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INTRODUCTION 

The "Nuclear Fuel Cycle" is a dynamic system of proc

esses describes the path of nuclear fuel in its various 

stages "before and after utilization in the reactor, and re

fers to chemical and metallurgical processes involving 

during these stages. The nuclear fuel cycle consists of 

several stages: mining of ore, milling and extraction, 

conversion enrichment, fabrication, spent fuel storage, 

reprocessing and waste disposal. Fig.l shows a simplified 

diagram for varios fuel cycle processes. 

The nuclear fuel utilization in nuclear power plants 
involves considerable out-of-core and in-core mangement and 
characterized by long duration of preparation and in-core 
operation, large investment before utilization and high 
residual value after discharge. Unlike the fossil fuel, the 
nuclear fuel economics depend strongly not only on its purc
hase price but also on its utilization in the reactor as well' 
as its assurance of supply. This means that the studying of 
of- the nuclear fuel cycle as well as its demand and supply 
estimates is important for a developing country planning for 
the introduction of nuclear power and establishing some 
nuclear fuel cycle activities in future. 

In this report, nuclear fuel cycle processes as well 
as various fuel cycle options are described. The situation 
concerning demand and supply estimates of materials and 
services is reviewed. The major uncertainties and bottl
enecks in the nuclear fuel cycles are also discussed. 

countries 
Various fuel cycle activities in some developing^such as 
India, Brazil, Argentina and Romania are described briefly* 
This can help selection for a future fuel cycle strategy 
avoiding these bottlenecks and help to establish an 
independent fuel cycle technology in the country. 
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2. NUCLEAR FUEL CYCLE DESCRIPTION 

The various components or processes of nuclear fuel 

cycle may "be classified into two groups. The first 

group is the "Front-end of the fuel cycle" which includes 

all operations preceding the burn-up of the fuel in 

reactor core. The second group is the "Back-end of the fuel 

cycle" which includes all operations following the discharge 

of irradiated fuel from reactor core. 

2.1. Front-end of the Fuel Cycle, 

i) Yellow Cake Production. 

This includes mining of uranium ores, milling 
and extraction. The mining methods used; for uranium include 
both open pit and underground techniques. Following mining 
of uranium ore, it is mechanically and chemically processed 
or milled to produce uranium ore concentrates. The ore 
which is typically 0.15% U3°o i s processed in a mill normally 
located near the mine, where the concentration of natural 
uranium is increased by a factor of 500v . This is accompl
ished by pulverization, leaching, solvent extraction or ion 
exchange, stripping and finaly drying. If the uranium is 
precipitated as sodium di-uranate or magnesium di-uranate, 
the product is yellow in appearance and is referred to as 
"yellow cake" which conttains about 80% U~0g. 

ii) Conversion. 

The "yellow cake" is converted into one of 
three different products which are U02, U-metal or UEV 
according to the type of reactor used. The conversion 
process is now one of the well established technologies in 
fuel cycle industry. 
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iii) Enrichment. 

The natural uranium (in the form of UFg) 
is shipped to an enrichment plant in which the natural assay 
is enriched or increased to the desired reactor grades 
which varies from about 1.5-4.0% for AGR,PWR, and BWR, to 
about 93% for HTGR and some research reactors* ^. At 
present, there are several mehtods for enrichment which are 
gaseous diffusion, centrifuge, aerodynamic (nozzle and 
helicon methods), laser and chemical processes. 

The gaseous diffusion enrichment process 

is the only well established and commercial method which 

offers the bulk of enriched uranium. The major features 

of this method is based on preferential flow of the lighter 

molecules (U Fg) contained in an isotopic mixture of UFg 

through the micropores of barrier or membrane containing 

billions of these micropores. The process is repeated in 

large: number of stages to obtain enrichments of practical 

value, A major disadvantage of this process is the high 

capital investment as well as high electric power consump

tion. The value of power consumed in the enrichment pro

cess is expressed in terms of Separate Work Units (SWU's) • 

The gaseous centrifuge is based on the 
separation effect on a mixture of the UFg isotopes with 
a strong centrifugal field in high speed rotating 
cylinders. This process is characterized by low power 
consumption and it is now on its first stage of industrial 
application. The nozzle process can be described as a gas 
jet deflection process, while the helikon process (South 
Africa process) is based on a vortex system generated 
through a diffuser whith a stationary wall acting as a 
separating element. Aerodynamic processes attained 
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demonstrat ion l e v e l and small s i z e p l a n t s ( 0 . 2 - 0 . 3 . MSV/U/y) 
( 3) 

are under construction w / . 

Laser process is based on using laser to expr 

loit the slight differences in excitation energies of U •*-> 

atoms or molecules, The technique is still in the early-

stages of development at the laboratory scale. The laser 

process, in principle, could achieve.' a large degree of sepa

ration in a single stage while consuming relatively small 

amount of energy. The most striking advantage is that it 

would virtually eliminate the waste of remaining U -^ in 

the depleted tails. Several advanced enrichment processes 
are in development stages, e.g._;)et membrane process, 

m a 
,(6) 

chemical and plasma process^ ' . Table 1 shows a recent 

. comparison between various enrichment processes 

iv) Fuel Fabrication. 

According to reactor type, fuel fabrication 
technologies may be classified into two proups: 
a- Fuel fabrication for current commercial power reactors, 

which includes metallic and ceramic fuel element 
fabrication. 

b- Fuel fabrication for advanced future reactor systems, 
which includes Mixed Oxide (MOX) fuel fabrication 
for FBR's and coated particles fuels for HTR's. 

For fabrication of metallic fuel elements, conventional proc
esses of melting and casting are applied, For ceramic fuel 
elements, short cylinders (pellets) of U02 or (U-Pu)02 are 
made and stacked in sealed zircaloy tubes to form fuel rods 
which are arranged in geometrical array to make a fuel asse
mbly. A IWR fuel assembly is typically 4 m long and weigh 
300-500 Kg, depending upon the type of reactor, while for 
HWR , fuel assembly is about 0.5 m long and weigh about 20 Kg 
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Fuel fabrication for various types of reactors 

is now one of the well established technologies in nuclear 

industry. It is usually carried out by the main reactor 

suppliers as part of the reactor owner/supplier contract acc

ording to reactor plant design type. The specifications 

and characteristics of products during fuel fabrication 

processes are adjusted through quality control (QC) and 

quality assurance (QA.) operations which are applied on each 

stage of fuel fabrication process. Table 2 shows different 

characteristics of fuel pellet and fuel pin for typical LWR 

and HWR fuel type ( 7 , 8 ). 

v) Heavy Water ^Production. 

Heavy water availability is vital for the CANDU 

system since it is used as a moderator and coolant. A 

reliable supply of heavy water at an acceptable cost is 

essential for the success of this system. There are several 

techniques for heavy water production which are commercially 

used such as ^°» 1 0'. distillation of hydrogeneous materials, 

chemical exchange and water electrolysis. Distillation of 

hydrogeneous materials, most notably water and hydrogen, is 

the simplest process. It is based on the fact that light and 

heavy hydrogen have different vapour pressures, and con

sequently can be separated from one another by conventional 

rectifying columns. This technique is too expensive for 

use as a primary extraction process and restricted to the 

intermediate and final stages due to its relatively high 

investment and operating costs. It is used, however, 

to concentrate from greater than 5 wt/o D o0 to reactor 

graded. 
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The most economic process developed up till now 

is the Girdler-Sulphide (GS) process ^10,11)^ which is based 

oil the deuterium exchange between hydrogen sulphide gas 

\.H2S) flowing in closed circuit and water,. It is fairly 

simple, no catalysts are required, and it is used for pre-

enrichment stage. In this process, heavy water is concent

rated by contacting water and hydrogen sulphide counter-

currently in dual temperature towers. Maximum enrichment 

occurs at the junction of the cold and hot zones. The 

process is repeated through several stages untill about 20% 

D20 is reachedo Other types of chemical exchange processes 

have been developed such as liydrogen̂ water and hydrogen" 

ammonia processes. The attraction of the former is that it 

can recover the deuterium rapidly from water, and the 

process fluids are not toxic or corrosive, The economic 

viability of this process awaits further development^°} 

The major feature cf the water electrolysis 
process is that; when the water is decomposed electrolytically 
the deuterium content is reduced in the resultant hydrogen 
and increased in the electrolyte.. This process is a subsid
iary technique and is used only for final enrichment operations 
or in a very small scale as a primary process. 

vi)Reactpr fuel Loading-

After fuel fabrication, fresh, fuel assemblies 

are shipped to reactor site for testing and loading in the 

reactor core. A new nuclear power unit is furnished in

itially with a complete reactor loading of fuel. Replacment 

of fuel from time to time may involve only a small fraction 

of the initial number of assemblies for HWR's and GCR's. 

For a 1WR, the initial fuel load will sustain full power 
(1) for about 1-2 years by many fuel replacement schemesv,y. 
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This reactor type may "be reloaded, in such a manner that 

the entire core is replaced every few years ("batch loading) 

Alternatively, it may "be desirable to reload only a fraction 

of the core (tatch or segment) at regular intervals during 

reactor plant shut-down for maintenace (off-loading refuelling) 

2.2. Back-end of the Fuel Cycle., 

i) Spent Fuel Storagec 

After irradiation, the spent fuel is thermally 

and radioactively hot and requires cooling and shielding in 

storage facilities• Spent fuel discharged can he stored 

either at or near the reactor (AR-storage), or in spent fuel 

storage facilities away from the reactor (AFR^storage) in 

an Independent Spent Fuel Storage Installations (ISFSI), or 

near a spent fuel reprocessing plant**1 '. The AR_storage 

capacity for spent fuel elements is determined "by the amount 

of ispent fuel elements discharged, the amount of fuel element 

in the core, the necessary cooling time and the availability of 

facilities in the following fuel cycle operation. The APR— 

storage facilities are similar to AR—storage facilities 

but may be larger and have lower activity inventory which le 

leads to a lower power density. The planned APR—storage 

facilities appear to have design storage capacities of 

1000-5000 Mg HM and usually built on a module basis and are 

expanded as storage space is required*" . There are two 

most common spent fuel storage techniques which are the wet 

and dry storage. Wet storage is storage of spent fuel under 

water in a pool as it solves the problem of heat removal and 

shielding against radiation. Dry storage means the storage 

of spent fuel :in gas cooled (preferably air-cooled) casks 

or vaults with natural or forced convection. 
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In wet storage, the spent fuel is normally pla-

ced in racks or baskets either bare or encapsulated. For 

natural uranium fuels (CANDU), criticality is not a consid

eration and this fuel is routinely close-packed for storage. 

For enriched fuels (LWR*s) criticality has to he taken into 

consideration during fuel rack or basket design and pool 

-•onstruction. Spherical graphite fuels can only be stored 
(12) in water if placed in gas-tight storage cansv '. The storage 

pools are constructed of concrete lined with stainless steel 

fmd provided with access to fuel unloading and transfer 

pools. The pools are equipped with cooling and treatment 

systems for the pool v/ater and a ventilation and air cont-

ditioning system. A water purification system serves to en

sure specified water quality and good visibility, and elimin

ates, fission and corrosion products. However, during storage 

operations, comparably little contamination occurs. Fuel 

elements in which the cladding has failed are usually stored 

in a separate area in one of the pools. The present pools at 

reactors are 10-20 m long, 7-15 m wide and 12-13 m deep, 

with a useful life-time of about 25 years*1 . There are 

various proposals to increase LWR's AR and APR wet storage 

capacities, e.g. dismantling of fuel assemblies, instru

mented pools and double tiering of spent fuel assemblies. 

Some of these proposals are not easily applicable due to 

safety and other reasons. However, double tiering is curre

ntly used in USA and Argentina^ . 
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Dry storage has not been developed yet and used to 
the extent of wet storage. It is used now for some HWR's, 
GCR's and LWR's spent fuels^1 . In these cases, the fuel 
is encapsulated. Various dry storage concepts are at 
different stages of development such as concrete canister 
(Pigs. 4 & 5)t air cooled racks (Pig. 6), air cooled 
vaults (Pig.7), storage in dry caissons (Pig.8), and storage 
in transportation casks (Pig.9). Dry storage have some 
advantages compared to wet storage : less expensive and 
requires low maintenance, a loss of coolant accident can not 
occur, reduced liquid and gaseous radioactive waste, no 
radiolysis due to absence of water and fuel spacing should 
not be as limited by criticality criteria. 

A comparison between the use of wet and dry 
storage techniques from the economic point of view in connec
tion with the projected Egyptian nuclear power programme 
has been assessed*- ^ and showed that dry storage using 
casks offered the lowest capital expenditure on the long-term 
basis* 

ii) Spent Puel Transportation 

Transportation of spent fuel assemblies from 
AR storage to other fuel cycle facilities is carried out in 
special designed containers or transportation casks (Pig.9) 
These casks are designed and built in such a way that they 
maintain full integrity, even when subjected to severe shocks 
or fire, to prevent release of radioactive material and to 
provide protection against exposure of radiation. Casks are 
made of steel lined with lead using water/air or helium as 
a cooling fluid. Table 3 demonstrates the characteristics 
of some spent fuel casks in the world ^1->'# Worldwide, 
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there la positive and extensive experience over a period of 
30 years on the transportation of spent fuel via rail, road 

ou v/atvr. This experience cover large quantities of LWR's 

and OCR's fuels as well as more limited quantities of HWR's 

aijd first generation FBR's fuels. 

iii) Reprocessing. 

The LWR spent fuel is not a waste product, 

but rather a valuable economic commodity. It can be 

processed in reprocessing plants which yield as product: 

l-red fissile materials, residual fiesile materials, valuable 

radioisotopes and radioactive waste. Spent fuel reprocessing 

techniques can be divided into two basic types which are : 

aqueous and pyro-processes . The aqueous processes are 

low temperature (normally 30-70 °C) process in which all 

fuel materials are converted to aqueous solutions before 

separation, while the pyroprocesses are high temperature 

processes ranging from several hundreds to several thousands 

°C, frequently involving either melting the fuel or dissolv
ing them in molten and /or liquid metals before separation. 

Fig. 10 shows schematically the majjor steps of spent fuel 
reprocessing process. 

In aqueous reprocessing techniques, convers

ion of fuel material into aqueous solutions is generally ach

ieved by acid dissolution (primarily HUO-, which serves as 

the selting agent). The chief separation principle employed 
(13) is aqueous-organic solvent extraction. The Purex Processv •" 

developed in the USA during the world war II is recognized as 

the preferred aqueous technology for fuel reprocessing. 
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In this process, spent fuel is removed from water basin 

storage and processed mechanically to expose the fuel core 

for acid dissolution* Dissolution is accomplished in geomet

rically favourable dissolvers or with poisoned solutions, or 

combinations of these methods to avoid criticality. MOX 

fuels require special methods or controls to avoid critical

ity because of the higher Pu concentrations. In commercial 

fuel reprocessing facilities, the Purex process is supple

mented by additional processes for conversion of uranylni-

trate solutions to U0~ or UI"g» conversion of plutonium 

nitrate to Pu02, recover HNO~ and H„0 from waste for recycle 

and conversion of waste to vitrified from for safe storage 

and disposalo 

3. NUCLEAR FUEL CYCLE STRATEGIES AND SPENT 

FUEL MANAGEMENT CONCEPTS. 

Nuclear fuel cycles for various current operating and 

advanced or future reactor systems are described in 

literature*1 ' * . Current operating reactor systems 

utilize either natural or slightly enriched uranium as a 

fuel* In natural uranium fuel cycle (HWR's and GCR's) there 

is no need for enrichment and reprocessing services, and 

the spent fuel is directly stored either in AR-or APR — 

storage facilities. In slightly enriched uranium fuel cycle 

(LWR's), the discharged fuel has a valuable fissile con-

tent of residual U v-' and Pu which for economic purposes 

should be reprocessed, extracted and re-used or recycled. 

However, up till now, reprocessing or LWR spent fuel on 
(22) a commercial scale has not been realized yeV , so the 

spent fuel is stored in interim or temporary AR storage 

facilities. 
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Two fuel cycle strategies could be adopted, for each of these 
-Uvo yyctems which are once-through fuel cycle strategy where 
spent fuel is to be removed from the temporary storage to 
"jjPoczaH storage facilities for ultimate storage, and U-lu or 
IJ-Th recycling strategy where spent fuel is to be transpoited 
from reactor site to reprocessing plant. 

The fuel cycle strategies which are under consideration 

for advanced reactor systems includes thorium fuel with High 

Temperature Gas Reactors (HTGR's) or Advanced Thermal Breeder 

Reactors (e.g.HWR with U-Th fuel cycle), and fuel cycle for 

Past Breeder Reactor (FBR's). Thorium fuel cycles involve 
232 using Th ̂  as a fertile material for the production of 
233 fissile U ^ and reprocessing and recycling of the separated 

U 2 ^ as fissile material. While for FBR's U 2 3 8 is used as 

a fertile material and Pu is recycled. Both HTGR's and FBR's 

are in development stages. These strategies are proposed 
(a) 

for post-year 2000 periodw . 

The HWR fuel cycle system could be considered as an 
economically and technically competitave for a developing 
country like Egypt due to the following factorss 

- Low fuel cycle requirements and expenditures. 
- no enrichment and reprocessing for this system which means 

that it is technologically available than IWR fuel cycle 
system and then it gives higher possibility for step 

by step fuel cycle established industry in future. 

- availability of natural U is most probable than enriched U 

- almost no storage problems for its spent fuel. 
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The concepts or decisions regarding the back-end of the 
Tuel cycle will have the single greatest impact on spent 
fuel management„ It is therefore useful to identify the 
following basic practical concepts applicable to spent fuel 
management: 

i) Reprocessing Concept. 

According to this concept, countries make a decision to 

reprocess their spent fuel regardless of whether reprocessing 

services are immediately available or not. Upon this con

cept, spent fuel management at the rea-tor site and at 

independent storage sites is carried out on a national basis 

until shipment to a reprocessing facility. It is being under

taken either in public, private or combind organizations, 

according to different national industrial situation and 

regulations. Before the spent fuel is transfered for interim 

storage and reprocessing, arrangements are generally made for 

the subsequent use of contained ]?u, residual U and for 

disposition of various levels of radioactive wastes. The 

transfer of spent fuel to a reprocessing facility generally 

require the approval of the state originally supplying fuel. 

This has led to some difficulties in some cases which arise 

largely from non-proliferation concerns. 

ii) Deferred Decision Concept. 

This concept relates to countries have deferred a dec

ision to either reprocess or dispose of"their spent fuel. 

Interim storage is necessary and storage facilities must be 

planned based upon the expected decision time planned. 
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iii) Spent Fuel Transfer Concept. 

According to this concept, a country may decide to 

transfer its fuel by means of contracts to another country. 

It is a practical concept for developing countries having 

nuclear programmes in which the spent fuel is returned to 

its gupplier. 

iv) No Reprocessing Concept. 

According to this concept, a country would decide not to 

reprocess hut to dispose their spent fuel in a repository 

after appropriate conditioning. It should he mentioned here 

that, to date, no country has selected this concept^ . 

For a developing country having a nuclear programme 
like Egypt, the problem of spent fuel management should be 
given early attention. 3?wo major concepts could be consid
ered, which ares 
a~ Increasing the lead time for AR storage demand by storage 

Pool expansion and by more efficient use of storage 
techniques. 

b~ During this period, feasibility studies should be under

taken to investigate the economic and technical viability 

for the following options? 

- AFR storage facilities installation. 

- Spent fuel shipping for storage in other foreign count

ries throughout agreements and contracts. 

- Installation of small reprocessing facility. 

- Participation in multinational or regional fuel cycle 
centres for storage or reprocessing. 
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4. KUCLEAR FUEL CYCLE DEMAND AMD SUPPLY ESTIMATES 

4.1. Natural Uranium and Thorium. 

Table 4 depicts annual uranium requirements for the various 

reactor fuel cycle strategies. For each strategy, two cases 

were considered: one case using current technology, and the 

second using improved technical characteristics of the domin

ant reactor type, to obtain high and low estimates of the 

uranium demand. Uranium requirements for all the strate

gies are nearly similar for the pre-2000 period, while 

further variations in the demands during post-2000 period 

are expected due to assumptions made regarding introduction 

of alternative •technical variations into the strategies. For 

example, LWR's with improved fuel utilization which are assu

med to the introduced beginning of 1990 in some strategies 

will give about 30% overall reductions in uranium 

requirements *• °' • 

For thorium, only one strategy is considered based on HWR's 

with U-Th fuel cycle. The annual and cumulative requirements 

for Th in this strategy are shown in Table 5. In the case 

of the high growth projection, the needs for Th would 

increase rapidly from about 2500 Mg/y in the year 2000 to 

35000 Mg/y in the year 2025. For the low growth projection, 

the needs for Th would increase from about 1500 Mg/y in the 

year 2000 to 14000 Mg/y in the year 2025^ . It is 

assumed that Th would be recovered and recycled in such cycles 

therefore, the results presented are the net Th requirements. 

On the "basis of the geologic knowledge and the cost 
recovery, uranium resources are classified into two catej^ries 
which are: 
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Reasonably Assured Resources (RAR) of cost less than 80 # /Kg 
U, and Estimated Additional Resources (EAR) of cost 80-130 
$ Kg IT° . The RAR refers to uranium that occurs in known 
mineral deposits and have a high assurance of existence, while 
the EAR refers to uranium in addition to RAR that is expected 
to occur, mostly on the "basis of direct geological evidence 
in undiscovered deposits believed to exist with moderate 
degree of assurance. Prospects for new uranium discovers 
are believed to be favourable, and judgement was made about 
the quantities of Speculative Resources (SR) of cost higher 
than 130 $ Kg U that might exist in several area in the 
world^° . Therefore, SR refers to uranium in addition to EAR 
that is thought to exist mostly on the basis of indirect 
indications and geological explorations in deposits disco
verable with existing exploration techniques. Table 6 
summarizes the world U-resources estimated by continent in 
thousand Mg U. Over 60% of the RAR's occur in IT. America, 
Africa and Australia, and about 77-80% of Europe RAR is 
attributable to the Swedish Alum shales. In case of EAR 
category, over 90% of the total occurs in H. America and 
Australia^ 9 , 2 3 \ 

At present, only nine countries distributed over four 
countries are known to have major deposits of uranium. 
These are the USA, Australia, Canada, Prance, South Africa, 
Gabon, Uiger, Sweden and USSR^ ^'. Sandstone type deposits 
are most important in the USA, Gabon and Niger, These 
deposits generally occur in continental sediments. Other 
types of deposits include veins, shales and phosphates. 
Most of marine phosphate rock (phosphorite) ranges between 
50-130 ppm U».The countries having the bulk of phosphate 
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deposit resources are the USA (10-14% of world resources), 

Mexico, Venezuela, Peru, Brazil, USSR (4%), Algeria, Egypt, 

Morocco (55-65%), Senegal, S.Africa, Mauritania, Togo, Tuni 

Tunisia, China, India, Iran, Iraq,Jordan, Mongolia, Vietnam, 

Saudi Arabia, Syria, Turkey and North" Australia (5%)'^* . 

Up to 1976, the world uranium industry had produced some 
470 000 Mg U, some 68% df which came from K. America and 
the bulk of the remaining production came from Africa^ . In 
1977, world production capacity was about 29 000 Mg U/y, 
while in 1980 production capacity increased to about 54 000 
Mg U/y ' . Expansion of existing plants is expected to 
increase production moderately, and will depend on success in 
continued expansion of resources exploitable at a cost less 
than 130 #/Kg U. As far as conversion facilities are concer
ned, two UIV conversion plants are recently operating in the 
USA, and one in each of Canada, UK and Prance, as shown in 
Table 7. UPg conversion is also carried out in the USSR and 
China. It should be noted that a commercially competitive 
conversion facility can be built ranging from 2500 Mg U/y 
and up(25^ . 

Thorium is found in beach sands, stream placers, vein 

deposits, precambrain conglomerates, and carbonatities* 

Thorium production is mostly from monazite and beach sands. 

Australia, India and Egypt contain extensive resources of 

Th in the mineral monazite (4.6-7% Th)^'. In the USA, 

thorium is also present in stream placers deposits in Idaho 

and the South East. Present world production of Th is 

estimated to be not more than 150 Mg of ThOp equivalent per 

year. The market of Th is limited and is satisfied with 



18 -

by-product of Th recovered primarily from beach sand mined 

for extrection of titanium, tin and zirconium^. Table 8 

shows thorium RAR's in various countries. It shows large 

RAR and EAR of Th in Egypt (15 000 and 300 000 Mg Th, 

respectively) which gives incentives for establishing HWR 

system in future with U-Th fuel cycle as it is technologies-

ally feasible, 

4.2. Enrichment and Fabrication. 

Annual SWU requirements for the illustrative strat

egies up to the year 2025 are shown in Table 9. It is shown 

that the annual SWU demand will increase from about 20x10 

SWU to about 200xl06 SWU for low growth projection^. It 

is noted also that a decrease in these figures will" be 

achieved beyond the year 2000 due to the introduction of large 

scale PBR's arid utilization of improved thermal reactors fuel 

cycle strategies (LWR with Pu recyle)^'. 

Current operating and under-construction enrichment 
facilities over the world are shown in Table 10. It can be 
noted that the bulk of enriched U produced is from the 
three USA plants^20K Referring to Table 9 of SWU's 
demand, it can be concluded that the total of existing and 
firmly planned capacity will cover the nuclear power growth 
requirements up to the year 2000^ \ However, if the 
nuclear power growth follows a middle pattern between 1990 
and 2000, additional plants will be required. Considering 
that the technical lead times for additional capacity are 
about 8 years for diffusion plants and 4 years for cent
rifuge^ *'; and that there is some degree of flexibility in 
adapting to changing demand; there is no doubt that 
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sufficiently supply will be made available from technical 
standpoint. As far as uranium reconversion and fuel elements 

fabrication are concerned, Table 11 shows various fabrication 
(26 27) 

facilities operating in the world and their capacities* ' . 

4.3« Heavy Water«, 
The largest portion of heavy water requirements for a 

HWR programme is that for the initial inventory of a new 
reactor (eog. 232 Mg DgO for a 300 MWe net1-28'). Make-up 
requirements are very small in comparison (about 1% of in-
reactor inventory^"'). The heavy water inventory can be con
sidered primarily as a capital item to be secured a.a a 
reactor component at the time of HWR erection*. The heavy wa
ter is not consumed in a HWR, thus when an old HWR is 
decommissioned, the heavy water inventory is available for 
reuse in a new HWR plant« It should be mentioned that 
demand^for heavy water varies directly as the rate of HWRs 
plant constructiono Table 12 shows the net cumulative heavy 
water requirements up to the year 2025« Beyond the year 2000 
demand for heavy water will be very dependent upon the str
ategy adopted; e0g0 in illustrative strategies 1 and

- 4 in 
which dominant additions are other than HWRsj heavy water 
available from the decommissioned HWRs would be more than 
enough to supply make-up for the HWRs which are remaining 
in operation. Por illustrative strategies 2 and 5, in which 
dominant additions after the year 2000 are HWRs, annual 
damand for heavy water with the high growth projection would 
increase rapidly to about 100 000 Mg in the year 2010 and to 
about 140 000 Mg in 2025• For low growth projection* the co
rresponding requirements would be expected to increase from 
40 000 Mg in the year 2010 to about 55 000 Mg in 2025^. 
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The world water resources as well as hydrogen provide 
an essentially unlimited sources of DpO (deuterium is found 
in natural hydrogen in an average abundance of about 0.014%). 
Extraction of DpO from these resources can take place using 
existing technology. Natural gas is another potential source 
of deuterium,, but technology to extract Do0 from it has not 
been yet demonstrated^ . Current world heavy water produc
tion capacity is summarized in Table 13• On a global 
"basis and compared to capacity now in operation or under 
construction, production capacity will need to increase by 
a factor of 3 to 4 during the 1990s, depending on nuclear 
growth rate, in order to meet projected demand^"'. 

Large amounts of heavy water would be required for 
strategies 2 and 5 after the year 2000, the demand during 
the period 2000-2025 increases at an average rate equivalent 
to 30 new heavy water plants per year, each plant having 
a production rate of 400 Mg/y^" . One characteristic which 
can help to enable such a programme to be achieved is the 
favourable lead time for construction and operating a heavy 
water production plant (5-6 years). This compares to 6-7 
years from the time that a HWR is committed until its heavy 
water charge is required. Both large (400-800 Mg/y) and 
small (70-100 Mg/y) heavy water production plants can play 
a useful role in matching supply to forecast demand. For 
fully developed HWR programmes, large plants would likely be 
used to produce the bulk of the required heavy water. 
Small plants are likely to be matched with HWR programmes 
during their introductory periods and to supplement supplies 
from large production units. 
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4o4o Spent Fuel Storage and Reprocessing„ 

The fuel cycle back-end requirements were estimated by 

different INFCE Working Groups (WGs) for the period 1985-
(9) 2 0 0 0 v , as shovm in Table 14 on cumulative basis0 Table 15 

demonstrates AR—storage capacities and the status of APR — 

storage planning capabilities „ Prom this Table it could 

be noted that countries may be classified into the following 
groups s 

a) Countries with large AR—storage facilities without de-~ 

finite policy for the future of spent fuel either for 

ISPSI or reprocessing, e0go Canada0 

b) Countries planning for APR-storage facilities parallel 

to reprocessing installations, e„go Prances, Italy and 

. PRGo 

c) Countries with AR—storage facilities as an interim 
storage awaiting for reprocessing,, 

d) Countries planning for reprocessing, e<,go Japan* 

e) Countries with AJR-storage facilities which are 
expandable and they are of no need for APR storage 
facilities,, 

Also, the following remarks can be made? 
1- Planning for AR—storage facilities expansion is con

sidered while it is not for APR storage facilities ex
cept for few countries«, 

2- There is no actual APR storage facilities or ISPSI, 
except for few countries like USA, Prance and UK 
v/hich utilize its reprocessing facilities as ISPSI 
(Morris in USA, La Hague in Prance and Windscale ±r UK)„ 
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3- Reprocessing is considered in the policy of few 

countries. 

4- No reprocessing concept is not considered. 

It should be noted that, availability of spent fuel 

storage facilities and reprocessing technology are very 

depandent on each other. This means that availability of 

reprocessing technology in moderate cost will minimize the 

size of spent fuel storage problerac However, there is no 

major commercial reprocessing facilities operating in the 

world today. Table 16 shows several world reprocessing fac-
(1l) 

ilities and their s t a t u s w . 

5. NUCLEAR FUEL CYCLE UNCERTAINTIES AND 
BOTTLENECKS 

While the basic technology and problems for some fuel 
cycle components has been developed and solved (e.g. fuel 
fabrication)) some components are still faced with number 
of uncertainities and bottlenecks. These are generally ad
equacy of uranium resources, enrichment capacity, and repro-

(22) 
cessing and waste disposal technologyv '. The first uncer
tainty, adequate uranium resources, involves the lack of the 
worldwide uranium resources base. Known uranium resources, a 
according to the present world nuclear power growth, are 
sufficient to support the projected global nuclear programmes 

( 22) 
for the next 15 to 20 yearsv" . There is much uncertainty 
concerning the adequacy of long-term supply with the future 
increasing in the world nuclear power growth. Taking into 
account the long lead time required to bring the fuel cycle 
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from planning into operation which is about 10 years for 
minJ:jg and milling onlyv accelerated efforts must be made to 
increase worldwide uranium exploration. But because of 
market uncertainties „ it will be difficult to attract the 
necessary funds to finance expensive exploration and mining 
processese To reduce the requirements of natural U in 
future, the longterm utilization of FBRs and the near-term 
use of LWRs with Pu recycling as well as HWRs with U~Th 
cycles are considered. 

The second uncertaintly involves future availability of 
worldwide enrichment capacity* The USA enrichment facilities 
of DOE currently provide most of world's capacity« Addi
tional major operative capacity are located in UK Prance. 3?RG 
USSR and China. Although the future enrichment demand 
are expected to be met by new producers entering the industry 
in Japan, South Africa and ERG, there is a high probability 
that many of these projects will not meet the schedule 
operating date because of delays caused by technological and 

( 2.2} 

financial difficulties J. The construction of enrichment 
plant is a very complex and expensive operation. It takes 
about 10 years to design, license, construct, test and to 
operate. A typical diffusion enrichment facility is estimated 
to cost about .3 $ billions^25^(in 1976 prices). 

The fuel cycle back-end which includes reprocessing 

and waste disposal represents the third major problem of the 

fuel cycle. By reprocessing, demand for natural U can be 

decreased and Pu produced can be used as fuel in existing 

reactors and to sustain future breeder reactors. Reprocess

ing development, however, has been delayed because of poten

tial evironmental and safety dangers associated with *Pu. 



- 24 -

In the USA, the reprocessing development has practically come 

to a complete standstill because of the safeguards problems 

However, in Western Europe and Japan there are reprocessing 
(22) plants in operation* . 

The radioactive waste management technology is a major 

problem affects to a large extent the growth rate of nuclear 

power in many parts of the world. The major areas of concern 

are managing very large volume of low level wastes prodused 

during the front-end of the fuel cycle, and small volume of 

highly radioactive wastes generated from reprocessing. Low 

level waste disposal has been satisfactory tested, but sale 

disposal of high-level radioactive wastes has not been 

demonstrated. High-level wastes produced so far are being 

stored in temporary containments which have, in some cases, 

deteriorated with time resulting in leakage. The nuclear 

fuel waste mangement is a point of worldwide public con

cern. In most countries, policies for the treatment and dis

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

the current trend is to solidify ( vitrification) and 

store the waste until ultimate disposal methods are fully 

developed 

6. NUCLEAR FUEL CYCLE ACTIVITIES IN 

DEVELOPING COUNTRIES 

Planning for establishing nuclear fuel cycle activities, 

in particular U02 production and fuel elements fabrication, 

started in some developing countries such as India, Brazil, 

Romania Koria, and Argentina early before the starting 
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of nuclear power programmes in thece countries *• ,29,30;^ 

In India, nuclear fuel fabrication activities started in mid 

1959 wita the casting of U ingots to produce natural U 

metallic fuel elements for the research reactor CIR. The 

fuel elements of the initial core for this reactor were 

made in both Canada and India. (1 : 1) » Work was simultaneo

usly started at the BARC to develop fabrication of ceramic-

grade UOp powder and U02 fuel elements claded with Al 

and Zircaloy. After making about 2 t of Al~clad CIOp fuel for the 

ZERLINA research reactor, Trombay, sufficient experience 

was gained, According to the agreement with AECL, half of 

the initial charge required for the Rajjasthan power reactor 

(RAPP-l) was to be made in India and the other half in Canada. 

With the decision of the goverment of India to build a series 

of power reactor, planning was started on establishing 

nuclear fuel production facility at Hyderabad (NFC) to 

manufacture nuclear fuel assemblies» The NFC has various 

plantss Zirconium plant, natural U02 fuel fabrication plant, 

enriched UOp and enriched fuel fabrication plant, and quality 

control laboratory» The NFC produces today about 100 t of 

natural U fuel elements and about 20 t of enriched U fuel to 

meet the existing reactors requirementSo (The enriched U fuel 

is used for the Tarapur BWR 2 units, 400 M e , in operation 

since 1969.). The performance of the produced fuel elements 

in both BTOs ana PHWRs is very satisfactory*26>. 

Reprocessing in India on a pilot plant scale was started 

with the commissioning of the Trombay Pu plant in 1964 • The 

plant was designed for reprocessing of spent fuel from the 

40 HWe research reactor. The plant has helped to generate 
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expertise and trained manpower for the future reprocessing 
plants. Another large plant of 100 t U/y capacity has "been 
built at Tarapur to reprocess spent oxide fuels from the Tar-
apur (BWR) and Rajathan (PHWR) power plants using the 
Trombay plant experience* A plant to reprocess fuels from 
the HWRs and FBTR underconstruction at Kalpakkam has been 
planned, the preliminary design work for which is in progress 
progress^ . Pig. 11 summarizes schematically various Indian 
nuclear fuel cycle activities as well as nuclear power plants 
programme9 

In Argentina, the National Atomic Energy Commission has 
taken a number of progressive steps towards the development 
of uranium prospecting, exploration and production technology 
in the country. Technologies have been developed for under
ground and open-face mining and to the construction and 
operation of yellow cake production plants. Two yellow 
cake production plants are in operation, two temporarily out 
of service, two underconstruction and one in planning stage. 
Advances have been made towards aeoquiring technologies for 
the nuclear purification of concentrates and their conversion 
into ceramic-grade UO , including establishment of a 
suitable industrial production complex which will meet the 
UOp needs of the nuclear power plants. At the same time, spec
ifically Argentine technologies have been developed for 
nuclear purification and ceramic-grade U02 production 
from ammonium-uranyl tricarbonate, this reached the demonstra
tion plant stage^ ' „ 

With the decision to start the nuclear power programme 

in Brazil in early 1977, planning was started to establish 

various fuel cycle facilities in cooperation with YRG. 
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Uranium ore processing plant with a capacity of 500 t/y and 
a fuel elemert fabrication plant with a capacity of 100 t/y 
were designed under a contract "between Brazil and KWU. The 
starting of fabrication was scheduled at 1979 to supply tliu 
reload charges for ANGR-1,2 and 3 nuclear plants, and later 
on for the initial inventories and reload charges of the 
subsequont Brazilian reactors. In the field of U enrichment, 
a Brazilian-German company v/as formed and licensed for the 
purpose of building and operation of 250 t SWU/y nozzle plant. 
This plant v/as scheduled to get into operation in 1982. A 
contract has been signed also for the transfer of the techn
ology needed for the design, construction and operation 
of a reprocessing plant in Brazil. 

Romania has concentrated its attention on HWR systems} 
thus, fuel research and development has been directed towards 

natural U0,p, Zircaloy-clad fuel elements. A special project 

has been initiated to manufacture nuclear fuel in Romania, 

with specifications and performance in agreement with the 

core chara cteristics of the given reactor type, ensuring an 

adequate supply to run certain number of power plants. The 

main technical stages of the project weres 

a) Manufacturing technology for natural U0.? ceramic-grade 

powder and sintered pellets. 

b) Manufacturing technology of fuel rods and bundles. 

c) Irradiation testing of fuel rods, and 

d) Design and fabrication cf seme specific cueit̂ iGnt needed 

for the project. 
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Nuclear activities in Korea vere initiated in 1957, 

aud in Jul. 1959 the construction of TRIGA MARK-II research 

read or (100 KW) was started. Construction of Korea Nuclear 

Unit Uo.l (PWR,587 M e ) was begun in 1972, Unit Ho.3 

(PHffR, 678 M e ) ir. 1977, Unit Ho.2 fPWR, 6.50 M e ) in 1978, 

Units No.5 and 6 (PWR, 950 MWe each) in 1979, Units No.7 

&\A (i (P\'/R, 950 WIQ each) in 1980, and Units Ho.9 and 10 

(IVR, 950 MWe each) in 1982(^7' Under the government's 

pov/er development programmes, nuclear pwer is to become a major 

energy source "by 1991 with the installation of about 13 nuclear 

power plants, supplying 36% of the nation's total electrical 

pov/er. To carry out such programme successfully, Korea places 

stress on the development of indigenous nuclear power plant 

design5 component and equipment manufacturing and nuclear fuel 

cycle technologies,, The Korea Institute of Energy and 

Resources (KIER) is currently operating a pilot plant with 

daily capacity of 3 t of uranium ore to determine optimum 

design criteria for commercial scale plants in the future, 

Nuclear fuel cycle technology localization programmes have 

been carried out maimly by the Korea Advanced Energy Research 

Institute (KA.ERI) to establish national nuclear energy self-

sufficiency. Construction of a pilot fabrication plant 

with a capacity of 10 t U/y for BVRS and PHWRs fuel was 

started in 1975 and went into operation in Oct* 1978o A 

uranium conversion facility with an annual capacity of 100 t U 

converted from U^Og to UOg, combined with pilot milling 

facility of 150 Kg ore/h treatment capacity has been constru

cted and went into operation in April 1982 » (Che construction 

of a post irradiation examination and analysis facility for 

determining the cause of defective nuclear fuel conducting 
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reasearch on quality assurance and safety testing, was 

started in early 1981 and will "be completed in 1984. Con

struction of a waste treatment facility to deal with various 

raioactive liquid and solid wastes will "be completed .simult

aneously with the pest irradiation examination facility. A 

200 t U/y capacity PWR fuel fabrication facility will be con

structed and in operation in 1988. 

The long-term planning in Egypt for the introduction of 
nuclear power to meet the rapid growth in electricity 
consumption has been started early by the end of 1960s. 
Recently, the Egyptian nuclear power rpograrame projected up 
to the year 2000 is planned*'to be of a total installed capa
city of 8000 MWe^-" supplying about 40% of the total 
electricity consumption. Various studies ^3"3b' kave •\DBen 

made concerning nuclear fuel cycle activities to be performed 

in the country in connection with this national nuclear 

power programmes in order to establish future independent 

nuclear fuel policy in Egypt. Normally, the first step tow

ards a national fuel cycle industry in countries "going 

nuclear" is a fuel fabrication facility for the reactor type 

chosen. In this context, several laboratory-scale activit

ies have been started by the atomic Energy Authority (AEA) 

to develop trained manpower and to gain experience in the 

field of fuel fabrication and reactor materials. A collabora

tion programme between Egypt and Federal Republic of Germany 

in the field of nuclear fuels and safety cf reactor pressure 

vessels and reactor components has been started in 1981. In 

this programme it is proposed to produce in parallel three 
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aifferent types of fuel pins^"" wieh are composed of s 

- Fuel pellets from powder, obtained via AUC or ADU 

processes. 

- UOp microspheres with different diameters produced by 

Sol-Gel method (Vibrasol)o 

~ Puel pellets pressed from UOp microspheres. 

It is proposed to compare the irradiation behaviour of tlaese 

three types of fuelo This will help in training of Egyptian 

personnel in getting know-how in irradiation testing and 

post-irradiation examination techniques. 

Based on the information, previously mentioned, con

cerning existing fuel cycle facilities as v/ell as fuel cycle 

activities in some developing countries, the following could 

be noteds 

1) Besides the large uranium refining and conversion facili

ties, which generally have capacities range from 

4000 - 13 000 t U/y small scale production facilities with 

capacities range from 100^300 tU/y are existing in some coun

tries such as India, Japan, South Africa, Spain and Korea. 

Also, pilot facilities exist in Denmark and Turkey. 

2) Although it is generally considered that reasonable fab
rication cost of nuclear PWR"fuel elements, on an 
industrial scale, can be achieved with a fabrication fac
ility of capacity in the range of 200 t U/y (even large 
facilities are exist with capacities range from 400 -
800 t U/y), there are several examples in which plants of 
capacities range from 30-40 t U/y are in operation in 
some countries such as Japan and India, as well as pilot 
scale fabrication plants (5 t U/y) as in Spain and Denmark. 
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3) Small research and pilot enrichment facilities are 

existing in some countries such as Ausralia, Brazil, 

Italy, Japan and South Africa. 

4) Small size heavy water production facilities (10-20 t/y) 

are existing in India and Norway. 

5) Small size fuel reprocessing facilities (2-6 t HM/y) 

exist in Italy and Spain, Therefore, for a developing 

country like Egypt planning to introduce nuclear 

power, small industrial scale activities on some fuel 

cycle stages should be started early. 
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Table. 1 
Comparison Of Uranium Erriehment Processes' ' 

Enrichment Process 
G.D. Centrifuge Aerodynamic Chemical 

cle=!~ adva- Low High ITozzle vortex Clas- Prench Av. MD 
sicl need capa- capa- sical 

city city 

1 
V£> 

1 

Specific energy 

Kffih/SWU 
Specific FF/SVVU.Yr 
invastment s/sWu.Yr 
Specific uranium 
hold UTD 
Kgu/SYAJ.year 

Specific operating 
cost 
EF/SWU FF/SWU 
Cost perSVm $/smj 

Ho.of stages 
(37/o U235) 
Lead time (year) 

2350 

2500 
"%'Q 

0.2 

12 

$26 
115 
1500-
2500 

?-6 

2450 

1600 
$60 

0.2 

35 

540 
120 

-

— 

250 

4000 
390 

— 

60 

510 
135 
10-30 

3 

100 

350 
?o 

30 

54? 
120 

-

— 

2300 

2000 
• • 4 5 0 " 

50 

6T5"-
154 
400-
500 

? 

300 

2000 
430 

' 

50 

670 
150 

1000 600 100 20 

3000 2100 
570 470 

5 25 

200 100 

1000 600 
200 130 

Separation Pactor 1.0043 1.2 1.015 
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T a b i c 2 . 

Typical LYflt & HY/a Fuel C h a r a c t e r i s t i c s 
(7.8) 

Characteristic 

Pollet diara (ram) 

Pellet weight (g) 

Geometric density 

0:U ratio 

Enrichment (W/o 
U235) 

Fuel rods/assembly 

Rod diam (inch) 

Clr.Cf'-!:v: 

Kti 0/ ..-..ĵ uiiibly 

Assemblies/core 

MgU/core 

PWR 

Core fraction T</..dr<J 

8-10 

8-10 

92 

1.98+0.02 

2-4 

204(15^15) 

0.402 

ZirxeH-jy 4 

• fy'jZ 

193 

87 

(enriched) 

1/3 

BWR 

12-25 

92 

1.98+0.02; 

2-4 

49(7::7) 

mm 

14.3 

Z.iycdlvyg 

7(34 

1-49 

0.7 

IP 

l';.:. 

Zircaloy 4 

19.7 

125 

(on-riohod) (natural -t 
slightly 
enriched 

1/4 8/bundles/day 

(continuouo 
refuelling) 



Table. 3 

Characteristics Of Some Spent Fuel 

Casks In The World^15^ 

<n 

Country 

USA 

Japan 

USSR 

V/JBSTSfflST 

3ir cp.? 

Cask-

type 

(owner) 

HAC-1 

HLI-10/24 

oar-9 
nsr-12 
CE-IF-300 

H7-75T 
(OCL) 

WE 1-400 

V/WER-1000 

BTL 2" 
(1.1) 
NTL 14 

LF (00 

Total 
weight (I3g) 

(playload) 

22.25 
86.6 

33.9 
95.6 

60.? 

80 

0.3) 

90 

(4.1) 
110 
(3.0) 

32 

83.5 
(?.7) 
72 

Capacity 
in elements 

BVR/BWR 

1/2 

10/24 
7 BWR 

12/32 

7/16 

7/37 

30 

6 

"47ST " 

5 PWR 

.' ?/24 

Fluid in Major 

cavity shielding 

Water/Air Lead&Steel 

Helium " 

Air " 

Air steel 

Water/air Uranium & 
steel 

Air(Water) 

_ - — 

Air 

Water 

Air 

Uo.of casks 
Available 
(Approval 
status) 

4 
2 

4 
•w 

4 

4 
(licensed) 

_ 

2 
(licensed) 

2 
(licensed) 
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Table.4. 

Annual Uranium Requirements for WOCA for 

Various Fuel Cycle Strategies (MgU)^ 

Reactor Strategy 

lr Once-through 
LWR 

2- Once-through 
HWR 

3- Large scale 
FBR 

4- LWR with 

Pu recycle 

Nuclear 
Power 
growth 

High 

Low 

High 

Low 

High 

Low 

High 

Low 

1980 

32 

29 

32 

29 

32 
26 

32 
28 

2000 

173-200 

120-135 

170 

115 

145 
100 

125-140 

85-92 

2025 

430-590 
190-260 

360-480 

160-220 

50-240 
50-70 

320-420 

140-180 

5- HWR with High 32 160-172 290 

U-Th recycle Low 29 110-115 130 
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Table.5. 

Net Th. Requirements in Fuel Cycle Strategy-
Based on Th-Fuelled HWR's 

(103 M g T h ) ^ 

Year 

Demand 

High projection 

Annual 

Cumulative 

Low projection 

Annual 

Cumulative 

2000 

2.4 

3o6 

1.6 

2.4 

2010 

23 

150 

10 

80 

2020 

33 

438 

12 

194 

2025 

35 

610 

14 

259 
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Table. 6 
World Uranium Resources .Estimated By Continent 

(1000 MgU) (modified after Ref0(2) } 

Continent 

IT.America 

Africa 

Australia 

Europe 
Asia 

S.America 

Total WOCA 
(rounded) 

< 086/kgtf 
(030/ 
lbU30Q) 

700 
590 
290 
60 
20 

85 

1750 

RAR 
86-l30/kgU 
(30-50/ 
lbU308) 

202 
165 
10 
320 
30 

5 

730 

EAR 
<jB80/kgU 

(030/ 
ibu3o8 

1185 

195 
45 
5.0 
0 
65 

1540 

SR 
80-130/kgU 
(30-50/ 

lbU30Q 

615 
115 
10 
40 
20 

5 

800 

JS130/kgU 
>(05O/ 

lbU308 

2.1-3.6 

1.3-4.0 

2.0-3.0 

0.3-1.3 
0.2-1.0 

0.7-1.9 

6.6-14.8 



Table. 7 

Uranium Refining and Converaion Facilities (26) 

Country 

Canada 

Denmark 
1 Prance 
CVl 
"3-
1 India 

Japan 

South 
Africa 

Spain 

Turkey-

UK 

Name of .Plant 
(location) 

Port Hope 

Port Hope 

Blind River 

Ris0 U Pilot 

Malvesi 

Pierrelatte 

Hyderabad 

Hingyo-Toge 
Valindaba(U-l) 

PDRIMAD 

MRP 

Pluidizacion-1 
Koprubasi 

Cekmor-e 

Springrfields 

Status3 

0 

0 

P 

0 

0 

0 

0 

0 

C 

S 

0 
S 
0 

0 

0 
0 

Start-up 

I960 

1970 

1983 
1981 

1971 

1971 
1972 

1982 

1983 

1962 

1969 

1965 
1980 

1979 
I960 

1974 

Output 

Product 

U0-

uo2 
UP 6 

U0_ 

ADU 
UP 4 

UP 6 

U3°8 
UP 6 

UP 6 

uw/uo3 
ADU 
UO 2/DP 4 

ADU 

UP 4 

U 04 
UP, 

Capacity(U t/y) 

In operation 

4000 

1000 

5000 

Planned 

1000(1983) 

1000(1983) 
700 g/h 

13 000 15 000(1986) 

110 

200 

1 Kg/d 

10 

lab 

9000 

260(1983) 

300 

300 

200 
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Table 8 

Thorium Resources In The World (Mgs)^ 

Country-

Australia 

Brazil 

Canada 

Denmark 

Egypt 

India 

Iran 

Liberia 

S.Africa 

Turkey 

USA 

RAR 

21.000 

28.200 

0 

54.000 

14,700 

320,000 

C 

500 

11.000 

500 

102,000 

EAR 

0 

3.000 

340,000 

32.000 

280,000 

0 

30,000 

0 

0 

0 

250,000 

Total 583,300 935,000 
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Table.9. 

Annual SWU Demand*(106SWU/a) 

Year 
Strategy 

(1)H 

- L 

(2)H 

L 

(3) 
H 
L 

1980 

19 

16 

19 

17 

.19 

17 

1990 

53 

40 

'54 

42 

54 

17 

2000 

123 

88 

123 

85 

123 

41 

2010 

232 

134 

124 

79 

163 

85 

2020 

365 

175 

95 

58 

216 

92 

2025 

427 

192 

61 

38 

227 

71 

(4) 
H 19 52 106 187 289 335 

L 11 40 72" 106 136 148 

H 19 53 122 123 95 61 

L 17 40 84 73 58 38 

3E 0.2 W/o U235 Tails Assay. 



Table. 10 
Uranium Enrichment Facilities ' 

Country 
Name of 
Plant 

Sta
tus* 

Start
up 

Date 

Separa
tion 
Process 

Capacity (10-5 SV/U/y) 

Test Lab. Commercial Planned 
Australia 
Brazil 

Prance 

FRG 

Lucas-Heights 
CDTN 

Rosende 
Pierrelatte 

Tricastin 

Karlsruhe 
Gronau 

0 
0 

C 
0 

0 
0,C 

P 

Not av. 
1981 

1985 

1964 
1978 

1973 
1985 

Centrif 
Nozzle 
Nozzle 

GD 
GD 
Nozzle 

Centrif 

R&E<1 
Lab. 0 

400-600 
10 800 

0 

Italy 
Japan 

Nether
lands 

Casaccia 
Tokai 

Ningyo 

Hyugc 
No Siteyed 

Almelo 

0 
0 

0 

P 
P 

0 

0 

0 

1971 

1979 

1973 

1976 

1981 

GD 
Centrif. 

Centrif. 

Chemical 
Chemical 

Centrif. 

II 

II 

Research 
Research 

Pilot 

45 

70 

200 

80 (1985) 
169(1986) 
240(1987) 
320(1988) 
400(1989) 

250(1985) 

500+500(1983) 



Table.10 (Cont) 

Name of 
Corntry Plant 

Sta= 
tus 

Start-
up 

Date 

Separa
tion 
Process 

Capacity (103SWU/:,-) 

Test Lab Commercial PlanxieA 

t~-
"^ 

1 

S.Africa 

UK 

USA 

Valin&aba Y 

Z-l 

Capenhurst 

E 21 
E:22 

Oak Ridge 
Paducah 

Portsmouth 
11 

0 

c 

c 
0 
0 
0 
c 

1978 

1977 
1981 
1945 
1953 
1955 
1988 

UCOR 

Centrif. 
ti 

GD 
GD 
GD 
Centrif. 

small 

200 

7700 

11200 

8400 

200+300 

200+300 

700(1987) 

2200(1989) 
8800-13200 U994) 

Status: 

ET.B. 

0 : in operation 

P : Planned 

C : Under Construction 
Argentian announced recently (ITov. 1983) ( 3 2 ) that it is building a gaseous di 

diffusion uranium enrichment plant at Rio ITegro Province, some 1100 km south 

of Beunos Aires. The plant will be operational in 1985 with a capacity of 

about 500 Kg/y of 20% enriched U. 



Country 

Belgium 

Brazil 

Canada 

Denmark 

Prance 

Uranium Rec 

ITamc of 
Plant 

Dessel 

Dessel 

Resende 

Port Hope 

Varcxmea 
Moncton 

R.iSfZ* 

Annocy 

Romans FBFC 

CERCA 

Pierelatte/ 
CFC 

Caciaraohe 

onvex-s 

Sta-
tus* 

0 

0 

C 
0 

0 

0 
0 
0 

0 

0 

0 

Table J 

sion and Fuel 

Ll 

Fabric-ation. Fae 

Start Output 
of Product 
opera-

aon 

1974-

19?3 

1982 

1957 

1976 

1980 

1963 

1961 

1978 

1983 

1964 

uo2 

B7R 
MOX, 

fBR 

LWR 
HVTR 

HWR 

mm 
LWR 
GCR 

gbr 

. ~ « ~ . « _ ^ — « « — — 

assem. 

..urn 

assem. 

pellet 

assem 

assem 

assem. 

assetDo 

PWR assem. 

MSR 

PWR 

MOX 

assem 

FBR 

ilities'-2 

5! 

Capa 

Pargge 

CIEU),0 

400 

15 

800 

6oo 

200 

200 

800 

150 

400 

80 

?5 

6) 

city i 

nt_._. 

.5 (HE' 

of Pr< 
t/y) 

a) 

Dduction 

-JS .anned 

24 

88 

200 

400(1984) 

5 

200(1985) 

500(1986) 



Table 1 1 . (Cont) 

country-

India 
i 

«3-

1 PRG 

Italy 

Sweden 

Uame of 
Plant 

Hyderabad 

Hanau RBU 

Hanau 2JUKEM 

Saluggia 

Bosco Marenge 

Saluggia 
CSN Casacia " 
Rotondella 

Vasteras 

Sta
tus1 

0 

0 

0 

0 
0 

S 
S 

0 

Start 
of 

Opera
tion 

19 73 

1966 

1966 

1968 

1974 

1972 x 

1968 

1965 

Output 
Praiuct 

MOX LWR 

uo2 
HWR assem 

BWR assem* 

uo2 
HWR,LWRass 
MOX assem. 
M3?R, THTR 

PWR assem 

uo2
 mR 

BWR assem. 

U metal 
PWR assem 
MOX 

Magnox 
U0o 

Capacity of 
-

Present 

15 
110 
88 
19 
800 
600 

10 

2 
50 
200 

110-140 

70 
400 

Produotion(U t/y; 

Planned 

260 (1983) 
180 (1983) 

200 
500 

f60 



Name of 

Country Plant 

Spain Juzbado 

CAL 

EDIEECIO 
1 Japan OTC-Tokai 
o 
^ MNF-Tokai 

YOKOSUKA 
Kumatori 

NFI-Tokai 

PNC-Tokai 

UK Springfie2 ds 

Table. llo(Cont) 

Sta~ 

tusK 

C 
0 
0 
0 
0 

0 
0 

0 
0 
0 

Star!; 

of 
Opera
tion 

1983 

1970 

1964 

1973 

1972 

ffl 
1975 
1980 

1970 

1969 

Output; 

Proluct 

LV/R ass em. 

LWR assem. 

LV/R 

LWR 
U0? 
U0p 

PWR assem. 

MTR 

PWR assem. 

BWR assetD0 

MOX 

uo2 

AGR,LWR 

MAGNOX 

SGBWR 

U0,.T?BR 

Capacity of 
u n n n r m M o a u m n 

Present 

350 

0.5 

220 

450 
420 
4^0 

85 
40 
JL*L 

650 

600 

1000 

Produotion(U t/y) 
• V t ( a c « r a c * C * C a t * D n n n c i i * n * a o 

Planned 

400(1983) 

200 
3 (pilot) 

3.20fuel element 

49 5(1984) 

600(1985) 

5?0 assem./y 

265 
100(1983) 

16 (1986; 



Tableo l l . ( C o n t ) 

Country 

1 USA 
r—1 
in 

i 

* Statue: 

Name of 

Plant 

Windscale 
DHPDEjThursi 

Aprollo 
Lynchburg 
Edrmatite 
Windsor 

Richland 

Wilmingtin 
Cimarron 

Cheswick 

Columbia 
Alabama 

Sta

tus1 

0 
3 0 

0 
0 
0 
0 

0 
0 
D 
D 
0 
P 

Start 

of 

opera
tion 
1969 

1959 

1957 
1970 
1974 
1968 

1972 

1969 
1965 
1963 
1969 

0 : In Operation P 
G : Under Construction D 

Ov tput 

Proluct 

MOZ 

uo2 
MTR 

uo2 
PWR ass. 

uo2 
U02pell 
PV/R ass 

LWR ass 
BWR ass. 
MOX 

PWR ass. 
PWR ass. 
LWR ass. 

? Planned 
: Decomissoned 

Capacity of Production (U t/y; 

Present Planned 
6 

360 
400 15 
500 
150 

270 
600 
1000 1500(1985) 

15 

1200 1600 (1985) 

500 (1985) 

Ss Shut Down 
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Table 12 

Net Cumulative Heavy Water Requirements 

(1000«sMg)(9), 

Year 

Strategy 

Cl) H 

L 

(2)H 

I 

(3) 
H 
L 

<«H 

L 

(5)H 

I 

1980 

3.6 

3.5 

3.6 

3.5 

3.6 

3.5 

3.6 

3.5 

3.6 

3.5 

1990 

23 

21 

23 

21 

23 

21 

23 

21 

23 

21 

2000 

80 

58 

33 

66 

85 

61 

80 

5« 

93 

66 

2010 

81 

58 

797 

434 

132 

80 

81 

58 

796 

433 

2020 

72 

48 

2083 

932 

182 

82 

72 

48 

2080 

931 

202 S 

53 

36 

2836 

1216 

198 

76 

53 

36 

3832 

1215 
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Tableo 13 

Current and Projected Heavy Water 

Production Facilities in 

The World^9). 

Country-

Canada 

India 

Norway-

USA 

Plant 

Port Hawkesbury 

Bruce A 
Clace Bay 

Bruce B 
Lagrade 

Bruce D 

Hangal 

Baroda 

Tuticorin 

Talcher 

Kota 

Rjukan 

Savannah River 

Extraction Process 

GS 

CS 
CS 

as 
GS 
GS 

Electrolysis/ 

Hgdist 

Monothermal HL/ 
NHoexch, 

tt 

Bithermal Hg/KH^ 

Gs 

Electrolysis 

GS 

Plant 
size 
(Mg/a) 

400 

800 
400 
800 
800 
800 

14 

67 

71 
63 
100 

20 

190 

Start
up dat 

1970 

1973 
1976 

1979 
1981 

1981 

1979 

1979 

1934 

1952 
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Table .14 . 

Cumulative Back-end fue l Cyvle Requirements 

(1000 M g ) ^ 

Requirements Year WG*-1 WG*-4 WG*~6 

Spent Fuel . 1985 5 1 - 5 6 y 47 47 
Ar i s ings 1990 105-115 y 106 106 

2000 260-370 ^-322 326 

Reprocessing 1985 5 - 6 11 /OlO 
1990 23-28 21 ^ 2 5 
2000 78-49 96 r^S5 

In s torage 1985 4 6 - 5 0 > 38 t^ 37 
spent fue l 1990 82 - 87 ~> 85 ^ 8 0 

2000 128-276 -y 226 ^ 2 3 0 

x Working Group i n the INFCEo 



Table, 15 
Status of AR and APR Pool Storage 

Facilities In The World(,1) 

Country_ 
AR Storage Pool APR Pool Storage 

Spare capacity Storage capability 

in 

CAITADA. Sufficient for 
10 years stor
age 

Indentified needs Capability9 built or 
planned 

«= Total reactor storage 
capacity is 4000MTU.for 
4 pickering reactors at 
514 MWe each94 Bruce 
reactors at 750 MWe 
each9Gentilly 2 at 638 
M/iTe and Lepreau at 630 
MWe in addition an au
xiliary pool has been 
constructed at Picker
ing for 3220 MTU and 
another 5625 MTU storage 
pool is planned for the 
Bruce A station 

Kb need for APR 
storage9but APR 
central storage 
possible. 

Ho site selected yet, 
capacity could be 
sufficient to hand 
all Canadian fuel 
up to 21 Century 
(65,000 MTU by2000) 



Table. 15 (Cont) 

Country 
AR Storage Pool APR Pool Storage 

Spare Capacity Storage Capabilty Identified 
needs 

Capability "built or 
Planned 

USA 

U K 

No governmental 
requirement fo^ 
spare capacity, 
however,insr-

vice inspection 
aro required. 

Current storage Cumlative needs Operating EE Morris 
capacity is 20, 
760 MTU,increas
ing to 61,700 
MTU in 1990. 

ACR fuel stor
age capacity 
in HTU 

-Hindkey point3 
34 

- Dungerets 337 
- Heysham 31 

as identified 
by utilities? 
30 MTU 1930 
560 " 1983 
1180 » 1985 
6940 " 1990 

Uo need for 

other APR. 

Storage as at 

reprocessing 

plant 

is 750 MTU,license 
required for expan
sion to 1100 MTU 
MPS West Valley 250 
MTU (hut not operat
ing now) License 
applied AG1TS 
Barnwell 400 MTU. 

At reprocessing 

facility 



Table.15 (Cont) 

Country 
* 

U S S R 

AR Storage Pool 

Spare Capacity Storage Capability 

One full core 
discharge plus 

3 annual fuel 
discharge for 

all the 

reactors. 

-Hartlepool 31 

-Hunterstin3 22 

- In 1980 the 

total area of 
cooling Ponds 
will corres

pond to the 

nocessity of 20 

GWe equally 

shared "between 

the two reactor 

types. 

APR Pool Storage 

Identified 
needs 

The problem of 
APR storage is 
not discused 

at present 

Capability built or 
planned 

Windscale s 

1000 MTU in 1978-79 
1400 " " 80-31 
2400 " " 82-83 
3400 » " 84 
4400 " " 85 
5400 " " 86-90 



aJahle.15 (Oont.2) 

Country 

i 

CO 
irv 

1 

ITALY 

AR Storage Pool 

Spars Capacity 

a)One full core 

for F.TR's 
"b)0ne full core 
for BWR's is 
raccmmended. 

Jtorage Capability 

A delay in FBFs 
commissioning may 

delay reprocessing 

and would require 
an increase of AR 
storage. 

Current capacity is 

263 Mtu,with a pos
sible expansion to 
348 Lltu.Future 
BV/R's will hav* 184 

Mtu capacity each? 

future PWR's will 

have 120 Mtu capac
ity each. 

APE P-

Identified 
neods 

. Depends on 
the reproces
sing timing. 

.Needs for LWR 

- Cariglian 

- Trir'-
- Caorso 
- ITow re act era 
will triply 
additional 

^0?: Storage 

Jajability ouilt or 
planned 

- Saluggias 130 Mtu in 
1979 

- Rotondella: 1000 Mtu 

in 1980's. 

nc"?d£-. 



Table. 15 (Cont.3) 

Country| 

SPAIN 
1 

CT\ 
in 
• 

AR 

Spare Capacity 

- One full core 
discharge.New 

requirements 

Storage Pool 

Storage Capability 

• The pool-cap
acity of the 
two operating 

covering several LWR is : 

years of opera

tion are being 
studied. 

-Cabrera (PWR)s 

1.3 cores the 
expansion to 
1.5 cores is 
under study. 
-Carona (BWR) 
1.5cores, ex
pansion to 3*4 
cores is under 
study.Future 1 W R s 

APR 

Identified 
needs 

- Around 1986, 
need for n a 
tional APR 

storage 

appear. 

Pool Storage 

Capability built or 
planned 

- Medium term plans 
are the construction 
of spent fuel stor
age facility to 

cover national demand 

until reprocessing 
availability. The 
size*, of the first 
module will be 1500 
Mtu. 

will have pool cap
acity ranging from 
3»3 - 3.9 cores. 



Table. 15 (Oont.4) 

Country_ 
AR Storage Pool APR Pool Storage 

Spare Capacity Storage Capability Identified 
needs 

Capability built or 
.planned 

SWEDEN 

i 

o 
I 

FRANCE 

- One full core 
discharge. 

- One full cor 

discharge. 

The reactor pool 
will be:'filled (as

suming no repro

cessing or APR at 
various time be

tween 1984 and 
1988 

- 3 reactors have 

a pool storage 

- Underground 
• central APR 

storage fac

ility 

As needed prior 

to reprocessing 

Site decided-cons

truction strrt 1979, 

3000 Mtu in 

1983/84. 

capacity of about 

4/3 of a core.Ex

pansion to 5/3 is 

under review; 

- 900 and 1360MVV 

(e) reaction have 

a pool storage 

capacity of about 

7/3 of a core. 

LWR cases 250 Mtu 
from 1977 at la 
Hague reprocessing 
facility? 4-250 
Mtu in 1983 (to 
be increased). 



Table.15(Cont 5) 

Country 
AR Storage Pool APR Pool Storage 

Spare Capacity Storage Capability Identified 
needs 

Capability built or 
planned 

H 
F.R.C One full core 

discharge. 

- It is not pla
nned to expand 
these opacities. 

- Using normal racks 
current storage is 
375 Mtu increasing 
to 1,700 Mtu in 
1990 and 3,200 in 
2000 as addition
al reactors start 
operation. The 
storage at each 
reactor is equ
ivalent to one 
full core plus 1 
to 2 reloads 

Needs will be 
covered by in-
interio Btorage 
and receiving 
pool of fuel 
cycle centre 
before repr
ocessing. 

Interior independ
ent storage facili
ty 1500 Mtu (1933/ 
84) receiving pool 
of fuel cycle cen
ter 3000 Mtu (1985 
/86). Reprocessing 
1989/90. 



Table.15 (Cont 6) 

Country AR Storage Pool APR Pool Storage 

Spare Capacity Storage Capability Identified 
needs 

Capability built or 
planned 

(i.e. 6/4 cores in 
BWR and 5/4 in PWR) 

JAPAN - One full core 

discharge. 
- Current capacity 
is 2,040 Mtu for 
operating reactors 
1,970 Mtu for rea
ctors under cons
truction and 300 
Mtu for reactors 
lioeneed. 

Reprocessing 

to be used. 

Capacity available 
at Tokai-Mura repr
ocessing plant: 90 
Mtu. A capacity of 
2000 Mtu will be a 
available at the 
new reprocessing 
plant. 

HTDIA The total storage 
capacity is approx
imately 165 Mtu 
(1977). This capac
ity will be increa
sed to 3S200 by year 
2000 

As needed pr

ior to repro

cessing. 

Hone now. 



T a b l e . 15 (Coxrt 7 ) 

Country. 
AR Storage Pool APR Pool Storage 

Spare Capacity Storage Capability Identified needi Capability built or 
planned. 

vo 
I 

ARGENT

INA 

' (only 

HWR) 

-One full core 

discharge 

Current capacity is 

440 Mtu with plant 

to expand to' 1.550 

Mtu (ATUCHA 1)AMB-

ASE storage capac

ity will be 1,300 

Mtu. 

Will be conider- None now. 

ed after 1985. 



Country 

Belgium 

I 
•st- Brazil 

Prance 

FRG 

India 

Italy 

Japan 

Hame of 

Plant/location 

Euroehemic 

Marcoule UP1 

La Hague UP2 

La Hague UP3 
Mareoule 
WAK/Karl. 

I! 

Tarapur 
EUREX 
ITREC 

SIRIS-1 

Tokai 1 
2 

Table. 16 
Fuel Reprocessing Facilities^ ' 

Status1 

S 

P 
0 
0 * 
0,C 
C 
0,C 
0 
P 
0 
0 
S,P 

0 
P 

Start-up 

Data 

— 

1958 

1967 
1976 

1981 

1978 

1979 
1993 

1977 
1970 

1977 

Fuel 

Type 

LWR 

PWR 
PWR,M0X 
PWR 
GCR 
GCR 
LWR 
LWR 
FBR 
HWR,LWR 
LWR 
LWR 
MDR.LW 

U,Th02 

LWR 
LWR 

Capacity (HM t/y) 

In operation 

800 
350 
250 

35 

100 

210 

Test Planned 

70 
100(1986) 
60(1986) 

Pilot 

800(1986) 

800(1986) 

2.3 5(1983) 

1350 

10(pilot) 

3 6 

1200 



Table . 16 (Cont) 

Country 

Spain 

UK 

B3A 

^Status: 

Name of 

Plant/Location 

Planta-Caliont a 

DNPDE,Tharso 

Windscale 

Windscale 

(THORP) 

West Valley 

Barnwell 

Morris 

Statiis1 

0; In Operation 

C: Under Constn 

S 
0 
0 

0 

P • 

P 

action 

Start 

Data 

1967 

1980 

1964 

1969 

1966 

;-up Fuel 

P: 
S: 

Typo 

MTR 

LWPBB 

Magnox 

LV/R 

LWR,AGR 

LWR 

LYfR 

LWR 

Planned 

Shut Dcv/n 

Capacity (HL1 

In Operation 

1500 

400 

t/y) 

Test Plannod 

0.1 

300(1987) ' 

500(1988) 5 

300 » 

1500 
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Mining 

I 
Milling K 
Extraction 

Yellow 
cake I 

Conversion 

UF_ 

W02 (HWR) 

Enriched UF, 

i f , r 

Fabrication 

Tails 

I 
Presh Fuel 

Shipping 

Cooling /AR^Ston 
a$t 

Spent Fuel 
shipping 

I 
Conversion 

to 
UF6 

I 

Reprocessing 

Sale of. 
U F 6 

Radioisotopes-
(Sale) 

waste 

Conversion 
U O , 

1 
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