accountancy 
- Containment and surveillance. 

- Verification of design information 

Design information would be examined to establish that the 
planned safeguards strategy is feasible. In particular, all pipes 
penetrating the cascade area from outside would be identified and the 
absence of secondary feed and take-off stations verified. 

It defines measurement procedures, where and when measurements 
are made, and measurement uncertainties to verify design information 
submitted by the state. 

For the Eurodlf diffusion plant, in addition to perimeter access, 
access to the cascades will be possible at periodic intervals and under 
specified conditions during operation, permitting the IAEA to fferffy 
the conformity of the plant as it Is operating, with design Information. 



7- 14 

- Material accountancy 

Nuclear aaterial accountancy is considered the fundamental IAZA 
safeguards measure, while containment and surveillance) sarvc as important 
complementary aaasures. Material accountancy refers to a collection of 
aaasureaents and other deteriMnation* which enable thai state and the IASV, in 
verifying the State's findings* to Maintain a current picture of the location 
and movement of nuclear Material, Accountancy, in the XAE& system, consist 
of tKe initial determination of physical inventory for a facility or aaterial 
balance area j the perpetuation of a book inventory baaed on that original 
determination and subsequent measured inventory changes t verification and 
updating of the book inventory and periodic physical inventory mssjvremsnts 
and verification ; and the submission of reports to the XASk by the state. 

. Physical inventory-taking 

Za establishing the initial inventory, the inspector would verify 
that all 0Tg cylinders and other inventory items ware listed and that none 
had been duplicated. He would take random samples of items to verify that stated 
quantity data. Zf there was a significant feed inventory of recycled uranium, 
the inspector would randomly sample cyelinders containing such material. 
Thereafter, the inventory (including feed, product, and tails cylinders) 
would be verified periodically, taking into account the use cf seals. However, 
the inventory of nuclear material in areas which are restricted as to inspector 
access remains undetermined; any possible use of such material for production 
of undeclared enriched uranium might not be detectable by material accountancy. 

*) An MBA is an area where all material entering or leaving oan be determined 
and where an inventory of the material can be determined when necessary. 
Measurements are made at strategic points which are called "Key measurements 
points ** (KMT), which are locations where essential information on flow and 
inventory can be gathered and verified and at which nuclear material'appears 
in such a form as to lend itself to such measurements* 
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With respect to centrifuge plants in steady state operation* the ic process 
inventory is so small that any changes in it should not significantly 
affect the JOJF. It could be checked in exceptional cases by cutting off the 
feed station, subject to economic penalties. 

Direct physical inventory taking of the in-process nuclear material ia a 
diffusion or chemical process plant may not be feasible. 

Adequate compensatory information will be sought through the continuous f 1J* 
measurement at the input and output of the process, combined with appro
priate containment surveillance measures which are especially important 
in the -ase of technologies involving large hold-up. 

Records audit activities 

The records audit activities enable the inspector to verify that the 
information contained in the reports submitted by the state is consistent 
with its accounting and operating records, concerning the location, identity, 
quantity and composition of safeguarded materials and information 
on the cause of shipper/receiver differences, book inventory uncertainties, 
and MDF. 

Measurement technology 

The major flow of uranium to and from gaseous diffusion, neszle and 
gas centrifuge enrichment plants is in the form of rse contained in inter
national eransie containers. The various waste streams from the facility, 
which may include such materials as contaminated chemical traps, and conta
minated equipment parts contain smaller quantities. 

The amounts of uranium and C—235 in eacn of theke flows are determined 
by physical and chemical measurements. The net mass of OP, transferred to 
and from the cascade is determined by weighing the container before and 
after transfer. The limit of error (95 % confidence level) for the net weight 
of OT, in these cylinders is less than - o.Ot % relative. 
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Oceeraiaati.cn of uranium in 0Fg 

Vary precise and accurate analytical cheoical techniques are 
available Cor the determination of the uranium concentration in 0F£; 
that is, the number of areas of uranium per gram of sample. The aost 
widely used technique for the determination of uranium in OF saaples 
is the gravimetric (ignition and impurity correction) methcd. 

This method is generally recognised to be exceedingly accurate 
and precise. For very pore OF-, the relative precision of the analysis, 
at the 95 % confidence level, is . 0.04 % par determination. When impurity 
levels rise to 0.2 %, the precisian become i approximately ♦ 0.1 %. 

Measureeene of uranium isotopic composition. 

Hess spectroscopic techniques are available fox measurement with 
high precision of the uranium isotopic composition on a OF. sample. In 
particular, tha 0-235 percentage la OF, samples withdrawn from the cylin
ders is measured by ess mass spectrometers. Tfre precision of mass spectro
metry is extremely high, i.e. in the range of * 0.1 * (relative, at the 
95 % confidence level). 

- Containment and surveillance measures 

A containment measure is one that takes advantage of existing 
structural characteristics, such as containers, tanks or pipes, to esta
blish the physical integrity of an area or item by preventing the undetected 
movement of nuclear material or equipment. Such measures involve among others, 
the application of tamper-indicating seals or surveillance devices to ensure 
that any change in the inventory of that container will be detected. 

http://Oceeraiaati.cn
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Surveillance refers to both rv-̂ san and instrumental observation 
aiated at indicating the aevtatnt of scclear material. Surveillance may 
involve, for example, nounting cacsras c? other^devices at strategic yoi.-.ts 
to monitor containment measures or observe inventory changes. 

Personnel may fulfill siaiiar assignsents by mannihg <ey obser
vation points continuously er periodically. 

The boundary of the special nacarial balance area sight consist 
o5 a fence surrounding a number of buildings, the walls of the room or 
building containing the separation equipment, or the walls of the separation 
units themselves. 

Xa a i^n^r^**1 plans with certain non-access areas, misuse of 
cascades may be deterred by threat of detection if inspectors have access 
to all strategic points of the facility outside of the non-access areas and 
could thereby establish any necessary con-iainrceat and surveillance measures 
which are appropriate for the provision of the complete knowledge of the 
nuclear material flow. The ability to provide completeness of knowledge 
will depend on the specific containment asd surveillance measures employed 
and on the specifies of plant design and operation, including, for example, 
maintenance policy, the size of fBA's, sad whether operations are on steady 
state or being expanded. 

All entrance* to the non-access areas should be sealed or moni- * 
tcrtd. The transit containers not connected to the plane should also be 
sealed. 

In the light if their relatively meager experience in this area, 
the application of XAXA safeguards at enrichment, plants will involve testing, 
evaluation and demonstration of containment and surveillance measures and of 
their interaction with material accountancy measures. 

6.3.1.3. - Research and development to improve international safeguards at 
enrichment facilities -

The only practical experier.ee so far gained in safeguarding uranium 
enrichment plants is that of the international control organisation of Suratcm 
in safeguarding gas centrifuge plants e! ?;tneo. 

http://experier.ee
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The HDP valuaa resulting from this safeguards operations 
satisfied Zuratom. 

Detailed safeguards procedures era being elaborated with IAEa 
and Euratom. 

To satisfy tha basic objective to detect ia a "timely fashion 
any misuse of a declared facility or any diversion of nuclear material, the 
IA£A oust utilise tha basic safeguards measures, taking into tecoaat and » compensating for the establishment of special MBA's? review of design 
informationt material accountancy and contadmcea't and 3urreill?r--». 
measures* 

Referring to the fact that very accurate measurement tachnology 
already exists for or., no further improvements for material accountancy 
and material balances are suggested from the viewpoint of safeguards. 
However, the use of minor isotope techniques deserves further study* 

For the tine being the main effort to be considered in research 
and development would therefore focus on improvements of safeguards cost 
effectiveness and of containment and surveillance measures* This should be 
a permanent task of IAEA, a task which should be strongly supported by the 
membsr states* 

For facilities which employ uranium ia chemical forms other than 
or,, R. and 0. efforts directed towards the improvment of the accuracy of 
measurements may be necessary. 

Institutional aspects 

3.2.1. - Multinational or regional fuel cycle centers -

Op to the present time, the technical and financial complexity 
of enrichment tachnology and restriction on the dissemination of iafersaticr. 
on key elements of the tachnology has provided a general formidable barrier 
to the construction of enrichment facilities in additional < u e u . However, 
the existence of enrichment facilities ia many states, together with associa
ted complements of scientists and technicians with "hands-en" experience, 
eould raise proliferation concerns. 
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On tha othar hand, tha desire to secur«. a store stable supply 
of enrichment services, coupled with an increased reliance on nuclear power 
generation to meet critical domestic tlectricity demands or the desire to de
rive maximun economic benefit from domestic uranium resources, may motivate 
some states to undertake, or intensify efforts to develop indigenous national 
enrichment capabilities. However, only a few countries in the world would be 
in the position to develop enrichment technology on a national level, because 
a commercial-size enrichment plant requires a larpe capital investment, highly 
developed basic technology and a well developed industrial infrastructure. 

In order to share the costs and tha enterprise related risks 
of the uranium enrichment market, recently, new enrichment facilities, 
to a considerable extent, have been established under multinational 
auspices. 

An international participation in tha ownership and management 
of an enrichment complex may also offer, besides financial advantages* an 
improved assurance in receiving essential fuel supplies in the future. Thus, 
two such endeavours, Orenco and Euxodif, are anticipated to have a significant 
impact on tha international enrichment supply situation. 

The tJrenco consortium is based on an international treaty, and 
all aspects of the project are covered by an intergovernmental committee. 

The technical capabilities of the participants in the centrifuge 
enrichment field were at roughly comparable levels and were merged at the 
tine of establishing Orenco. The treaty provides for equal capital commitments. 
The main objective is to meet the enrichment requirements of the member states 
and other customers. 

The Eurodif consortium is formed by states which differed in their 
enrichment technology capabilities. As shareholders the partners are entitled 
to a corresponding percentage share of the enriched uranium product. Tha 
technology of the Tricastir. plant of Eurodif was developed by franco. (The 
agreements in relation to Ztxrodif include clauses which are directed to en
sure the control on the use of technology. 
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The Euxodif type arrangement say c a l l on a wide participation of 
the partners whila preventing any transfer of sensit ive inferaafcien and i t s 
eventual a i suse . 

On tha basis of tha experience of thasa two multinational 

enterprises, multinational arrsngemsc-s nay offer a number of advantages 

such as: , 
z -a possible elimination of the need for development of separate, 

sens i t ive and sera cos t ly national enrichment f a c i l i t i e s ia 
the sambas s tates and elsewhere ; 

- a provision of priviledged assurances of supply to participants 
through special treaty provisions j 

- a reduction of the opportunity for potential misuse of sensit ive 
enriehonnt f a c i l i t i e s and vio lat ion of safeguards arrangements ; 

- a favorable position from which t o give assurances that long-term 
contracts, ones agreed upon, w i l l be re l iably executed. 

Multinational enterprises in general, may also have a number of d i s 
advantages including: 

- a potential for dissemination of sens i t ive 3M non-sensitive 
technology and know-how to participants; 

- s generally more complicated management system than on 
s purely national bas i s . 

A country that wanted t o ensure complete security 
of supply of enrichment s ight plan to develop i t s own enrichment capabi l i ty . 
This could be particularly true of a country which had a large power programme > 
using low enriched uranium. Xn many eases, however, the country's economic and 
industrial resources would not be suf f ic ient to bear the f inancial and techni- r 
cal risks in sat isfying domestic demand, ind the export narxet might not be 
large enough t o justify the construction of such additional capacity. 

The establishment of f a c i l i t i e s under multinational auspices could, under 
certain conditions, constitute a way to l imit proliferation r i sks . Such 
conditions might include: 
(a) the existence of appropriate arrangements on the transfer and pro

tect ion of technology dissemination; 
(b) the application of safeguards and physical measures; 
( c ) the guarantee of the general economic interests of participating s tates . 
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7».3.2.2. - Control of sensitive technology -

A further possible institutional means to decrease proliferation 
risks is by general limitation of access to enrichment technology. Organi
zations for the establishment of enrichment facilities either national or 
multinational could be means to restrict the spread of sensitive technology. 

To control sensitive technology and information, different institu
tional measures have been put into practice in different states. These Include 
classification or other controls on information and restriction on the 
export of critical iteaa of equipment. 

With respect to a technology, three classes of enriehsent plant 
components have been defined : 

K. Consonants available en the market and which/ by a proper 
choice of their materials and characteristics, can be used 
without modification. 

B. Components which are derived and adapted frost existing equipment. 

C. Components which have to be designed specifically for the 
process. They are- the "specialized components" described in 
chapter 3. 

Whereas general information is available in the open literature 
regarding corrosion by 0Ffi, no information providing complete manufacturing 
know-how has ever been published regarding the specialized components. 
Know-how on specialized components which were initially determined to be of 

• strategic importance is also being kept secret currently far reasons of 
commercial competition as well as of non-proliferation. 

t 

The acquisition of know-how on the manufacture of components it) a 
prerequisite to the building »"d operation of any plant. 
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Further knowledge of the physical t chemical and technical basis of the process 
is also very important for successful completion and operation of an enrichment 
plant. 

Thus, when considering the enrichment processes based on UFV as a working 
medium, and taking into account the general information available in the open 
literature, a selection could be made of components described under item A 
above. But this is by far quit-* insufficient for the undertaking as a whole. 
Severa? years would be necessary for the successful mastering of even a crude 
technology because development of components of type B and C must be accomplished 
first. 

The organizations for the establishment of enrichment facilities, either 
national or multinational can establish measures to reduce the spread of sen
sitive know-how. 

Referring to Eurodif, sensitive components and their know-how have been 
kept under control while competition between suppliers has been widely open 
for components of type A and B. This has been possible because of the very large 
experience acqcuired by the holder of the sensitive technology who has been 
able to set exacting specifications for the chosen operation^ conditions,and 
the already high technological level attained by the industries of the parti
cipating contries in some particular areas.However, specifications cannot be 
readily adapted to different manufacturing conditions,to equipment of a diff
erent size, to new operating conditions by one who has not mastered the know-
how. 

In the US no private enterprise supplying enrichment services is operating. 
However, US enrichment plants are operated by private enterprises under con
tract to the US' Government . In addition, certain aspects of enrichment tech
nology developed by the US Government have been transfered to the private sec
tor for purposes of procurement and of potential private commercial application. 
These transfers are strigently controlled... 
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and can occur only when all reculrtnents of CS classification and 
security regulations are fulfilled. It is believed chat present CS 
classification and security procedures are adequate to prevent the 
unauthorized transfer of enrichment technology. CS enrichment technology 
may be exported only pursuant to an Agreement for Cooperation between 
the OS and the recipient aation(s), which 1ncludes provisions designating 
the specific critical components which may be exported. There is no 
export of such technology or components authorized at the present time. 

For the gas centrifuge technology in the Troika countries, 
from the very beginning of its development, only very li» .ted general 
technology has been available in published literature, v icb is not 
sufficient to permit design, construction and operation of a facility. 
Sensitive technology is kept classified. The purchase and operation of 
a facility would reveal most of the system technology to the operator, 
but development would still be required to manufacture the centrifuge 
machines and their sensitive components. 

To sinifflize any spread of knowledge of this technology.as far 
*a Crsnco is concerned.the Treaty of Alaelo provides for unanimous 
approval by the Troika government for any sale or transfer of Orenco 
technology (hardware or software) and the three governments nave under
lined the necessity of a continuing Urenco participation in enrichment 
operations resulting from any such transfer. 

• Zn Japan, the gas centrifuge technology has been developed as 
a national project by PMC (semi-governmental agency which is funded 

< and controlled by the Japanese Government) in co-operation with some 
private companies which produce enrichment components. 
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The Japanese Government has successfully prevented the 
spread of the sensitive technology from the standpoints of non-
proliferation and commercial competition. In congruence with such 
Government's policies PMC has also controlled the publication of any 
kind of this enrichment technology by aeans of contractual-^ requirements # 
It is believed that as the results of such rigid controls, there is 
no information leakage of the sensitive technology. The export of the 
sensitive technology and compoesnts is also so rigidly controlled by 
the Government that the technology transfer outside Japan is being 
prevented. 

0 a account of the International context la which all enrichment 
technologies are considered sensitive, the French chemical process, 
although ■claimed by the French technology holder to have greater prolif
eration resistance, has been kept tightly secret. 

General figures have been published but nothing from which 
technological information, particularly on the basic chemical reaction, 
can be derived. 

Special features of proliferation resistance in enrichment technicues : 

Apart from applying international safeguards and institutional 
means such as classification, export control of sensitive know-how and 
the set-up of facilities under multinational auspices, these are special 
inherent features of enrichment technologies concerning desigp, construc
tion and operation of a facility, which act as "natural" barriers to 
proliferation and facilitate the successful application of the>*« non-
proliferation measures described above. 
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For the development of an enrichment technology, the main 
difficulties lie in the obstacles to the development of the special
ized components and mastering the poblems related to their manufacture. 

7 .3.3.1. - Difficulties to construct a non-declared facility -

An initial clandestine effort, might involve only a modest 
level of technology, on* that is considerably less sophisticated and 
complex than that used for commercial purposes. 

Given access to the necessary technology by a body of competent 
scientists and engineers who have had no previous "hands-on" experience with 
such Materials and equipment, and given the existence of an adequate indus
trial base, a facility with a capacity far significant BEtJ production, 
technology holders estimated that several years were needed for the deve
lopment effort and several more years for the consfcru tien, depending 
upon the level of experience and the general development of technology. 

Personnel responsible for manufacture, testing, assembly and 
installation would require special skills. Construction personnel would 
need skills, standard for nuclear power plants. 

7.3.3.2. - Difficulties to operate a non-declared facility -

In the case of gaseous diffusion and nozzle, difficulties in 
operation may result sicher from the process or frag the power tcuree if its 
reliability is insufficient. Oiffleulties in operation arise from the control 
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of operating conditions of tha stages and in preventing the degradation 
of separating elements : far instance, plugging of the barriers or nozzles. 

In centrifuge plants, the large number of machines, working 
in parallel at sobataospher* pressors, would require special skills and 
training for operation and maintenance. 

If the technology employed was less sophisticated than that 
employed in cosmercial plants, the lower efficiency of the machines would 
lead to a specific power consumption many times higher than that for a 
commercial plant. Total power might be in the range of a few y» for a plant 
with a capacity of 10 000 STO/a. 

Difficulties in operating a non-declared chemical plant, intentad 
to produce HEO, lie principally in the long equilibrium time required, as the 
process has a high inventory, and on crltieality problems. 

7 . 2 . 3 . 2 . - Difficulties to conceal a non-declared facility -

The concealment of a gaseous diffusion or nozzle plant would 
be very difficult to attain on account of the* dimensions of a plant. Jtoroever 
a small non-commercial gaseous diffusion plant for HEB production would 
require amounts of power in the order of 30 to 50 W# for a plant with a 
capacity of 100 000 SWU/a. 

Power lines for such amounts of electricity can ba detected. 
As the process converts practically all the power into waste beat, tha 
equipment necessary for releasing that heat te the environment would also be 
detectable. 
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Regarding a clandestine centrifuge plant, if, as may be likely, the 
machines used therein are of low efficiency compared to a commercial 
facility, a plant of even a relatively small capacity might not be 
concealed easily. 

The relatively substantial maintenance of a small facility 
as compared to the optimal size of a commercial enrichment plant would 
involve a relatively greater movement of personnel and equipment to and 
from that facility, which might also be detectable. 

In the ease of the French chemical process, the French tech
nology holder claims the long equilibrium time (tens of years ) for the pro-
duction of HEU, as well as the difficulties in controlling accurately a min
ute ieotopic transport together with intrinsic criticality constraints serves 
to increase the proliferation resistance of the process* 

The chemical process rsaulrss intermediate amounts oc power —. 
operate - one third that of the gaseous diffusion and several times that of 
the ultracantrlfugation - and very large amounts of uranium. Abnormal consump
tion of power from the grid is difficult to conceal. Moreover, the features 
of the chemical process lead to the construction of medium-size buildings, of 
large storage facilities, and to numerous movements of personnel and equipment 
which would be difficult to conceal. 

In all cases, transport of feed containers and the storage* of 
tails containers could lead to concealment problems. 

Apart from safeguards and institutional means, the inherent 
technical problems of enrichment place a great many difficulties on constructing, 
operating and concealing a non-declared facility. 

These difficulties are "natural partners'* in improving proliferation 
resistance of enrichment and not to be neglected, also taking into 
account their financial and political implications. 
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b - 4 . conclusions 

Proliferation risk is inherent in enrichment technologies and it is 
important to pay particular attention to the potential production 
end/or transfer of HEXJ in enrichment facilities and to the build-up and 
operation of an undeclared facility by using the available technology 
with the aim of producing H3J. 

The risk of proliferation in uranium enrichment can be minimized 
by the application of a combination of the following means, some of which 
have been applied successfully over the years: 
- the application of international safeguards to LEU producing 

facilities and the inclusion of safeguards consideration at the 
plant design. 
institutional arrangements (national or multinational) with 
supervision by governments involved in controlling plant, 
technology and nuclear material produced; 

- special technical features related to the different enrichment 
techniques, which make the undetected production of HSU and the 
clandestine use of enrichment more difficult. 

Limitation of the number of plants and development of additional 
enrichment capacities in response to needs of a competitive market is 
desirable from the perspective of non-proliferation. Economies of scale 
associated with enrichment might support limitations on the number of 
plants. Only a few states in the world are in a position to develop 
commercial size enrichment capabilities on a national level, because such 
facilities require a large capital investment, highly developed basic tech
nology and a well developed industrial infrastructure. Of those few states 
capable of developing national facilities, those having substantial commercial 
or industrial incentive to do so would include countries having a large do
mestic nuclear power programme or large indigenous natural uranium resources. 

i 
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International safeguards 

The measurement techniques for UFV at the material balance boundaries of 
gaseous diffusion, nozzle, and centrifuge plants are highly accurate thereby 
enhancing the ability of material accountancy to detect the possible diversion 
of a significant quantity of nuclear material which is reflected in HUP with 
the degree of detection sensitivity dependent, inter alia, on the plant through
put* 

Accurate material accountancy, together with verification of design infor
mation and effective containment and surveillance measures, should allow the 
detection of the misuse of a safeguarded enrichment plant, as well as of the 
diversion of nuclear material.If non-access areas are established in order to mini
mize the proliferation risk due to access to, and propagation of sensitive technology, 
then theBe areas should be defined in such a way as to permit effective and effi
cient safeguards. Although this limited access may be considered as a complication, 
this might be compensated, for example, by the application of appropriate containment 
and surveillance measures. For the time being, the main effort to be considered in 
R and D would therfore focus on improvements of safeguards cost effectiveness and 
containment and surveillance measures. Automation could be used, in the future, for 
the monitoring of personnel and material movements in order to reduce as far as possible 
the efforts and costs of effective inspection without decreasing the effectiveness of 
the safeguarding. 

Institutional measures 

Institutional measures such as classification, export-control of sensi
tive equipment and enrichment know-how, establishment of facilities under 
multinational auspices are available and to some extent have been effective in 
reducing the risks and concerns which would not be covered by international 
safeguards alone. The selection of these institutional means depends on a variety 
of additional factors, for example funeral economics, and industrial capability of 
a state, the size of its national nuclear program or the desire to derive maxixmum 
economic benefit from domestic uranium resources whether the state is or has al
ready been a technology holder for some years, the world demand and supply of en
richment services. In particular macro— and micro- economic reasons for a single 
state may therefore b» decisive for the choice of this or another measure. 
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Inherent technical features to proliferation resistance 

Where there exist inherent technical features in enrichment technology 
which make the construction, operation and concealment of undeclared 
facilities difficult and detectable or which. =aka the production 
HED less timely °r aora costly, such features would support 

safeguards and institutional Beans in reducing proliferation concerns 
and risks. 

The proliferation risks of oresent enrichment technologies can be 
minimized by the application of a combination of effective safeguards, 
institutional measures, and by making use of the inherent technical 
sophistication of the techniques. 
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Special needs of developing countries 
Special needs of developing countries 

Developing countries, in the context of the scope of Working 
Group 2 Re . rt, are developing member states of the IAEA. This definition 
of O.C.'s is being applied also in other Vbrklng Groups of INFCE. 

The projected demand of the developing countries for enrichment 
services. 1s relatively low In comparison to that of the other nations. As 
indicated ui chapter 5» "the projected supply of enrichment services i s 
adequate to meet the needs of all countries, at least until near the end 
of the century. In addition, as i s indicated in table 3.1. , a diversified 
supply market has developed and is expected to continue with participation 
of Eurodif countriea, Japan, Troika countries, USA, USSR and other countries 
when they decide to enter the export enrichment market. 

Enrichment services are offered under different contractual 
and economic conditions by suppliers having different political, economic 
and social structure!.Some may be able to combine appropriate provision 
for enrichment services with reactor sales, others will be In a position 
to offer only toll enrichment services and some may offer, 1n addition, 
other fuel cycle services. 

With respect to the foreseeable demand for enrichment services 
one can state that a fairly competitive market, offering independent 
sources of supply m various countries, will,by Its ^ry existence,guarantee 
enrichment services assurance at least until n*ar the end of the century. Even 
1n the case of.a more, accelerated build-up of nuclear power stations in 
O.C.'s than presently foreseen the increased demand for enrichment services could 
be met e±ther.by an expansion of existing enrichment facilities which would 
Involve a shorter lead time, or by separate new facilities., 

Developing countries normally are more dependent en foreign suppliers 
for technology and possibly for fuel than developed countries... 
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Assurance of energy supply in general and specifically of nuclear 
energy is of vital importance to them. Interruptions or disturbances in 
deliveries would hurt them more severely than developed countries asy in 
general, their economic situation is more fragile (often only little or even 
no diversification in industry, export potential, raw materials availability 
.etc* is *° be found) and their industrial infrastructures, transport 
structures included, are less developed* la such circumstances, it might ; 
appear that the establishment of snail national enrichment facilities could 
serve as a measure to make developing- countries less vulnerable with respect , 
to potential supply interruptions* Reduced vulnerability and a greater 
degree of self dependence would appear particularly pertinent to -those 
developing' countries which have sufficient deposits of natural uranium on 
their own territory* 

On the other hand the considerable amount of capital investment, 
even for small facilities, the h i A degree of technical sophistication re
quired including- industrial skills and labour and the necessity of a complex 
sad highly developed industrial infrastructure, higher incremental costs 
and technical risks would have to be carefully weighed against their legiti-
mate desire and ability to obtain adequately guaranteed supplies of enrichment 
and of natural uranium from foreign suppliers* Consequently, for many de
veloping countries, even a rough assessment of all these aspect;, does not 
support the establishment of enrichment facilities of their own* 

The economic risks and burdens associated with the establishment of 
a national enrichment capability in a developing country might be acceptable 
tc the country on cases where extraordinary economic conditions prevail, but 
-;he technical, industrial and economic requirements would, in most cases,lead 
to the conclusions that the special needs of developing countries could be better 
met by a diversified supply market for enrichment services rather than by pro— f 

vision of their own enrichment facilities. 
These economic considerations, favouring a system of assured -?uel ' 

supply instead of the deployment of national facilities may, hcwever, remain 
valid only to the extent to which 2 basic conditions are beinp met by the market 
such as j 
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- free access to a competitive world market; 
- appropriate flexibil ity in fuel supply arrangements* 

Considering the first basic condition i t i s evident that, from the 
viewpoint of a developing country, competition between a somber of reliable 
suppliers i s advantageous and reassuring with regard to both economics and 
security of supply* Such competition would be beneficial as long as i t i s 
limited to economic conditions- It must not interfere with the standards of 
internationally accepted safeguards and other non-proliferation measures. 

Concerning the second basic condition.it i s clear that unforeseen 
changes in a small nuclear power program may involve lead times which can 
result in strong relative effects on the country's overall enrichment re-
quirements in view of i t s contractual arrangements with i t s suppliers* Toe 
economics of dependence on foreign suppliers is- therefore closely related 
to flexibility of the country's supply options* To improve this f lexibi l i ty , 
suppliers might be in a position to offer contractual conditions which 
accommodate special requirements of states with saall nuclear power programs. 
in particular, developing countries. 

Flexibility might also be provided in the contractual conditions 
between developing countries and those Institutions which provide them 
with the necessary loans for financing their nuclear program* 

Another possibility would involve the establishment of cooperative 
purchase pools for enrichment services, for instance among regionally 
affiliated developing states. This could strengthen their bargaining position 
1n negotiating conditions for supply. In this context one might even 
think of a certain financial participation of such cooperative regional 
pools of developing countries in enrichment facilities, possibly under 
International auspice:;. This might give developing countries an additional 
leverage in assuring their enrichment supplies. 

*••* 

http://condition.it
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Within WG 3, specific proposals for improving general supply 
assurances are further examined such as: 

- the establishment of a Fuel Bank ; 
- the conclusion of back-up arrangements *t different levels between 
utilities and states ; 

- developing guarantees for assured long-tern supply in the context of t 

national import, export and non-proliferation policies. 

Those mechanisms might contribute to improving- fuel assurances • 
especially for developing countries due to their greater vulnerability to 
supply interruptions, however, the corresponding constraints, involved is 
such mechanisms also being dealt with within WG 3, must not be overlooked* 

Conclusions : 

- The projected Jenand for enrichment services for developing countries 
can be oast by existing and planned facilities until near the end of the 
century. In case of a further Increase in the nunbe" of reactors operating 
in developing countries in that period and to accomodate the needs of 
reactors subsequently constructed,expansion of enrichment capacity 
to meet that increased demand would represent a moderate percentage 
increase, and should r*±»« *» difficulty. 

- The existence of a worldwide competitive supply market is a guarantee 
for a secure, and economic supply of enrichnent services. 

If "he two main conditions below are met by the oarket : r 

• ?r€i access to worldwide competitive supply market; 
- Appropriate flexibility in fuel supply arrangements* 

Then, this would go far towards meeting the special needs of 
developing countries in relation to the supply of enrichment services. 

In view of the high degree of technical sophistication and in
dustrial infrastructure required^ and the economic conditions, the special 
needs of developing countries could be better met by the diversified supply 
market for enrichment services rather than by the provision of their own 
facilities. 
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9. General conclusions 

The following conclusions may be drawn from this INFCS WG.2 
final report: 

1/ The technical and economic viability of several enrichment 
technologies is well established. Each of these technologies has teen 
independently developed to industrial scale application in several countries. 
The lead tises for installation are sufficiently short not to hamper the 
requirements of a growing nuclear energy programme. Several other technically 
proved technologies are at a less advanced state of development but offer 
good prospects for future industrial application. 

2/ The supply possibilites have diversified as now enrichment 

suppliers (Eurodif, Tecbnabsexport and Urenco) have entered the market as 
independent competitors*: 

The diversifiend form of contractors available to customers 
contain sufficient variations to enable them to make the choice which would 
best satisfy their particular requirements. 

3/ Foreseeable needs of enrichment are a prowir." function of time. 
Up dated hifh and lov; estimates rer'ardin.'r installed nuclear power capacity 
have been collected on a country by country basis until 2000. 
Corresponding enrichment needs (at the reference 0.2^ tails assay) for V/OCA 
are in the ranf^ of 40-53 MSV/U/ a in 1990 and 88-128 MSWU/ a by 2000. 

In the period beyond 2000t the ItTPCE forecasts are more 
tentative. Estimated demand for enrichment services durin? that period heavily 
depends on reactor choices. Thus, the annual needs calculated by 2025 ranf^ 
from 427 MSWU,/ a in the illustrative "hi^h" case of L!-JR/0T to 44 MSWU/ a in 
the illustrative "low" case of PER. 
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&./ As they stand, present o.iT>acities under operation or construction 
'.rould cover nroiectcd enrichment nc is until -'round l?fO, whereas addinr presently 
planned capacities would cover projected enrichment nee^r until the second half <-f 
the nineties. 

3cyond ?000, the separative work capacity which would have to be 
installed in order to root the need? of the reactor scenarios with the highest 
demand fcr enrichment would reensire a very rapid expansion. However, in the 
context of the correrpondin^- expansion of nuclear rot.-er plant the effort 
required for this rapid expansion in enrichment capacity rhould not be pro
hibitive. 

* 

5/ Improvements re-^ardin^ ascurame of supply and markets could 
be reached by a variety of measurer taken separately cr in combination, 
some of which have already been implemented. There measures are: 

joint planning of new capacities, diversification of supplies, 
mutual assistance arrangements and ?oint ventures associating the users either 
as investors or as shareholders with the producers. These improvements would 
especially be important for DC»s who are more vulnerable to the effects of inter
ruptions in nuclear fuel supplies. 

6/ Proliferation risk is inherent in enrichment technologies, and 
it is important to pay particular attention to the potential production and / or 
transfer of HEU in enrichment facilities and to the build-up sni operation of 
an undeclared facility by usinjr the available technology with the air? of pro
ducing "MI. 

vi.je risk of proliferation in uranium enrichment can be minimised 
by the application of a combination of the following means, some of which have 
already been applied successfully over the years: 

- the application of international safeguards to LEU producing 
facilitities. 
Effective safeguards are facilitated by the verification of design 
information, the hirh accuracy of measurement for IJP̂  complemented p 

by appropriate contaimont and surveillance measures. 
— Multinational or national institutional arrangements with super
vision by /rovernments involved in controlling plant technolo/y and 
nuclear material produced. Measures such as classification and eroort 
control of ssnsitive equipment and technology as well as the establish
ment of facilities uryler multinational auspice?, which could reduce the 
number of facilities, are available, and to some extent have been effec
tive in reducing the risks which would not 'UP. covered by international 
pafeniards. 
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— Special Technics! fVa+urcr: ylr/od to "̂ 'T! ̂ iffem"1*. crie'r^'inT 
technirnios i/h.ich T.O:-~B the undetected construction, ciritic' and 
concealment of undeclared facilities and the T»rc-duction of '• "" p.vA 

the clandestine use of enrichment more difficult. 
The proliferation, ris'tc cf nre'-or-i enrichment techno-lc-'ieo can bo mini— 

mined by aryolication cf a combination of effective s? f c'"Tards, institutional measures, 
and by making use of the inherent technical sophistication of the technicians. 

7/ limitation cf the number of plants and dovolorment of additional enrich
ment capacities in response to needs of a competitive r.arket is desirable from the 
perspective of non-proliferation. ?,eonomies of scale associated vrith enrichment rnî ht 
support limitations on the number of nlants.Only a few states in the world arc in a 
position to develop commercial size enrichment capabilities on a national level, bec-'K--
such facilities require a larre capital investment, highly developed basic technolo/r-
and a veil developed industrial infrastructure. Of those few states capable of de
veloping national facilities, those having substantial commercial or industrial in
centive to do so would include contries having a large domestic nuclear power pro
gramme or large indigenous natural uranium resources. 

8/ The demand for enricnment services by developing countries can be met 
by existing and planned facilities and their expansion in correlation to the increase 
of demand. 

The existence of a worldwide competitive supply market is a guarentee 
for a secure and economic supply of enrichment services. If the two main conditions 
below are met by the market: 

— Free access to a competitive world market, and 
— appropriate flexibility in fuel supply arrangements, 
then this would go towards meeting the special needs of developing 

countries in relation to the supply of enrichment services. 

9/ A reliable source of supply of enrichment services can be an important 
factor in the achievement of non-proliferation objectives. 
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