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FOREWORD 

The second International Survey Course on Technical and Economic Aspects 
of Nuclear Power was held from 1 - 12 September 1$69 in Vienna, The 
object of the Course was to review the latest available information on 
pertinent aspects of nuclear power which would be useful in planning and 
implementing of nuclear power programmes. 

There were 65 participants from 33 countries, out of which 39 came from 
22 developing countries. Although the Course was directed primarily 
towards developing countries, it also attracted 26 participants from 
11 advanced countries. Most of the participants were senior scientists 
and engineers actually engaged in nuclear power programmes and projects. 
A total 31.lecturers including 20 from outside and H from the Secretariat1 

delivered 42 papers. 

The main topics discussed were current technical and. economic status, 
operating expérience with and future outlook of the available nuclear 
power systems; prospects of small and medium power reactors of potential 
interest to developing countriesf development of advanced and fast 
breeder reactors; nuclear fuel cycles including the problems of 
prospecting and processing uranium ores, supply of fissionable material 
through the IAEA, and fuel cycle services? comparative economics of 
nuclear and conventional plants5 regulatory aspects; nuclear desalination 
and agro-industrial complexes; and finally the problems of introducing 
nuclear power aлà management of nuclear power projects. 

The Course was different from the usual training courses, because of the 
subject matter which was broad in scope arid the type of participants, many 
of whom had extensive experience in nuclear projects and programme planning. 
The Course was rather a review of practical problems associated with the 
evaluation and application of nuclear power. Each lecture was followed 
by extensive discussions in which the participants took an active part; 
some of them also presented summaries of their respective national programme. 
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In view of the keen interest expressed in the Survey Course it has been 
decided to issue this informal publication containing the text of the 
papers and other contributions. Unfortunately for budgetary reasons it 
was not found possible to summarize the discussions following various 

i 
papers« The available texts of the papers have been reviewed by the 
authors or lecturers and no editing has been done by the Agency. 

It is hoped that this collection of papers which provides an up-to-date 
review of the status of nuclear power as of September 1969 a«d the 
problems of its application, would be of considerable interest to those 
engaged in planning in implementing nuclear power projects. 

The Agency wishes to express its appreciation to all the lecturers and 
authors of the papers for their valuable reviews. It is especially 
grateful to the Member States for providing the services of the lecturers, 
most ofчwhom were made available cost-free to the Agency. The participants 
themselves deserve credit for keeping the discussions at a high level and 
making very useful contributions to the Course» 
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1. . INTRODUCTION 

Since the . very beginnings of power production from.nuclear 
energy, experience, with these plants has naturally been of great 
and widespread interest. On the one hand, it serves as a basis for 
improvements in design and operating procedures', on the other hand, 
it indicates +he extent, to which plants of. a., particular type have 
achieved and maintained satisfactory performance« Operating experi-
ence with individual plants or those in a particular country, has 
been reported at numerous scientific meetings, in scientific journals,' 
and elsewhere. The object of this report is to gather together the 
considerable amount of4 information available on experience with these 
plants and present it in a convenient summarized form. 

It was considered that, at the present stage in the development" 
of nuclear power, two- factors made such a task worthwhile and important. 
Firstly, enough nuclear power plants have been operating for a suffi-
cient length of time for the experience gained to be meaningful as 
an indication of overall and longer-term trends rather than simply 
a collection of unrelated initial difficulties or successes as tended 
to be the case earlier, Secondly, nuclear power is at the beginning 
of a phase of major expansion with more and more; electricity under-
takings ordering or contemplating nuclear power plants or increasing 
their existing nuclear capacity. Because of their low fuel costs* 
these nuclear plants will, generally be operated, for the next decade 
at least, as base-load stations and, therefore, special importance 
attaches to their reliability and high availability. 

• This is a preliminary report; prepared in a relatively short 
time, which compiles information up to the end of 1968 or, in some . 
ibstances, early 1969° So far as possible, information has been 
taken from official sources but other sources have been used to 
supplement the data. The report is confined to electricity-producing 
nudlear plants in operation in Member States at the present time. 
Thus, no mention is made of several nuclear power plants (principally 
in the United States) which were built as experimental or demonstration 
plants, have served their purpose, and have been shut down. Further-
more, the" report is concerned primarily with the performance of the 



_ 2 -

plants as producers of electricity and merely touches on the tech- • 
nical characteristics and the technological developments which have 
been achieved» ,For quite a number of the plants in operation today, 
an experimental or developmental role remains of major importance 
and their performance in terms of, e.g. plant capacity factor, can-
not be compared directly with that of plants built purely as electricity 
generating stations. Since, however, their operating experience 
represents a considerable contribution to the total - and is, j.n some 
instances, the only experience available for a particular reactor 
type - it was considered necessary to include them, with an indication 
of their roles other than power production. In the future, as experi-
ence with commercial plants grows, attention will be concentrated 
on these stations which will, of course, Ъе making use of the experience 
gained in their experimental and prototype forerunners. 

In Section 2, a series of tables are given containing, for 
each station, general information (location, gross and net full power 
electrical output, net thermal efficiency, and dates of start of 
construction, initial criticality, initial full power and commercial 
operation')? annual and total (31 December 1968) gross electrical 
generation? annual plant capacity factor5 and annual reactor avail-
ability. The stations are arranged according to reactor type. In 
Section 3, a summary is given of the experience with individual plants, 
excluding those which have only recently started up. Section 4 con-
tains some general conclusions-*^ 
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2. INFORMATION TABLES 

General information, gross electrical generation, plant capa-
city factor and. reactor availability are given for graphite-moderated, 
gas-cooled reactors in Tables 1—4I for pressurized water reactors 
in Tables 5~8| f°r boiling water reactors in Tables 9~12, for heavy 
water-moderated reactors and for graphite-moderated, light-water-cooled 
reactors in Tables 13-15 (the Table on reactor availability was omitted , 
because of lack of information)5 and for fast reactors in Table 16 
(figures of plant capacity factor were omitted because of the experi-
mental nature of the two oldest plants). 

The principal sources of information were s-

General - References (l), (2), (3), (4), (5), (6) 
BR3 (Belgium) - References (7), (8), (9), (lO) 
Canadian Reactors - References (9), (ll) 
French Reactors - References (l), (12) 
German Reactors - Reference (7) 
Italian Reactors - Reference (7) ' ' 
Japanese Reactors - References (7), (13) 
âgesta ( Sweden) - References ( 7) > (9) 
Luoens (Switzerland) - Reference (7) 
USSR Reactors - References (7)", (14), (15) 
U.K. Reactors - References (8), (l6), (17), (l8), <19)', 

(20), (21), (22) 
U.S. Reactors - References (23), (24), -(25) 

Further references are indicated in Section 3 for individual 
plants. 

The .definitions of plant capacity factor and reactor availability 
are s 

,- 1 Power generated (MWh) Plant capacity factor (°A) = ^ ^ — -, -—• x 100 * ^ w / Max. dependable capacity(MW)xperiod^hj 

о 4. -i -u-1-4. (ai\ Period (h) - Reactor outage (h) .„ 1 П П Reactor availability {%) = Period (h) — x 
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While it is believed, that most of the figures in the Tables conform 
to these definitions, it is recognized that there are some inconsisten-
cies as a result of having had to use many different sources of 
information. 
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3. SUMMARY OF EXPERIENCE WITH INDIVIDUAL NUCLEAR POWER PLANTS — -— ______ ___________________________ 
3« I Graphite-Moderated, .Gas-Cooled Reactors ' 

General (20), (21) 

Power plants of this type hâve accumulated over 200 reactor-
years'operating experience and the total gross electrical gene-

9 ration to 31 December 1968 is about 140 x 10 kWh. 
/ 

Except for Calder, Chapelcross and G2,3, all the plants using 
natural uranium metal fuel were built as commercial generating 
stations, although Chinon 1, 2 ,and 3 have also had an experimental 
role,.particularly in the irradiation of more advanced types of 
fuel element. These plants have, with one or two exceptions, 
demonstrated high plant capacity factors. 

Experience with the fuel has generally been satisfactory and 
has enabled the target irradiation to be increased from 2500 MWd/t 
to ЗбОО MWd/t,. with prospects of raising it further to the limit 
set by reactivity (about 450O MWd/t). . 

The uranium/carbon dioxide reaction and the relatively low 
melting-point of the magnesium alloy cladding make fuel element 
failures potentially more hazardous than with some other reactor 
types so that an efficient and reliable detection system is essen-
tial. The system initially developed, has proved.highly satisfac-
tory and has been used in all the plants v/ithout basic changes. 

All the commercial stations except Chinon-1 have on-load re-
fuelling. Not surprisingly, initial difficulties did occur with 
the complex equipment but these were, or are being, overcome and 
the feature has .undoubtedly made a major contribution to the achieve-
ment of high plant availabilities. 
v - In the Windscale AGR, experience with the slightly-enriched 
uranium dioxide fuel, clad in stainless steel, has been very satis-
factory and the target irradiation of 18,000. MWd/t has been success-
fully exceeded. Fuel elements with manufactured cladding defects 
have shown that failures do not deteriorate and this has made it 
possible to simplify the failed fuel, element detection .system for 
éommer.cial stations. The on-load refuelling machine has proved 
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very reliable, helped by tho feature of individual access to all fuel 
channels. It has been demonstrated that the graphite/carbon dioxide 
reaction can be satisfactorily inhibited by adding small amounts 
of methane to the coolant. 

The high-temperature gas-cooled experimental prototypes were 
designed at an early stage in the development of fission-product-
retaining coated particle fuel and this has led to features which 
are no longer necessary arid which have significantly impaired plant 
availability. The plants have demonstrated that components of 
suitable design operate satisfactorily in an atmosphere of hot, 
dry helium and that helium leakage can be maintained at acceptable 
levels. The coated particle fuel has in general proved very good 
and primary circuit activity has been very low.' 

Ca.lder and Chapeloross (4)? (8), (l6), (17.), (19), (20), (26) 

The eight reactors at Calder and Chapelcross were built pri-
marily for the production of plutonium and the design was optimised 
for thi s purpose. Electricity production? however, has always been 
.of great importance ands several years ago? became the primary role. 
The reactors have also been used throughout to test the performance 
of fuel elements and to provide detailed information on physics 
parameters, safety factors, etc. for commercial stations of the 
same type. 

The output of the reactors has been progressively increased to 
about 50io above the design, value and: availability has also been im-.', 
proved, mainly through a reduction in the (off-load) refuelling 
time, but also through careful planning of maintenance and inspec-
tion. Exceptionally high availability and capacity factors have 
been achieved and maintained at both stations. 

The principal troubles have/been* 

(i) Bowing of the vertically-stacked elements resulting from 
the reduction in normal creep strength under irradiation. 
This Yiras quickly and effectively countered by fitting 
braces to the fuel elements» 
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(±i) Cavitation cladding failures of elements in the lower 
. channel positions due to insufficient ductility. This 
was satisfactorily overcome by the.use of fine-grained 

• Magnox (magnesium alloy). 

(iii) Flashovers on' the commutators of the D.C.. machines which 
. drive the gas circulators. This problem was solved by 
a suitable, choice of carbon brushes and meticulous atten-
tion to cleanliness of commutator surfaces.. 

(iv) . Melting of experimental fuel in one channel of Chapelcross 
Reactor Ho. 2 on 11 May 1967« The cause of the inci-
dent v;as apparently the partial obstruction of the gas 
flow by a piece of graphite from one of the sleeves 
lining'the fuel channel. (These graphite sleeves are 
fitted only in the last three reactors at Chapelcross.). 
Special equipment was designed and made for the removal 
of the debris. The melted fuel was cleared in July I96S 
but the reactor has not yet been started up again. 

•••' G2r '.G3 (Marcoule) (7), ('12), (20).s (21 ) 

These reactors were also built primarily as plutonium pro-
ducers, with the generation of electricity as a second major ob-
jective. As a result of. various-improvements, the output of the 
reactors has been increased by nearly 40%. They have a very good 
record of availability and reliability. 

Two particularly novel features of these reactors are the use 
of prestressed concrete pressure vessels and on-load refuelling. 
The behaviour of the vessels has been very satisfactory. Some 
corrosion of cables has been observed but appropriate remedial 
measures'"have' been taker.. Some refuelling' difficulties were ex-
perienced in the first year or 'two" partly' as a result of the 
bowing of fuel elements under irradiation and partly due to de-
fects in the refuelling equipment.. The former trouble was over-
come by.suitable treatment of the fuel rods and the latter by modi-
fications and improvements. 

More persistent trouble occurred with the heat exchangers -
mainly due to corrosion and erosion.. Modifications and replace-
ments were.necessary to solve the problem. 
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Berkeley (8), (20), (21)., (28) 

This was the first commercial station of the type. Its per-
formance has shown a general improvement with time although even 
initially it was quite satisfactory. The maximum net output has 
been 302 MWe compared with the design figure of 276 MWe. 

Output vías initially restricted by a design fault in the 
superheaters о This vías remedied by modifications to the pipework. 
Subsequently, blading damage occurred in the turbines and seriously 
affected the plant capacity factor for some time. Reblading of the 
turbines apparently successfully cured the trouble. 

Satisfactory operation of the on-load refuelling equipment was 
achieved only after a prolonged period of testing and comparatively 
minor modifications but at no time was the equipment a significant 
source ..of outage. 

Trouble also occurred with, leakage of lubricating oil into 
"'the reactors from the shaft seals of the gas circulators. The 
necessary modifications required a prolonged outage. As a. result 
of the oil inpress, carbonaceous deposits were.formed and output was 
reduced while the effects were investigated. The deposits were found 
to be most effectively removed by injecting oxygen into the reactors. 
(Somewhat similar trouble has occurred on other U.K. stations but 
apparently to a lesser extent.) 

The. fuel generally has behaved very well with only a very small 
percentage of failure. Most of these occurred in a single batch of 
elements with inclusions in the cladding material. ., " 

Bradwe 11 (8), (20), (2l), .(.28), Д29 ) . 

This station is a very close contemporary of that at Berkeley. 
It has an even better record of availability. The maximum net output 
achieved is 325 ù€We (design 300 MWe). 

One of the major early difficulties was a succession of boiler 

tube leaks (mainly in the economizer sections) which necessitated 

outages of the appropriate circuits to find and plug the leaks. The 

incidence of leaks decreased after some two years' operation to a 

relatively insignificant level» 



There was an early failure of a turbine blade following a crack 
in the erosion shield. All erosion shields were'-replaced- with ones 
of higher ductility and apparently"no further trouble has occurred. 

.. After about one year's operation, fatigue failure of circulator 
blade roots'occurred as a result of excessive vibration. Modifi-
cations successfully .eliminated this fault but, later, fatigue 
failures of diffuser cones required further modifications. 

As at Berkeley, considerable time and effort was required to 
achieve satisfactory on-load refuelling but this operation has sub-
sequently gone very well except for a recent incident in which a 
weld failure caused part of a loading chute to fall into the reactor. 
Television equipment was of great assistance in recovering the pieces. 
Improvements to the welds in question were carried out § further 
modifications are still in progress. 

• Latina (7<Ь (20), (30), (31) 
I 

The Latina reactor is very similar in design to those at 
Bradwell though with some improvements. This has contributed to 
the excellent operating record at the later station, where only once 
has the annual plant capacity factor been slightly below 80^. 

Excessive vibration of some boiler tubes was found during pre-
commissioning tests. Modifications to supports and replacement of 
some tubes successfully solved the problem. There was early breakage 
and cracking of blades in gas circulators. Modifications to the 
machines proved satisfactory. .Blade failures also occurred in the 
low pressure sections of the turbines. Replacement-of the blade... 
shields has been the largest single cause of loss of output but., 
appears to have been completely successful. 

The short operating life of refuelling grabs and cables was 
a source of inconvenience rather than serious loss of output. On-load 
refuelling-has on the whole gone smoothly. 

A temperature transient occurred, in July 19Ó6 during a reactor 
start-up.. No. details are available of the incident. . 
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Chinon-1 ' (5), (12), (32) 

This reactor has a stqel pressure vessel and. off-load re-
fuelling and a single gas circulator, heat exchanger and turbogenera-
tor. A lengthy programme of tests and experiments was carried out 
before raising the power to higher levels. In operation, also, the .-
reactor has an important experimental role, particularly in the 
irradiation of new types of fuel element. 

Early failures of the gas circulator and turbine required 
\a long outage for repairs. Later, blade failures occurred in the 
medium pressure section of the turbine. Output was restricted for 
a period followed by a shut-down of three months for repair of the 
turbine. Soon after resumption of operation, loss of oil pressure 
on -the turbo-alternator led to an immediate shut-down and further 
lengthy repairs. 

Boiler tube leaks necessitated shut-downs in 196,6, 1967 and 
I968. In I968, damage to the rotor of the gas circulator occurred. 

Thóre have been comparatively, few fuel element failures but 
these have been a significant cause of loss of output. A special, 
discharge in 1967 required a-shut-down of five.months. 

Bunterston A (20), (28) 

Tae design output was 300 MWe (net) but.320. MWe has been 
achieved for long periods, Availability has been very good. 

HLgh temperatures of the concrete and control rod mechanisms 
were observed during commissioning. Immediate modifications reduced 
the ccncrete temperatures to acceptable levels but a more extended 
shut-cown was required to correct the temperature, of the control rod . 
mecharisms. 

Early trouble was experienced with the primary selector valves 
of the failed fuel element detection system. Modification of the 
valves resulted in a -significant improvement. ' 

During initial operation, steam leakage occurred at a casing 
joint of the turbogenerators. Output was restricted.until modifi-
cations to all machines had been carried out. 
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A number of' boiler tube leaks occurred, during the first year 

of operation, first in the high pressure sections and later in the 

low pressure sections. Most of these were located and isolated 

without a reactor shut-down» ïïo information is available on more 

recent operating experience. 

Hinkley Point A (20), (.21) 

The maximum net output achieved has been 531 MWe compared with 

a design figure of 500 MWe. The record of availability and reliability 

is very good. 

Excessive vibration led to failures of gas circulators during 

preliminary running in the course of commissioning. Long delays 

ensued while suitable solutions were established and modifications 

made» The modifications proved completely effective. 
/ 

The only other operational difficulty which has been specifi-

cally reported is that with the on-load refuelling equipment. This 

appears to have been largely overcome and the back-log of refuelling 

which arose is being steadily reduced, 

Trawsfynydd (20), (21) 

This station has had one of the poorer records of availability 

among the U.K. commercial stations but yet has a cumulative capacity 

factor of over 50Í° whifth seems likely to improve markedly in the 

future. The maximum net output.achieved is 8 MWe above the design 

figure of 500 MWe.. . 

The major-cause of outages in the first two years of operation, 

was the failure of turbine blades« This trouble appears to have 

been very much reduced if not eliminated. A second serious cause of 

outages during.this period was on-load corrosion of boiler tubes. 

Following modification to the boiler water treatment no further, 

corrosion has been observed. 

Initial difficulties in getting the refuelling machines to work 

on-load necessitated shut-down of the reactors, to remove even the' 

more common (but still infrequent) slow fuel, element failures. The 
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causes of the difficulties with the machines have been established 

and correction of the, faults is v/ell in hand. Two other particular 

refuelling incidents led to serious outages in the first two years 

of operation - a refuelling chute became jammed in Reactor, 1 and 

a charge pan in Reactor 2 was displaced during a refuelling.operation. 

Chino.n-2 (5), (12), (32) 

Like Chinon-1, this reactor is used to a significant extent 

for the irradiation of new types of fuel elements and for other 

development work. 

.During the first year of operation, one of the turbo-alternator 

sets was taken .out of service for about four months for work.on the 

turbine blades in the intermediate pressure section - this was a 

preventive measure to avoid the troubles that arose on the Chinon-1 

turbine. 

During I966, apart from a shut-down of four months for main- . 

tenance,.there were two comparatively short outages because of leaks 

in one of the heat exchangers.. The reactor was operated at reduced 

power for.some time for testing of the on-load refuelling equipment. 

Only minor outages occurred in 19^7? most being due to thè 

refuelling machinery.although, on the whole, this equipment operated 

satisfactorily. 

Heat exchanger leaks caused several shut-downs in 1968 but the 

main cause of loss of oiitput was trouble with new types of .fuel 

element.. This led to operation at reduced power for.some time and 

also shut-downs for the removal of experimental fuel. 

Dungene ss A. (20), (2l) 

The statio'n has a very good record of1 availability5 the maximum 

net output achieved just exceeds the design figure' of 550 MWe. 

Vibration of boiler tubes was discovered during commissioning 

'and was successfully eliminated,by installing baffles. The modi-

fications, however, caused considerable delays to commissioning. • 
i 
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As at other U.K. commercial stations, there were initial 

difficulties, with the on-load refuelling machinery hut these were 

not a cause of seriöüs outages. The problems have been mainly over-

come and., the refuelling back-log is "being reduced satisfactorily. 

Nearly 300 slowly-devèloping failures öf fuel elements have 

occurred but most were integrated into the normal refuelling pro-

gramme and so did not cause significant outages. The failures were 

in certain isolated batches of fuel and it has been possible to 

determine the'cause and take steps to eliminate the. possibility of 

a recurrence of such failures. 

Sizewell (20), (21) 

The maximum output achieved is about 500 MWe (net) compared 

with the design figure of-'580 MWe. This situation was expected 

because the design incorporated smaller margins of uncertainty -

as reactivity builds up during about three years .'present limitations 

on output will gradually be removed. Nevertheless, the design out-

put has already bc-eh exceeded on Reactor 2 which ' is. loaded with fuel 

elements of an improved design. 

Availability has also been impaired by a number of incidents. 

An ; early major outage was caused by a fault on a .low pressure turbine 

shaft. Also, a fault on the cooler of a gas circulator motor resulted 

in the destruction of the motor. Later, a fault on an alternator 

stator codier imposed a serious limitation on the output. 

Over 400 slow .failures of fuel elements havo arisen. As at 

^ungeness, they occurred in isolated batches of fuel, they did not 

lead to significant outage and steps have been taken to prevent 

a recurrence of the faults. 7 

As on other stationé, initial difficulties were .experienced with 

the on-load refuelling machinery but modifications to eliminate the 

faults are well advanced. 

.. There were difficulties on Reactor 1 with the primary selector 

valves of.the failed fuel element detection system which are inside 

the pressure vessel.. Modifications to-the valve bearings solved 

the problem but required significant outages of the reactor. 
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Tokai Mura ( 4 ) , (7), (13) 

This station suffered, serious difficulties and delays in the 
attainment of satisfactory commercial operation. 

The major trouble showed itself soon after power raising com-
menced late in I965 with the occurrence of heat exchanger leaks. 
This necessitated a long shut-down in 1966 for investigations-and 
modifications to the heat exchangers* The cause of the trouble 
was vibration induced by the gas circulators and when operation was 
resumed in July 1̂ 66-, gas circulator speed (and, hence, output) 
was limited to about two-thirds of the nominal value. The reactor 
was shut down again in November 1966 for further modificationsto 
the heat exchangersto allow full power operation. After extensive 
tests, commercial operation began, in July 1967-

Subsequent troubles which have been reported include damage , 
to the inner sleeves of the gas circulator bellows^ the breakage 
of graphite splitter sleeves on fuel elements, due to vibration5 
the dropping of fuel elements back into the reactor during discharge 
of a thermocouple fuel elemento These difficulties extended into 
April 19685 output figures indicate that much more satisfactory 
operation has been achieved since then. 

Chinon-3 (5), (12), (32) 

As with the earlier reactors at Chinon, the fuel charge in-
cludes a considerable number of experimental fuel elements. 

During the initial phase of power operation, an accidental 
stoppage of the lubricating pumps caused failure of one of the 
turbo-alternators. Checks during the subsequent shut-down revealed 
serious defects in the sampling pipework of the failed fuel element 
detection system. Repairs required an outage of nine months. 
Furthermore, tube leaks in the .heat exchangers had occurred from 
the commencement of power operation and had become more frequent 
before the .shut-down. It was decided to replace all the heat exchan-
gers in succession. This was expected to take two years to complete 
during which period output would be limited.. Before this work could 
begin, it was necessary to install thermal insulation'and shielding 



between the heat exchangerswhich .was done in the first half of I967. 

The plant was started up again in July 1967 and reconnected to the 

grid in October after extensive tests. A fault occurred on one of 

the alternators in November and the set had to be replaced. 

During I968 there were further heat exchanger leaks and also 

difficulties with fuel, elements which led to still more severe 

restrictions on output. .. Towards the end of the year, damage to the 

turbines occurred and they had to be taken out of service in turn 

for repairs. "Vibration on one of the gas circulators necessitated 

a shut-down followed by a period of operation at low output. 

Oldbury (4), (6), (21) 

During initial testing of the prestressed concrete pressure 

vessels, coolant gas leakage was found to occur through the thermal 

insulation inside the vessels. This caused considerable,delays 

while modifications were made to the insulation. There has been 

no subsequent trouble in this respect. 

Late in the' commissioning of Reactor 2, in January 1968, it 

was found that one of the control rods did not move freely at full 

operating, temperature. Determination of the cause of the trouble 

required entry into.the pressure vessel when it was found that some 

jacks used in construction had not been removed. Although significant 

irradiation of the fuel had occurred, the removal of the jacks 

(necessitating further entries into the vessel) was accomplished 

successfully with radiation doses to all personnel involved well 

below the established limits. 

ÏTo recent information on operating experience is available. ; 

WAGR (16), (17), (33), (34) ' 

The experimental prototype advanced gas-coóled reactor at 

Windscale was designed primarily to demonstrate the technology of 

this reactor type and to permit testing and'proving of specific 

developments under full operating conditions. Thus, in addition:to 

carrying out the experimental ...programme, considerable importance has 

been, attached to the achieving of high availability and capacity 
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factors. Of the 2 5 l o s s of potential electrical output, over dfo 
is due directly to experiments. The not electrical output has Ъееп 
raised from the design value of 27 MWe to about 34 MWb. 

Immediately after achieving full power in January 1963, it 
was found that the stainless steel.sheet retaining high temperature 
insulation in one of the hot gas ducts had become detached. All 
four ducts were re-clad with stronger material and the reactor 
returned to power by mid-February. 

Some corrosion problems have arisen, the most important being 
corrosion of the steel superheater tubes at operating temperatures 
and moisture contents.. This was overcome by alterations to the 
pipework connections. A second corrosion problem concerned rai'ld 
steel parts of the gag mechanisms for adjusting channel gas flow. 
This was solved by using stainless steel in place of the mild steel 
and by other steps to prevent hot gas reaching the components. 

,A number of failures of components have occurred due to vibra-
tion but all have been overcome without serious loss of output. 

The on--load refuelling machine has operated very satisfactorily 
and reliably. 

Peach Bottom (4), (21) 
This plant is an experimental prototype for the high temperature 

gas-cooled reactor system using prismatic fuel elements. It has, on 
the whole, demonstrated the new technology very satisfactorily but 
has suffered some m^jor outages due to specific design features s of 
.the plant. 

When the plant was first operated at power in 'January 1967? ^ 
was found that internal gas flow bypassing and high shell temperatures 
occurred in the steam generators. The problem was overcome by fitting 
internal baffling and an external cooling system. Further repairs 
and modifications to steam generators were required in September I967 
and early 1968a 
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A number of minor water and steam leaks have occurred within N 
the containment. These have contributed signif ica,ntly to outage 
time mainly because there is a nitrogen.atmosphere within the con-
tainment and access is restricted on safety.grounds. Radiation 
levels throughout the containment arej however, very low. 

Primary circuit activity has always ,been orders of magnitude 
below^ the design value of 4200 Ci. A sudden increase from 0.3 to 
4 Ci in January I968 led to a shut-down for investigation. This 
showed that one fuel element was not being properly purged. In the 
course of work prior to its removal, another fuel element was dropped 
into the reactor and broke. The pieces were successfully recovered 
and, using modified equipment5 the initial faulty element was removed 
without difficulty. Examination showed a crack in the graphite sleeve. 

After operation ^as resumed in May 1968, primary circuit activity 
again increased in steps to about 35 Ci. The plant was shut down 
.in October 1968 for inspection of core components and replacement 
of eleven failed fuel elements.. It was started up again in February 
19'69. The cause of the cracking of fuel element sleeves is specific 
to the design of fuel element used, in this reactor. 

Although helium leakage is higher than the design value, it 
presents no operational or safety problem and it is not considered 
economically justified to locate.the contributing small leaks. 

AVR (5), (21) 
The Arbeitsgemeinschaft Versuchsreaktor is an experimental 

prototype for high temperature gas-cooled reactors using the pebble-
bed concept. As with Peach Bottom, the reactor has successfully 
demonstrated the essential technology although some troubles have 
arisen with components related to the original fission-product-emitting 
fuel concept which would not be repeated in future plants. 

After first criticality in August I966, zero-power experiments 
wer.e made in air*. Following completion of the helium circuits in 
I967, the primary circuit was charged with helium and criticality 
attained in September 1967« Further zero-power experiments were per-
formed and -then power was gradually raised with more experiments being 
performed. 



A factor in the power-rise was the large amount of water, 
carhon dioxide and carbon monoxide released, during heating, by 
the carbon stone used in the core structure;, These gaseous impuri-
ties had to be removed in stages by the gas-purifiсation plant 
whose capacity was matched to equilibrium conditions. 

Initial troubles due to friction of the shut-down rods in their 
guide rails were overcome by the use of roller bearings and molybdenum 
sulphide as a dry lubricant. 

Diaphragm compressors have been a significant cause of outages, 
aggravated by the fact that they are not accessible for maintenance 
or repair with the reactor at power. 

Apart from minor teething troubles, the fuel handling system 
has operated satisfactorily, as have most other components. 

The overall beta activity of the primary circuit at two-thirds 
power was about 500 Ci, most of which was due to uranium contamination 
of the fuel spheres during manufacture. 

Helium leakage was estimated from initial experience to be 
about one complete charge per year, / 
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3.2 PRESSURIZED "WATER REACTORS 

General ( 7 ) , (27), (-35) ,(¿3). . 

Nuclear power plants using pressurized water reactors г " 
have-, accumulated: over 50-reactor-years' operating experience 
with a total gross electrical generation to.31 December 1968 
of ahout 35 X 10^ kWh. (These figures include the contribution 
of the Saxton experimental reactor-which is not discussed in . 
,this -report)» 1 

. BR3 and ./Shippingport have important experimental and 
developmental roles as do, to a 'lesser extent, Yankee, Indian 
Point-1 and Novo Voroñezh-l.5 the other plants were built 

purely as commercial generating stations. High availability 

has been achieved on several Of the plants after initial 

difficulties?•others have suffered serious outages but the 

reasons are understood'and appropriate corrective steps are 

in progress,! (See under .. Trino Vercellese and SENA Ghooz ). 

Experience with the uranium dioxide fuel.has been very 

good with very few.failures. Both stainless steel and Zircaloy 

were used initially as cladding material but Zi'rcaloy is how 

standard. Average.fuel irradiations have been increased from 

about 10,000 MWd/t to 30,000 MWd/t.T Experience has shown 'that 

no elaborate.failed fuel, element detection system is required. 

Refuelling is carried out off-load in conjunction with, 

maintenance and inspection. -Refuelling times have., been reduced 

from over 100 days in some early cases to some 35 days or less^ 

times of about 20 days are expected on future plants. 

The most important improvements have been in. core perfor--. 

m'ance, the use of-chemical shim and rod cluster control and 

optimisation of fuel management'schemes.' 

Shippi'nCTort (8), (36), (37), (38) 

The Shippingport Project is essentially an experimental 

plant on an industrial scale to develop and advance the technology 

: of pressurized water reactors. The original output was 60 lie (net) 
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but modifications in I 964 and 1965 increased the steam 
generating capacity to the equivalent of I50 -MWe$ the actual 
electrical output is limited by the turbo-generator to 90 MWe(net) 
the remainder of the steam being dumped to a condenser. Very 
. high availability factors have been achieved, in' several of the 
later years of operation. The plant has operated well 'under 
both base-load and•peak-load conditions. 

The fuel charge consists of seed and blanket elements, 
/ 

the former being replaced more frequently. The refuelling time 
for the first three seed changes -was 133? 46 and 32 days respec-
tively. The plant was shut down during almost all of .1964 and 
early 1965 for core replacement 1 and the modifications referred 
' to above. 

Most of the equipment: failures or., deficiencies affecting 
•output occurred early in the. plant life and were corrected by 
modifications or replacement.:- They included? 

(i) Failure of main; coolant pumps ,-1 , 
(ii) Steam blanketing and primary to secondary leakage in 

the heat exchangers ' ••• 
(iii) Governor valves and the interstage moisture separator 

of the main turbine .generator. ' •..•'. 
.-, (iv) Tube leaks in the feedwater heaters. ••:•.. 

Yankee (8), (24), (27), (37), (39), (40) 

The. design,net electrical output was. 134 MWe but the output 
was raised in steps to 175 W e . in December-1963. The reactor 
availability, excluding refuelling, exceeded 90$ for ea,ch. of 
the years I 9 6 I to 1967. ...The refuelling times varied from 125 

days in .1962 to 34 days in I 966 . With each core, after the 
control rods had reached- the'fully-withdrawn position, the 
reactor was operated at gradually reduced power and temperature 
to extend the core-life. 

.The first refuelling shut-down was long as a result"of 
contamination of the refuelling cavity liner, the need to replace 
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all of the control rod. followers, and. other troubles. The 

second was - also prolonged because of the nèed to replace the 

control rod absorber sections. Modifications to the new rods 

were required before start-up. : . 

Before the 1965 refuelling it was decided to unload the 

whole core and remove the reactor internal structure to permit 

thorough inspection and recovery of metal debris which was 

known to exist inside the vessel. It was found that, as a result 

of hydraulically-induced vibrations, several bolts joining the 

sections of the thermal shield had broken and the sections had 

moved apart. Clamping devices to secure the sections were 

designed, made and installed. Some of the heavier parts, of 

debris had caused abrasion of the stainless steel lining in 

the lower vessel head, exposing the base metal. Thorough 

investigations were made to ensure that no serious effects 

would ensue before making the reactor ready for start-up. During 

the I968 shut-down, a similar thorough inspection showed that 

the shield clamps were holding very satisfactorily and that the 

rate of penetration of the base metal was acceptably low. 

The remaining major cause of outages has. been the occurrence 

of primary to secondary leaks in the heat exchangers. Slight 

leaks began early in 1966 and increased so much in one loop at 

the end of the year that it had to be isolated. Two of the heat 

exchangers Were repaired at a shut down in March 196? and the 

other two in July. There has been no recurrence of this trouble. 

Indian Point - 1 (8), (23), (27), (37)/ (38) 

Special features of this plant are the use of two oil-fired 

superheaters contributing over 100 Mffe. and the use of mixed-., 

uranium and thorium oxide fuel in the first core. The latter 

was replaced by a slightly enriched uranium oxide core in 19б5/66 
with a 10 MWë increase in net electrical output. 

In the power-raising phase there were found to be defi-
ciencies in the conventional plant which prevented the use of the 
second superheater. These were corrected by pipework changes in 
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a six-weeks outage at the end of 1962. .-.:". 

During early testing it was realised'that- some items' in 
the control system för the; oontröl^-rod drives would require 
redesigning. These changes were completed during 1963 and 
eliminated the troubles which, had-arisen•such as false reactor 
trips. " ''•••• 

Faults -Occurred with gaskets and a bearing of primary' coolant 
pumps during 1963 and 1964° 

Leaks, developed in the sphere canal and..upper transfer 
pools' within the containment. It was decided to install" a 
stainless .steel lining; and this required a lengthy' shut down in 
1964. 

There have been a number' of relatively short outages to 
repair boiler tube leaks. A crack was -found in a main steam 
lead at therend of 196З -and-necessitated-a-shut-down.-for-'repairs. 

"Recurring failures-have occurred--with pumps supplying seal 
water for the control rod "'drives and make-up water for the primary 
coolant system. Earl y '-modifications-- failed to cure the trouble. 

Novo Voronezh - 1 (7), (l4)9'(l5b (27) 

The net output has recently been officially quoted as 195 MWe, 
the design value, although elsewhere It has been stated that the 
gross output had been increased from 210 to 240 MWe. 

The station has proved very reliable in operation but no 
details of component behaviour are available.' Three partial 
refuellings have been performed at approximately yearly intervals, 
one-third of the core being replaced oa-each'occasion.- Refuelling 
has been accomplished in -21 days: (power-to-power):; The average 
irradiation of discharged fuel-.'has reached nearly •:. 14,000. MWd/t 
compared with the design value, of 10,000 -- .1.1 ,,000 MWd/1. • 

Trino Vero oll ese ( 4 ) , ( 7 ) , (ЗС) , <3l)f, (40). • --'" ;'••"•' 

"'; The station was originally designed' for an output of 186 MWe 
"but än increase in fuel rating at a late stage in design led to 
'the decision to add a second turbine unit." ¡ : . . 
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This was commissioned during a shut down in 1965 after the 
plant had operated for about a year with the first unit only. 

Early troubles were experienced with condenser tube 
failures caused by the cooling water supply. Faulty tubes were 
replaced by stainless steel ones during the 1965 shut down and 
an automatic condenser cleaning system was installed at a 
two-months' shut-down in 1966. During the latter shut-down, 
relief valves were also installed in the main steam piping as 
required by the licensing authori-ty. . 

The other major initial difficulty arose in the regulation 
of the control rods as a result of defects in the associated 
electrical controls. These were corrected during the 1965 shut-
down. 

The plant was shut down at the end of April 1967 for the 
first refuelling and inspection. It was found that the thermal 
shield segments had separated with one segment resting against 
the core barrel 5.vibration of the segment against the barrel had 
caused the fatigue failure of barrel bolts holding the upper core 
barrel to the main core barrel. Lengthy investigations showed 
the cause of the troubles to be unbalanced fluctuating and static 
pressures in the annuli between the shield and the core barrel 
and between the shield and the reactor vessel. The proposed 
solution is reported to be the elimination of thé thermal shield 
and the removal of eight corner fuel assemblies to reduce the 
irradiation of the pressure vessel, together with replacement of 
the stainless steel core barrel bolts by Inconel - 750 bolts. It 
may be late I969 till the reactor is back at power. 

Ш Л (7) ? (8), (9), ( 1 0 ) , (39). 

This small reactor was designed first as a normal PWR and 
served as a prototype and training ground for personnel as well as 
supplying electricity to the grid. Extensive tests were performed 
before the plant began routine power operation in 196З. During an 
extended shut down- in 196З, the configuration of fuel assemblies 
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within the' core was altered to increase available reactivity 
for testing purposes. Some comparatively minor troubles included 
leaking safety valves on the pressurizer- and in the purification 
loops slipping of control rods^ failure of circulating and charging 
pumps for re-injecting purification water into the main coolant 
loop. The availability for 1963 was 83%5 excluding refuelling, 
and for 1964 was 98.5Í° UP to 1 August when the plant was shut 
down for modification to a variable-moderated PWR using a mixture • 
of light and heavy water. 

The modified plant was ready for commissioning in April 1965» 
Tests continued until 13 November 1966 when heavy water was first, 
introduced. Operation under the new system ha.s been very satis-
factory. the target peak burn-up of 40,000 MWd/t being attained 
in April 1968 after which the plant was subjected to experimental 
conditions including power-cycling. Only minor faults occurred 
in the period up to April 1968; details of subsequent operation 
are not available. 

SERA Chooz (4), (7), (40) 

The plant supplies power to the grids of Prance and Belgium. 
It has suffered' a number of serious operating troubles. The maxi-
mum output achieved so far is 237 MWe (net). 

In initial'operation some bolts in the primary coolant pumps 
were found to be defective and had to be replaced. Several lengthy 
outages occurred during 1967 mainly due to turbine failures. 

In January 1968 it was discovered, during a shut-down, that 
extensive damage had occurred from the same cause as at Trino 
Vercellese. Although the segments of the thermal shield had 
been clamped by the method used at Yankee, the shield had 
apparently vibrated as a single cylinder. The supports' were worn 
and core barrel bolts broken.- considerable amounts of metal debris 
had been carried into the heat exchangers. Proposed modifications 
to remedy the troublé are reported to be similar to those for 
Trino Vercellese with the addition of repairs to the.heat exchangers. 
The plant may not be at power again until late in 1969« 
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Notes-' Pre-criticaiity -flow tests on the Obrigheim plant... 
(which has a similar design of internal reactor structure) showed 
that the thermal shield vibrated ön its supports às a single 
cylinder. Steps were taken to ëliminate the trouble. . 

Later PWRs (from San Onofre. onwards) have the thermal shield, 
permanently fixed to a welded core barrel and no vibration troubles 
are expected. This is borne out'by experience so far. 

San Onofre (4)? (24) 

This is the first of the large "second generation". PWRs to 
go into commercial operation. Several outages liave impaired the 
.performance of the plant in the early stages of operation. The 
operating licence initially limited the output to 385. MWe (net), 
power testing to the design value having been delayed because of 
a discrepancy, in the measurement of the flow through the reactor. 

Just after thé unit had been synchronised to the system'for 
the first time in July 1-967? a low pressure, turbine failure o'ccured 
during turbine overspeed testing. Investigation showed damage to a 
considerable number of blades. After replacement of damaged blades, 
the reactor was started up again in September 1967« 

In February 1968, a two-weeks outage, was caused by a fire 
.adjacent to one of the containment sphere electrical penetrations. 
A second fire in a.cable tray occurred in March and was followed 
by Investigations to determine the exact cause and by repairs and 
modifications. During the. six-months outage for this work^ other 
plant items were inspected and modified. There was found to be 
significant erosion damage to the turbine caused by leakage of • 
saturated steam at the main turbine casing joint. 

Output figures indicate more satisfactory operation since 
October. 

Connecticut Yankee ( 4 ) , .(24), (39). 

The plant design is very similar to that of San Onofre but 
with four primary loops instead of three. The secondary plant has. 
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a capacity corresponding to 6.00 W e and output is expected to 
reach., this value in the near future. 

During the power-raising phase, cracks caused by vibration 
occurred in the main steam pipework, drain pipework and support 
brackets welded to the main line. Investigations showed that 
the turbine control valves were the source of the vibration and 
accompanying- noise. Temporary remedial measures were taken 
which allowed full power operation. 

After a short period of operation, there was found to be 
damage to the moisture separating mesh and its supporting 
structure in the moisture separator / reheater units. Similar 
damage had occurred on the San.Onofre plant and modifications 
were made on both plants which apparently successfully eliminated 
the fault. 

After two months' commercial operation, the plant was shut 
down for various modifications and alterations, principally to 
the turbine control valves to give a permanent solution to the 
earlier problem with them. During start-up, steam leaks were, 
discovered at several points of the main flange of the high 
pressure turbine casing. It proved necessary to make modifications 
to the upper and lower halves of the casing. 

The unit was returned to service on 19 April and has 
apparently operated Very satisfactorily since that time. 
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3°3 Boiling Water Reactors 

General (4) s (27) s (35 У, (43), (44)- ' ' 
Nuclear power-[plants using boiling water reactors have accumulated 

nearly 90 reactor years' operating experience and a gross electrical 
9 j, 

generation to 31 December 1968 of over 20 x 10 kWh. (These figures 
include the contributions of plants î hich have been shut down and are 
not discussed, here - Bonus,, Pathfinder, Vallecitos BWR, E BIffi, EVESR, 
and Borax 2,3>4 and 5)* 

Por Big Rock Point, JPDR and VK-50, the experimental or develop-
mental role has been of primary importance while for Dresden 1, Kahl, 
Humboldt Bay and Elk River it has been of lesser importance but still 
significant5 the other plants were built purely as commercial stations. 
High availabilities have been achieved in general after the solution of 
early problems» 

Of the four basic cycles which are possible for BWRs - natural 
circulation with single or indirect cycle and forced circulation with 
dual or single cycle - all are represented among the plants in operation. 
Experience indicated that feeding steam produced in the reactor directly 
to the turbine caused no particular problems. As a. result, all future 
large BWRs will-use the forced circulation, single cycle with the natural 
circulation, single cycle available for plants úp to about 100 MWe. 

Stainless steel cladding of the uranium dioxide fuel was used in 
the early years but problems arose due to intergranular corrosion cracking. 
Experience with Zircaloy cladding, on the other hand, has been very 
satisfactory and this cladding is now standard. The relatively few 
failures which have occurred have shown no deterioration under prolonged 
operation. Consequently, elaborate equipment for failed fuel detection 
and location is.not required. The target burn-up has been increased 
from about 10,000 to 27,500. MWd/t. 

As with PWRs, partial refuelling is done off-load about once per 
year in conjunction with maintenance and inspection. Refuelling shut-
downs have been reduced from over 100 days to some 30-40 days. For 
future plants refuelling periods are expected to be 10-20 days depending 
on the extent of the refuelling. 
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¿mong the main developments have "been improvements in core 

,...design and- performance, and the application of internal steam separation, 

pressure, suppression containment and jet pumps о - . 

Mention should be made of problems which ..arose at a late stage 
of construction at Oyster Creek and Tarapur» Inspection rsvealed 
localised intergranular cracking of stub-tube welds- at the bottom of 
the reactor pressure vessel at Oyster Creek in November 196?, and later 
on. both vessels at Tara,pur. The cause .was reported to be stress-assisted 
corrosion» At Tarapur the trouble .extended, to the steam generator tubing. 
Remedial .measures and checking accounted for a delay of some twelve 
months at Oyster Cre^k and about -six months at Tarapur» All the components 
affected were of stainless steel, - this.is replaced by Inconel on future 
plants and no repetition of the trouble is expected. 

Dresden - 1 (24), (27), (37) 

Dresden-1 was the first commercial plant of its type and has 
furnished much of the experience on which improvements for later stations 
have been based» It uses a forced circulation, dual cycle. .The full 
power output was initially 192 MWe (gross) and was increased to 210. MWe 
in 1962» Reactor availability has exceeded 80<f0 for several of the 
operating yearss plant capacity factor has been influenced by system 
requirements as well as by plant performan.ee. The unit has demonstrated 
flexibility in accommodating load changes. 

In November i960, after a few months' operation, defects were 
found in the control red drive system. The reactor tira.s shut down and 
the whole core unldaded to facilitate repairs. Inspection also .revealed 
defects in the control rod blades. Following' modifications to the 
control-rod drive system and replacement of all blades,- the plant was 
returned to service in June I96I0 Subsequent checking of the control rod 
drives at intervals has shown them to be satisfactory. 

Other forced outages have been relatively few and total little 
over 10.00 hours с They have been mainly due to troubles in the turbine 
system - steam piping leaks and problems with the oil and condensate 
system. : ' ' 
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The main contributors to loss of-output since I96I have been , 
refuelling and maintenance and. inspection. There have been five shut- ; 
downs for these purposes in lÇ'2/з 19'4 -, 1965-, 1967 and I96S taking • . < 
•120f 59? 62, I36 and about 120 days respectively. Refuelling itself 
(20v¡o or 40̂ 0'of the core) takes about 40 days on average. The extended 

shut-downs were due mainly to installing a stainless steel liner in the ! 

reactor canal (-1962/3)? major metallurgical inspection after seven ; 

years operation (1967) ; overhaul of half the control rod drives, 

cleaning of fuel assemblies and continuation of metallurgical inspection 

( I96 0 )« These inspections have shown the plant to be in --ery satisfactory ¡ 

conditionV ! 

Kahl VAK (7).(3).. - , , 

This small unit with a natural circulation, indirect cycle, has 

provided experience and training for subsequent larger plants. A certain ¡ 

amount of experimental work has been carried out but the plant has in 

.general been operated as a base-load unit. Availability has been very 
i 

satisfactory. 

The longest shut-down has been the scheduled outage from April 1 

to October 1963 for installation of a nuclear superheating loop. The . • 1 • 

other main outages have been- for refuelling and inspection. The total 

outage time for refuelling., inspection of control rods and rod drives ; 

and measurements amounts to some 20 days per year. - , 1 

Some troubles with the turbine -and with thé control rod drive 

system were experienced in the early years of operation. Modifications 

to overcome these problems have apparently been successful. 

Big Rock Point (24), (25), (27); (37) 

The plant was built to serve as a research and development' 

facility for high-power-density cores (up to an average of 60 kw/l) 

and'as a utility generating station.' It has a forced circulation, direct cycle 

The net electrical output was increased from 4З to 70 MWe in 1964 following 
an,increase in the core loading. The availability has been affected to 
a considerable extent by the R. & D. programme and by one major outage 
referred to below« 
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At an early stage of operation the probier, arose óf loss of 
cap screws from one of the fuel support-tube-and-channel assemblies» 
Modifications were made but the trouble recurred and investigation 
showed the cause to be flow-induced vibration as a result of direct 
impingement of the coolant on the support tubes,, Modifications were 
then made to the coolant, inlet flow baffle which, successfully solved 
the problem. About a year later., in September .1964, inspection during 
an outage revealed that several thermal shield holddown studs had 
failed. The cause was eventually found to be vibration of the 
thermal shield. Modifications to the thermal shield support,system 
and installation of a new thermal shield annular seal were completed 
in September I965» No further trouble has occurred» 

Availability of the conventional equipment has been very high; 
the only failure of note being that of the tube material in a 
feedwater heater* 

Síaboldrtjaar "(24), (25) j (27), (37), 

The unit has a direct cycle, natural circulation reactor and 
was the first to use pressure suppression containment. The net 
electrical output was originally 50 Ш е and this was increased to 
63 MWe on 1 January 1968. The plant has a very good record of 
availability and has had no major equipment problems. 

Early problems arose with steam leakage past the inner 0-ring 
of the reactor vessel head closure, inadequate dry well.air cooling 
and steam leaks in the•horizontal joint of the high pressure turbine 
Casing. The leakage past the 0-ring was successfully eliminated 
by modifying the sealing surface after earlier measures had proved 
ineffective. Additional cooling of the dry well was installed which 
improved the situation but further capacity had to be provided at 
a later stage to give a completely satisfactory t-olution. The 
turbine leakage was corrected by minor modifications. 

Scheduled outages up to April 1968 totalled little over 200 days; 
mostly for refuelling, maintenance and inspection* Forced outages-
have averaged under 1 <f0. • • 
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The original fuel was stainless steel clad which did not prove • 
satisfactory. Optimisation considerations with this fuel were 
responsible for the low plant capacity factor in 1966 and also affected 
output in 1965 and 1967« Problems with this fuel also delayed the 
increase in output which had been authorized in 1965« Essentially 
all fuel had been replaced by Zircaloy clad elements by October 1967= 

JFDR (13), (41) 

The Japan Power Demonstration Reactorг which USGS cL natural 
circulation, single cycle, has been used largely for experimental and 
training purposes in addition to electricity generation» Operation 
of the plant has in general been satisfactory. Among the faults have 
been s 

(i) Damage to the seal of a control rod in March 1964 
necessitating an outage for repair and subsequent adjustment. 

(ii) Sea-water leakage in the steam condenser in April 1966. 

(iii) A hair-crack in the lid of the pressure vessel which 
was repaired in August/September 1966. 

Detailed plans have been formulated for doubling the 
thermal output and power density of the reactor, by means of more 
advanced fuel and various plant modifications including forced 
circulation of the coolant. As a preliminary to these modifications 
the plant v/äs shut down in May 1968 for a thorough inspection of the 
pressure vessel by non-destructive techniques. This was completed in 
December and the results are being analysed. It is reported that 
cracks were found inside the pressure vessel cladding. A decision 
is expected soon on whether the modifications should proceed. 

Elk River. (25 ), (42) 

This unit has a natural circulation; indirect cycle, and a-
coal-fired superheater contributing some б Ше» The fuel is uranium 
and thorium oxide clad in boron-stainless steel. 

Following the initial tests of the primary system in April 19б1; 
cracks were found in the stainless steel cladding of the pressure 
vessel. 1 The testing and repairs programme was completed in April 1962 
and the vessel was approved for service subject to certain restrictions. 
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.oscillation' due. to.. feedwater.pulsation was. encountered 
during power-raising, in. August ..l̂ ;,3,. ..This was . temporarily- .-overcome Ъу 
operational procedures and. pipework. modifications were made during, a 
3 1/2. months shut-down in 1964. Flow.pulsations occured again hut were 
less serious and did not require corrective action. 

Failure of one of three holts connecting the emergency spray-ring 
to its inlet pipe occurred in 1964 due to stress corrosion; there was 
also found to he loss of ductility of the central control rod. The 
defective items were replaced at a special shut-down. There has also 
been trouble with evaporator leales and 60 tubes have been plugged. 

The reactor was shut dora in February I968 because of contractual 
problems. Subsequently tests showed there was leakage from the primary' 
system. Location of the leak source and repair work has been in 
progress. The reactor is not yet back in operation. 

. Garigliano ( 7 ) , ( 3 0 ) , ( 3 1 ) . . 

This plant has a forced circulation; dual cycle. Operation has., 
in general been satisfactory and availability high except for a seven 
months outage In 196$/б refered tö below. 

During maintenance in I965 a leak was discovered in one of the two 
reactor drain pipess located between the control rod drive extensions. 
In the course of,the repairs it was found that the lower pipe for 
emergency poison injection had broken in pieces as the result of failure 
Of one of the securing brackets. The pieces were all recovered and 
repairs effected/ 

During the first period of operation it had been observed that 
the core pressure drop was increasing and finally this was serious enough 
to limit the reactor power-. Inspection after the shutdown for 
maintenance showed that deposits had built up around'the support grids 
at the bottom of each fuel assembly. All the fuel elements were 
removed and cleaned. The deposits appeared to be due ,.to the high 
copper content of pipes in the feedwater heaters and replacement,of 
these pipes has eliminated the trouble., 



The performance of the conventional equipment has been very good. 
There was early trouble with hair-cracks oh. some turbine blades-
Modifications to solve the problem were apparently successful. 

' / 

V K - 5 0 ( 1 4 ) ; (15) 

This natural circulation reactor was designed as an experimental 
power facility for testing the boiling water concept under a wide range 
of operating conditions. The reactor has been operated so far with 
only the small (boiling) core giving an output, initially, of 30-35 MWev-
the original intention of adding nuclear superheat channels to the 
core periphery having reportedly been abandoned. However-,; experience 
has indicated the possibility of increasing the output from the. small .. 
"core to about 60 Щ е by means of a number of small modifications, 
principally involving the fuel elements. It is,reported that these 
changes were .to be implemented at the first refuelling in June 1968. 

No further details are available. 

Gundremmingen KRB ( 4 ) ; (5), (7) 

The reactor has a forced circulation, dual cycle. Shortly after 
commercial operation began, ..a secondary.steam relief line failed causing 
a considerable release of water and steam. The plant resumed operation 
after an outage of about a month for repairs. It was shut d°wn again 
from July, to September for modifications to ensure a higher degree of 
safety in the event of a steam-line break outside the containment. 

During 196З there were three outages and a period of operation . 
at slightly reduced power due to turbine troubles. Broken blades 
were found on each occasion in the low-pressure stage of•the turbine. , 
The trouble was apparently due to vibration of the shaft on its bearings 
but it is not known whether the cause of the vibration itself, hag: yet 
been determined. 



- 34 -. 

3.4 Heavy-Water-Moderated Reactors 

General (l), ( 9 ) , (45) 

Nuclear power plants using reactors moderated by heavy 
water have accumulated nearly 30 reactor-years' operating 
experience and a gross electrical generation to 31 December 
1965 of nearly .3 x 109 kWh. (These figures include the 
contribution of the Carolinas-Virginia Tube Reactor which was 
shut down in 1 9 6 7 ) . 

Of the reactors in operation, only Douglas Point was 
built as a commercial station, the others being either experi-
mental or prototype-plants. There are considerable differences 
in the basic design of the plants. Thus, four are cooled by 
heavy water (two of these using pressure tubes and two using 
pressure vessels), one by boiling light water, and two by 
carbon dioxide. 

All except Lucens use uranium dioxide fuel, with Zircaloy 
cladding except in EL 4 and Luoens. The fuel is natural in 
the heavy-water-cooled reactors and slightly enriched in the 
others.. The design burn-up varies from 3000 MWd/1 for Lucens 
•to .21000 MWd/1 for SGHWR. There is provision for on-load : 

refuelling at all except Agesta and Lucens. ••'•••• : 

High availabilities have been achievéd at EPD and, between 
refuelling periods, at Agesta while1 the record of SGMR in its 
first year of operation was very satisfactory. The other plants 
have suffered serious outages from early troubles but, in general, 
the faults, have been or aré being, corrected. 

NPD (9)? (11), (27) 

The Nuclear Power Demonstration reactor uses natural uranium 
dioxide fuel clad in .Zircaloy and has a pressure-tube construction 
and on-load refuelling. The gross output was increased from 
22 to 25 MWe during 1966 following installation of an internal 
steam separator in the turbine. However, because of erosion 
problems in the high pressure stages of the turbine, the output 
was reduced again to 22 MWe until 1967 when new chrome steel 
diaphragms were fitted in the turbine. Operation has been 
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divided, into two modes s improvement / test periods with 
emphasis on development and training! and demonstration runs 
aimed at high capacity factors. Up to September 1$б7 there 
had'been 9 demonstration runs varying in length from 6 weeks 
to 1 year with' the Capacity factor achieved varying from 70 % 
to lOO fo. 

The relatively poor steam conditions led to a number of 
early troubles with the emergency stop valves and the governor 
valves on the turbine and to the more serious erosion problems already 
referred to. These have been overcome by a series of modifications. 

i Fuel performance has been very satisfactory with no failures 
other than"four assemblies damaged by the fuel handling equipment. 
•The design burn-up of about 7000 MWd/t has been successfully 
exceeded in a number of assemblies. The refuelling machines 
have been one of the major sources of trouble but. on-load 
refuelling has been successfully accomplished. 

The other major problem has been losses and down-grading 
of heavy water. Conversion of the reactor vault and boilër 
room to "dry" systems has been an important factor in achieving 
acceptable loss rates. 

In June 1968 , the. reactor was shut down, for about three 
months for conversion from pressurized to boiling heavy-water 
cooling. Output and steam conditions.are unaffected. 

Agesta (4)5 ( 5 ) , (7), (9)? (27) 

This plant is of the pressure-vessel type and supplies thermal 
power for district heating as well as electricity. It is shut 
down for about three months each summer, in accordance vd/th load 
requirements, when fuel changing and maintenance is done. The 
reactor has been used to a considerable extent for fuel testing. 
Availability between shút-downs has been generally high - 84$ and 
92% in Í965/6 and 1966/7 respectively. 

After the 1964 summer shut-down a substantial leakage of 
heavy water to the reactor vessel head was discovered. This 
proved to be caused by leaks in three of the eleven inspection 
pipes penetrating the lid. Modifications took about 115 days 
because of poor acccessibility. 
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Heavy water leakage was also found on one of the four 

primary circulating pumps due to a faulty soldered joint. Each 
pump was modified in turn during the spring and summer of 1965. 

At this same time, and subsequently, shut-downs occurred 
as a result of individual control rods slipping from their 
operating, positions. A defective control relay was found and, 
following replacement of all relay contacts, there has been no 
recurrence of the trouble. 

Apart from the incidents mentioned above, leak tightness 
of the heavy water system has been very satisfactory. 

In March 1968 failure of fuel elements was indicated by 
the control system and the reactor was immediately shut down. 
It is reported that several fuel assemblies were damaged due 
to wear between the shroud tubes and spacers and that others 
had pinhole leaks as a result of corrosion. After fuel changing 
the plant was started up again in October. 

MZFR (5)9 (7)9 (46) 

The -Mehrzweck-For schungs reak to r i s of t h e p r e s s u r e - v e s s e l 

t y p e w i t h o n - l o a d r e f u e l l i n g . 

During the power-testing phase in 1966, difficulties were 
experienced with the hydraulically—operated ••shut-o'ff'valves in 
the primary circuit, the primary • safety valves, the primary 
circulating pumps.and the bursting discs separating heavy water from 
light water in the emergency cooling system and from.boric acid 
in the emergency shut-down system. All were solved by suitable 
modifications. 

In March I967? during an on-load refuelling operation, 
the refuelling machine became detached from the pressure vessel 
releasing some 2000 kgs of heavy water as steam. (Most of this 
was subsequently recovered and up-graded.)' The reactor was . 
immediately shut down and all safety systems operated correctly. 
Investigations showed the incident to be due to a design defect 
in the hydraulic system of the fuelling machine. Investigations, 
repairs, modifications and testing took, about eight months, 
reactor operation being resumed in November 1967° 

The plant was shut down again from June to December 1968 for 
maintenance, modifications and inspection. 
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Douglas Point (9), (11)s. (47) 

The reactor is based on the NPD design with pressure-tubes 
and on-load refuelling. 

The power-raising phase initially went satisfactorily with 
only minor difficulties. At the,end of January 1967? excessive 
leakage from a primary pump seal was observed and led to a shut-
down of two months. After repairs and overhaul, operation was 
resumed in March. 

In April a serious loss of heavy water from the moderator 
system was found. Investigations indicated that the source of 
the leak was a hole in a calandria tube. The failed tube was 
identified and preparations made for its removal. It was also 
established that the hole was caused .by rubbing of the adjacent 
booster rod which had become free to rotate and vibrate after 
failure of a locking tab. The rod had worn thin areas on many 
other adjacent calandria tubes. Extensive tests indicated that 
these other tubes should stand up to all foreseeable conditions. 
during the life of the station and so need not be replaced. The 
locking tabs were all replaced by ones of a new design and 
replacement of the failed tube was successfully accomplished. 
Operation was resumed in June. ' 

Late in July there was recurrence of the trouble with 
primary pumps. A thorough investigation revealed several 
design and manufacturing defects on the primary pumps. Repairs, 
modifications and testing occupied five months. From•December 
to March 1958 the plant operated with 85i» availability, mainly 
at three-quarters of full output. After further, tests and. 
attainment, of full power in March, the plant was shut down for 
scheduled maintenance and modifications. 

It is reported that during an off-load removal of a defective 
fuel bundle in April I 969 , the refuelling machine locked on to 
the fuel channel and might take some weeks;to free. 

The heavy water leak rate has been similar to that for 
the much smaller NPD but losses were initially higher. Modifi-
cations were, made in March 1968 which would permit recovery of 
heavy water leakage to the boiler room and so reduce the losses. 
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SG3MR (9) , (45) s (48) . 

The Steam Generating Heavy Water Reactor uses pressure-
tubes with, boiling light water as the coolant and. has provision 
for on-load refuelling. There .are eight superheat channels 
which are not yet in use. The.station availability from January 
to October 1968 was 64 

Two equipment failures occured during commissioning. A 
leak arose in a superheat channel liner caused by an excess 
pressure differential during a special test. The complete channel 
tube assembly was removed and the channel connections were 
blanked off. A special booster pump seized on start-up and 
the motor had to be rewound Each incident involved only four 
days' outage. 

Since the beginning of power operation, there have been 
a number of minor outages largely due to faulty items in the 
Conventional plant, including valves, glands and drum level 
indicators. There v/ere also some difficulties initially with, 
the automatic control system and the condensate clean-up plant. 

Defects have occurred in Some of the experimental fuel 
elements which form about one-third of the present core-loading. 
These have been removed for examination. 

' EL_4 (6), (9), (12), (32) . 

' This is a prototype pressure-tube reactor using slightly 
enriched uranium dioxide clad in stainless steel and cooled by 
carbon dioxide.' Refuelling is on-load using two machines. 

During 1967 an extensive series of tests was carried out 
interspersed by shut-downs for modifications and improvements. 

A particular problem was that the heat dissipated within 
the reactor unit and around the turbo-blowers was greater than 
expected leading to restrictions' on the gás outlet temperature. 
Steps were taken to overcome this problem. 

In December I967 the plant had to be shut down because of 
cracks in the heat exchangers. Several more outages from this 
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cause occurred during 1968. Finally it was decided to replace 
all the heat exchangers hy ones of new design and the plant 
was shut down in October 1968. It is reported that the new 
heat exchangers will he delivered hy the end of September 1969-

Lucens . (4 )? ( 6 ) , (7) 

This small experimental pressure-tube gas-cooled reactor 
uses slightly-enriched uranium metal alloy fuel clad in 
magnesium-zirconium alloy and is refuelled off-load. 

An extensive series of tests were carried out during 19^7 
and early 1968 before regular power operation began in May 1968. 
There were subsequent shut-downs for testing ani modifications 
in the remainder of 1968. 

On 21 January.19б9? while operating at half-power, the 
plant was shut down;äs the result of an incident in which there 
was rupture of a pressure-tube, considerable spillage of heavy 
water and melting of at least one fuel element. Radiation levels 
were initially high within the cavern in which the reactor is 
situated. 'The initial cause and sequence of the incident are 
not yet known. 
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3.5 Graphite-Moderated, Light-Water-Cooled Reactors 
General (l), (?), (.1.5) 

Nuclear power- plants, using .graphite-moderated, light- • 
water-cooled reactors have accumulated over 70 reactor-years' 
operating experience and a gross electrical, generation to 

' 9 31 December 1968 estimated at some 30 x 10 kWh. 
Of the plants in operation, Belcyarsk -1 and -2 were 

built as industrial stations while APS is an experimental unit 
and Siberian and NPR are dual purpose (plutonium and electricity 
production). Nuclear.superheating of steam has been successfully 
achieved at Beloyarsk. 

Comparatively few details are available for the plants 
of this type. 

APS (14), Ü5), (26), (27) 
This small experimental reactor was the first to produce 

electricity from nuclear energy. It has sërvéd as the proto-
type for the industrial units at Beloyarsk, It -was initially 
operated with pressurized water as the coolant but later 
•boiling water conditions were introduced in some channels and 
then a superheating loop was added. All components are stated 
to have proved reliable in operation. 

Siberian (14), (15) 
The six reactors of this station were started up between 

1958 and I964. They were built for plutonium as well as elec-
tricity production. No details of operating experience are 
available. 

Beloyarsk -1 (7), (14), (15), (27) 
This unit is the first industrial plant to achieve nuclear 

superheating of steam. The steam conditions are such that a 
standard turbine can be used of the type installed in conventional 
power stations. The net output has recently been officially 
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reported, as 100 MWe compared with the. design figure o.f 94 MWe. 

Superheat as well as "boiling fuel elements were originally U/Mo 

alloy and fuel element temperature limits prevented the attain-

ment of ,the design steam parameters. In September 1967» "the" 

superheat elements were replaced "by ones using uranium dioxide 

and design conditions we're then., achieved. .The target average 

irradiation for the boiling elements is 4000 MWd/t and for the 

oxide superheat elements 7000 MWd/t, Fuel replacement is car-

ried out by manual operations. lío details are available of 

component behaviour. 

CTPR (Hanford) (l), (23), .(38) 

This is the largest nuclear power unit in operation at 

present. It was built for plutonium and electricity production 

and uses. .slightly enriched uranium metal fuel clad in ziroanium. 

Immediately after reaching full power there was a failure 

of a high voltage transformer which limited output to 400 M e 

until replacement of the transmission system transformers had 

been completed in May 1967. During 1968, retubing of the main 

heat exchangers was in progress which required decontamination 

of the whole primary loop system. 

• Beloyarsk -2 (7), (H), (15) 

This unit is very similar in design to Beloyarsk -1 but 

uses a slightly higher fuel enrichment and has an average target 

irradiation of 10 000 MWd/t. There are also differences in the 

circuit design and the net thermal efficiency is slightly higher. 

Proving tests at about Ï40 MWe were performed during 1968. The 

net-output has recently been officially quoted as 200 MWe compared 

with the design figure of about 188 MWe. Refuelling operations are 

done manually. БГо details of performance are available. 
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3•6 Fast Reactors 
... General 

Fast power reactors have accumulated nearly 20 reactor-
years' operating experience and a gross electrical generation 

Q 

to December 1968 .of about Q.4 x 10 kWh. The Enrico Fermi . 
plant was built as a demonstration generating stations the 
others are experimental plants. They are all forerunners .„of 
larger fast breeder prototypes. 

Ш 0-7), (27), (49) 

The Douraesy Fast Reactor was designed to . establish the 
feasibility of the fast, breeder system;-and is ,now used primarily 
as an irradiation testing facility.. The-fuel, is enriched . 
ura-nium /.molybdenum alloy with niobium cladding, •vented to 
the sodium / potassium alloy coolant. • 

..The major early problem, was the impurity level of the 
coolant which led among .other difficulties to unexpectedly .. 
high corrosion rates of the : niobium cladding. The. problem -
was solved by the.installation of. a separately-pumped cold 
trap circuit and other modifications.. 

A new design of fuel element was loaded in 1963 which 
enabled the full design power to be achieved for the first 
time. Some local surface melting of the metal fuel was found 
later but was eliminated by minor modifications to the elements. 

Early in 1965 it was discovered that some of the outer 
breeder elements were distorted or swollen as a result of 
abnormal coolant flow distribution in the region. 500 breeder 
elements were removed using special equipment during the last 
four months of 1965. 

Á steam generator element failed for the first time in 1966. 

The defective part of the tube was cut out. 
In May I967 a leak of coolant from the primary circuit 

was detected, After tests, operation was resumed in June but 
the leak rate increased and the plant was shut down at the end 
of July, The leak was located in a pipe connecting a heat 
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exchanger to : the reactor vessel and found to be due . to 
mechanical faults. The pipework was repaired and power 
operation resumed in June 1968. 

EBB - 2 (23), (38), (49) 

The Experimental Breeder Reactor No. 2 was originally-
designed as an experimental demonstration reactor arid is now 
being used as a fast flux test facility for irradiating fuels 
and materials. The fuel elements are clusters of uranium alloy 
rods clad in stainless steel with sodium bonding. 

After preliminary power runs in I964? "two control rods 
drives were found to be stuck. Investigations and corrective 
action took .four months. The cause of the trouble was a 
failure in a temporarily-installed oscillator. At the end of 
this period a pinhole leak of water to atmosphere was.discovered 
in a steam generator. Repair and testing, were completed in 
about a month. 

A number of delays and outages have occurred as a result 
of faults in the fuel handling equipment. Modifications have 
been made to improve the operation. 

The.core was increased in size during a four-months' 
shut-down early in 1967« Several other outages arose in I-967 
as a result of various difficulties including a 'reduction in 
the power coefficient óf reactivity, fission gas release from 
an experimental fuel, irradiation capsule and a. driver fuel 
element, copper in the sodium, and unexpectedly high irradiation 
swelling of blanket fuel. Subsequently various plant modifications 
and changes in procedures were made which led to a significant 
improvement in availability in 1968. 

f 
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Enrico Fermi ( 4 ) , (8), (23)? (38)s (49)• 

The Enrico Fermi plant was built as a demonstration 
fast breeder generating station. The fuel elements are 
clusters of uranium / molybdenum alloy rods clad in zirconium 
(core) or stainless steel (blanket). 

There were considerable difficulties in early stages 
when testing of the steam generators revealed tube failures 
due first to stress corrosion and later vibration. Corrective 
measures successively cured the troubles.; 

Operation at progressively higher power levels proceeded, 
according to.the.test programme, during 1966-reaching a level 
of .22 Ш е in August. There was further trouble during this period 
with sodium-to-water leaks in the -steam generators due to 
faulty seal- welds. ^ - •''•• • • 

On 5 October 1966, during a-start-up, there was an 
alarm on the fission product monitor and the plant was 
immediately shut down. Investigations and recovery operations 
have been difficult and lengthy, Two subassemblies were found 
to have melted and were eventually removed, together with 
other subassemblies,. for .examination. The cause of the incident 
was established as a. blockage of the coolant flow and during 
1968 it was found that a zirconium; sheet had torn loose from 
its position in the. sodium inlet plenum chamber and caused the 
blockage. This and five s.imilar segments of zirconium sheathing 
were recovered from the reactor at the .end of 19.68 and reactor 
clean-up operations are now In progress. 
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4. GENERAL CONCLUSIONS AND COMMENTS 

(1) Nuclear power plants, have accumulated altogether over 
460 reactor-years' operating experience, with a gross electrical 

9 
generation to 31 December .1968 of about 230 x 10 kWh. 

(2 ) The safety record of these plants has been exceptionally 
good with no instances of radiation exposure to the public 
approaching the limits laid down by licensing authorities. 
Occassional examples of improbable coincidental failures of 
equipment indicate, however, that at this stage there can be 
no general relaxation of the high level of care in design and. 
operation if this record is. to be maintained. 

(3) In general, the availability of plants' has been 
satisfactory, with an. overall tendency to improvement after 
the first one or two years of operation. 

(4) Most of the outages have been due to faults in the 
conventional parts of the plants — mainly turbinés and steam 
generators. It seems fair to ascribe this situation to the 
conventional components.' having received less concentrated 
attention than the nuclear systems. 

To a large extent, turbine troubles have arisen from the 
comparatively poor steam conditions of almost all nuclear plants 
to date. The experience gained can confidently be expected to 
lead to the elimination of such troubles in future plants pro-
ducing saturated or slightly superheated steam through improvements 
in materials and design;, other plants producing superheated steam 
(particularly advanced and high temperature gas-cooled reactors) 
can use standard, modern .turbines and this problem is by-passed. 

The troubles with steam generators have been varied but appear 
to be due essentially to an inadequate appreciation of the effects 
of the operating conditions on the materials and design arrangements 
of these components. Difficulties have been, or are being, 
overcome by the use of more suitable materials, design"changes, 
better welding techniques etc. .....•.'• 
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(5) Another "conventional" ..problem which is one of the 

main causes of lost output so far is that of vibration. On 

light-water reacto.rs this has affected particularly components 

within .the reactor vessel and, on gas-cooled reactors, the heat 

exchangers and thé gas circulators. Again, experience has led 

; .to'a clearer understanding of the problems and hence to effective 

solutions. 

(.6) The correction, of faults which involve the nuclear 

system tend to be very time-consuming because of difficulties of 

access. Experience has, however¿ shown that many tasks which 

might earlier have been considered impracticable are, in fact, 

feasible without subjecting plant personnel to radiation exposures 

in excess of the.established limits. 

(7) Experience with the fuel in commercial power reactors 

has been extremely good in general. One or two incidents have 

occurred on experimental or demonstration plants in which abnormal 

conditions have led to fuel melting. With the various types of 

fuel element, development and experience have enabled burnups to 

be increased to the point -where the limits are set not by 

metallurgical considerations but. by reactivity or, more generally, 

economic optimization.., 

(8) The record, of nuclear power plants as regards meeting 

construction schedules is not as good as might be desired. Many 

have been completed on time and on a'tight schedule but others 

have suffered serious delays for a variety of reasons. These 

include design changes required by recent experience on earlier 

plants, late delivery of components and unexpected engineering 

problems which have arisen during component- fabrication and 

construction especially of pressure vessels. Delays have also 

.arisen:, in some instances,, because of licensing difficulties. As 

in other areas, experience has pinpointed the main sources of 

trouble and.strenuous efforts.have been and are being made to 

eliminate them. Again* the increasing tendency towards duplicate 

or near-duplicate plants will make previous design and engineering 

experience more directly applicable. 
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GENERAL INFORMATION 

Graphite - Moderated Gas-Cooled Reactors 

Natura i y uranium • -..•.;••.•>.••••• •:.•... • 
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Output 

Power 
(MWe) 

Net 
thermal 
efficien-
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0' 
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tion Síty opeiafion 
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•: • \ 

Coldor Kali, UK 4 240 200í2 » Aug. 1953 May 1956 C-ct. 1956 

Chope (cross Chapeicross, UK 4 •.;>,;-. 240 200 19 - 'pet/ Nov. 1958 Feb. 1959 

G2, G3 Marcaule > France 2 84 78 March 1956 June !958 April 1959 ' /л. -
June 1962 
June 1962 

Berkeley Beîkeiey, UK 320 276 Jan. 1957 
April 1959 ' /л. -
June 1962 
June 1962 

Nov. 1962 
,Bródw«í(' Bradwell, UK • ,342/ 300 

April 1959 ' /л. -
June 1962 
June 1962 Nov. 1962 

Latino Latino,.'Italy . •V:01 о' 210 200 28.4 27 Dec.1962 Oé:cJ-1963: 
: 
June 1963 
Feb. 1964 

(3 
Feb. 1965 
Jan. 1965 

(3 
March 1965 
- ••• (3. 

Sept. 1965 
(3 

Jan. 1966 

1 Jan. 1964 
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June 1963 
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(3 
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Oé:cJ-1963: 
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(3 
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(3 
March 1965 
- ••• (3. 
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(3 
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: 
June 1963 
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(3 
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(3 
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- ••• (3. 
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- ••• (3. 
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(3 
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(3 
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- ••• (3. 
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(3 
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Oé:cJ-1963: 

: 
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Feb. 1964 
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- ••• (3. 
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(3 

March 1966 
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• w 
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Eaux., France 
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- • AV 

March 1969 

fr.richfd uranium 

WAGft Windscole. UK 41 34 27.4 ¡Nov 1953 |9 Au â . 1962 
-i ; 

18 Jan.1963 

High temperotuie 

Peach Bottom Peach Bottom, : 1 42 40 34.6 Feb. Í962 3 Mar. 1966 May 1967 V June .¡1967 
I Pa, USA 

May 1967 

AVR j jijiich, Fad. Rep. •' 1 .. 15 Í3.5 29.4 ' 1959. 26 Aug. 1966 Feb. 1968 
j of Germany 

^ Kotes for first reactor .{where' «рр И coble) '•'• 
2) • " Supplies älso 6. MWe ecjuivaiërtf in process steom 

Düte of first cohnactior. fo grid 

<r 
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GROSS; ELECTRICAL GENERATION OÙ6 leWb) 

Graphite-Moderated Gos-Cooied Reactors 

Natural uranium 

Station 1956 my 1958 1959 1960 1961 1962 1963 ;i9ó4 1965 i960 1967 1968 Total 

Colder "J 

Cbopelcross J 

G2, G3 

Berkeley 

Bradwell 

Latino 

Cht non-1 

Hunterston A 

Hmk!«y Point A 

Trawsfynydd 

Chinon » 2 

Dungene» A 

Sizewell 

Toko! Muro 

СЫпоп - 3 

Otdbuiy 

3283 

592 

3352 

520 

2157 

2465 

% 1452 

438 

2456 

4266 

1403 

-600 

3430 

1616 

345 

' ЗС 

3269 

620 

2515 

2700 

1586 

258 

2451 

4303 

2612 

1356 

3859 

2352 

827 

Ï3i 

3263 

620 

2603 

2436 

1544 

315 

2471 

4039 

3715 

•1309 

3460 

3603 
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1071 

1870 

32039 

41¿2 

13209 

15064" 

7967 

1340 

11303 

15069 

10076 

3558 

11114 

8071 

1888: 

1232 

1870 

Colder "J 

Cbopelcross J 

G2, G3 

Berkeley 

Bradwell 

Latino 

Cht non-1 
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Chinon » 2 
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Sizewell 

Toko! Muro 

СЫпоп - 3 

Otdbuiy 
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2465 
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-600 
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' ЗС 

3269 

620 

2515 

2700 

1586 

258 

2451 

4303 

2612 

1356 

3859 

2352 

827 

Ï3i 

3263 

620 

2603 
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1544 
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2471 
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7967 

1340 
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Cbopelcross J 
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Bradwell 
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Cht non-1 

Hunterston A 

Hmk!«y Point A 

Trawsfynydd 

Chinon » 2 

Dungene» A 

Sizewell 

Toko! Muro 

СЫпоп - 3 

Otdbuiy 

445 450 470 

3283 

592 

3352 

520 

2157 

2465 

% 1452 

438 

2456 

4266 

1403 

-600 

3430 

1616 

345 

' ЗС 

3269 

620 

2515 

2700 

1586 

258 

2451 

4303 

2612 

1356 

3859 

2352 

827 

Ï3i 

3263 

620 

2603 

2436 

1544 

315 

2471 

4039 

3715 

•1309 

3460 

3603 

716 

1071 

1870 

32039 

41¿2 

13209 

15064" 

7967 

1340 

11303 

15069 

10076 

3558 

11114 

8071 

1888: 

1232 

1870 

Colder "J 

Cbopelcross J 

G2, G3 

Berkeley 

Bradwell 

Latino 

Cht non-1 

Hunterston A 

Hmk!«y Point A 

Trawsfynydd 

Chinon » 2 

Dungene» A 

Sizewell 

Toko! Muro 

СЫпоп - 3 

Otdbuiy 

7Л/Л 

3352 

520 

2157 

2465 

% 1452 

438 

2456 

4266 

1403 

-600 

3430 

1616 

345 

' ЗС 

3269 

620 

2515 

2700 

1586 

258 

2451 

4303 

2612 

1356 

3859 

2352 

827 

Ï3i 

3263 

620 

2603 

2436 

1544 

315 

2471 

4039 

3715 

•1309 

3460 

3603 

716 

1071 

1870 

32039 

41¿2 

13209 

15064" 

7967 

1340 

11303 

15069 

10076 

3558 

11114 

8071 

1888: 

1232 

1870 

Colder "J 

Cbopelcross J 

G2, G3 

Berkeley 

Bradwell 

Latino 

Cht non-1 

Hunterston A 

Hmk!«y Point A 

Trawsfynydd 

Chinon » 2 

Dungene» A 

Sizewell 

Toko! Muro 

СЫпоп - 3 

Otdbuiy 

322 

8 

/ 

1544 

168 

1366 

1519 

153 

2559 

2441 

2346 

-зоо 

365 

3352 

520 

2157 

2465 

% 1452 

438 

2456 

4266 

1403 

-600 

3430 

1616 

345 

' ЗС 

3269 

620 

2515 

2700 

1586 

258 

2451 

4303 

2612 

1356 

3859 

2352 

827 

Ï3i 

3263 

620 

2603 

2436 

1544 

315 

2471 

4039 

3715 

•1309 

3460 

3603 

716 

1071 

1870 

32039 

41¿2 

13209 

15064" 

7967 

1340 

11303 

15069 

10076 

3558 

11114 

8071 

1888: 

1232 

1870 

Enriched Cranium 

WAGR j j * j—<537—! J 233 251 219 1340 

High temperature 

Peoch Bottom 

AVR 
• 

166 

1 

148 

42 

313 

43 



Tobte , 3 

HUNT CAPACITY- FACTOR {%) 

Graph ite-Moderaíeci Gcs-CooSed Reactors 

Noturc! uranium 

Stetten 1956 
1 

,1957 j ]9SB 195? i960 1961 1962 1963 1964 1965 1966 1967 1968 

Colder 

Chape l cross 

G2, G3 

: M 
Berkeley 

Bradwoli 

Latina 

(2 

Chirton-l 

Hunierston A 

Hink ley Point A*1 

Trawsfynydd^ 

Cbinori-2(2 

Dungeness A ^ 

Sizewell^' 

Tokei Muro^ 

Chi non-3^ 

Oldbury 

Г Й7 Ч — ! 
1968 

Colder 

Chape l cross 

G2, G3 

: M 
Berkeley 

Bradwoli 

Latina 

(2 

Chirton-l 

Hunierston A 

Hink ley Point A*1 

Trawsfynydd^ 

Cbinori-2(2 

Dungeness A ^ 

Sizewell^' 

Tokei Muro^ 

Chi non-3^ 

Oldbury 

.... 

66.0 82.5 83'ДГ~ ' 93.6 ovai lob « 

Colder 

Chape l cross 

G2, G3 

: M 
Berkeley 

Bradwoli 

Latina 

(2 

Chirton-l 

Hunierston A 

Hink ley Point A*1 

Trawsfynydd^ 

Cbinori-2(2 

Dungeness A ^ 

Sizewell^' 

Tokei Muro^ 

Chi non-3^ 

Oldbury 

.... 

66.0 82.5 83'ДГ~ ' 93.6 

OA 

ovai lob 

84(2 

I ' 
9Ö.2 

(2 

80 

83.7 

44 

M » -

vé2 

65 

49 

25 

т .о . : 

Colder 

Chape l cross 

G2, G3 

: M 
Berkeley 

Bradwoli 

Latina 

(2 

Chirton-l 

Hunierston A 

Hink ley Point A*1 

Trawsfynydd^ 

Cbinori-2(2 

Dungeness A ^ 

Sizewell^' 

Tokei Muro^ 

Chi non-3^ 

Oldbury 

.... 

67 

72 

50 

72 ' 

58.3 

79.3 

83.2 

23 

i 

87.2 

8ó.e 

33.0 

21 

74.1 

49.5 

71.8 

79.4. 

82.5 

79.0 

65 

83.5 

33.1 

30 

70.0 

45 

24 . 

n.a. 

89,4 

91.8 

Ê6.2 

36 

81.3 

59.7 

67 

75.3 

54.2 

57 

n.a.. 

84(2 

I ' 

9Ö.2 

(2 

80 

83.7 

44 

M » -

vé2 

65 

49 

25 

т .о . : 

Enriched uranium 

WAGR . ! 
1 

" • } ' • ' ! < г U 5 "1 . 1 ! WAGR . ! 
1 

" • } ' • ' ! 

' i . ! " ! ! ! : , ' „J 
High temperature 

Peach Bottom . 

AVR : 
• 

> 

42.2 У-2 

.rt'.a. ; 

Figures from 1 April to 31 March of following year i 

2) Estimated figure(s) 
3) . . 

Cumulative figure to 30 September 196S 1 



Table 4 ' 

REACTOR AVASLABiUTY (%) 

Gróphite-Modercted Gas-Cooled ¡îeoctors 

Naturel uranium 

Station 1956 1957 1953 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 

Colder 79,2 67.0 84.3 83.9 83. Г " 91.3 92.4 91.8 90.2 rt.a. n.o. n.a. 

Chape I cross available Chape I cross available 

G2 f G3 90 91 85 79 90 96 

Berkeley'^ 

Brodwel!^ 

73 

88 

92 

89 

88 

94. 

92 

94 

n.a. 

n.a. 

Lotino 99.5 99.1 90.2 99 98 

Chinen-Í • n.a. n.a. 76<> 37(1 n.o. 

Hunterston A Hunterston A 

Kinkiey Point A*2 

(2 
Trewsfynydd 

91 

81 

91 

78 

87 

72 

n.o. 

tï.a. 

Chinon - 54 55 79 n.a. 

Dunge ne js A ^ 92 86 93 n.o. 

Sixewell ^ 84 79 n.a. 

(2 
Tokoi Mura 8.3 63.9 n.a. n.e.-

Chínon-3 t ovo i lot Chínon-3 t ovo i lot 

Oldbury 5.0. 

Enriched uranium 

WAGR Ic 1 1 CO 1 ! 1 WAGR 
Г 1 i 03 i 1 i 

High tempgroture 

Peoch Bottom 

AVR « 

62.7 96.2 n.a. 

55 

^ Pfant evmiobility 

2) • From 1 April to 31 March of following year 



ТоЫе 5 

GENERAL INFORMATION 

Pressurized Wotef Reactors 

Station ' Location Full power 
output (MWe) 

1 
Net 
thermal 
e f f i -

c i e n c y ^ 

Start 
of 

; Const-
ruction 

In i t ia i , 
cr i t ical i ty 

init iai e — 
c ic j 

Operation ¡ 
Gross Net 

1 
Net 
thermal 
e f f i -

c i e n c y ^ 

Start 
of 

; Const-
ruction 

power 

e — 
c ic j 

Operation ¡ 

Sbippingporf Shtppingporf, Pa., 
USA 

100 • 90 ~27 April 
1955 

2 Decemba 
1957 

23 Dec. 
1957 

! 

December , 
1957 ' 

Yankee Rowe, Moss., 
USA 

.185 175 29.2 Nov. 
1957 

19 August 
1960 

June Î 9 6 Ï 1 July 
1961 

. Indien Point - 1 Indian Point, N ,Y., 
USA 

2B5<T 265(1 25.é2 Dec. 
1956 

2 August 
1962 : 

25 Jon. 
1963 

Apri l 1963 

Г 

Novo Voronezh --1 , Novo Voronezh 
USSR 

210 195 ? 25.6 ? Early 
1959 

December 
1963 

. (a 
September 

1964 
December ' 

1964 

Trino Verse Hese Trino Ver eel lese 
Italy 

257 247 30.0 July 
K'61 

June 1964 October ^ 
1964 ; 

1 Jan.<4 S 
1965 j 

i 

BR 3 Mol , Belgium 11.5 ; 10.5 25.7 Nov. 
1957 

20 Aug. 
1962 

10 Oc t . ( 3 

1962 

1 •• 

! -

! 

BR 3 Vulcaîn Moi, Belgium 11.5 10.5 25.6 
(5 

1 Aug . 
1964 

16 Nov. 
1966 

6 Dec. 
1966 

12 Dec. 
1966 

SENA Chooz Chooz, Fronce 282 266 29,4 Jan. 
1962 

18 Oct . 
1966 

Apri 1 
1967 

V • ! 

Son Onofre Son Clemente 
Ca l i f . , USA 

450 430 31.9 May 
1964 

14 June 
1967 

16 July ( 3 

1967 
1 Jcnuory 

1968 ; 

Connecticut 
Yankee 

Hcddam Neck, 
Conn. USA 

490 462 31,4 Early 
1964 

24 July 
1967 

П Dec. 
1967 

1 Januarys 
1968 . i 

Obrigheim KWO Obrigheim 
Fed.Rep. Germ. 

300 283 31 . ! 15 Mar 
1965 

22 Sept. 
1968 

29 O c t / 3 

1968 

1 

31 March; 
1969 : 

Jose Cobre ra Zorita de los 
Canes, Spain 

160 153 29.7 

i 

March 
1965 

30 June 
1968 

17 July ( 3 

1968 

Including oi l - f i red superheater . ; 

^ Reactor oniy 

Date of first connection to grid 

^ With first generator urut oniy (output 186 MWe). Full design power achieved in November 1965 5) 
Shjrf of modifications to variable-moderated PWR 



Tab!» 6 

GROSS ELECTRICAL GENERATION! ( í l A w h ) 

Pressurized Weiter Reactors 

Station \?57-59 i960 Í9ÓÍ 

i . i 

¡962 1963 1964 1965 1966 1967 Í968 Tofcl 

Shippingport 389 268 352 3Ó9 395 25 363 587 533 410 3692 

Yankee 39 922 740 1004 1258 1028 1372- 1348 Î293 9004 

Indian Point- 1 

Novo Voronezh-] 

79 954 626 1146 

1019 

Î228 

1251 

1752 

1367 

1641 

( Î 

895 

/425 

0 
4532 

Trino Vercellese 122 1025 Î594 647 0 3388 

BR 3 1 Л 1 101 BR 3 ) 101 

BR 3 Vuícoin 5 94 61: ' 160 

SENA Chooz 542 92 634 

San Onofre 336 1456 1743 

Conn. Yankee 561 3169 3730 

Obrigheim KWO 57 57 

José Cabrero ?5(?) 95(7) 

^ To 1 August 1963 



Table 7 

PLANT CAPACITY FACTOR (%) 

Pressurised Water Reactors 

Station. 1958 19 59 i960 1961 1962 ~ "1963 1964 1965 )966. 1967 

i 

1968 

Shipping pert 37 34 

f 

45 59 '62 66 42<V 67.0 60.8' 47^ 
1 

Yankee 

Indian Point—' 1 ; 

25 76 55 

27.7 

69 

38 

79.ß 

24.ó 

64.6 

46.4 

85.8 

50.3 

85.7 ' 

¿8 : з 4 1 

Novo Voronezh- 1 55 68; 75 n .p . 

Trino Vercellese 
I 

60.0 72.2 2^.3 01 

BR 3 ~ 6 0 ° 95.9 93.5 Ч ' Л 
i 

BR 3 95.9 93.5 Ч ' Л 
i 

SENA Chooz 

San Onofre 

Conn. Yankee 

2Î 

2V.3 

29.8 

3.6 

3 7 ° 

Estimated figure 



Table 8 

REACTOR AVAILABILITY {%) 

Pressurized Water Reactors 

, Station 

Shipping port 

Yankee 

Indien Point - 1 

Novo Voronezh-1 

Trino Vercellese 

SR 3 

SENA Chocz 

San Onobe 

ConnYankee 

1958 

68 

1959 

67 

i960 

67.3 

1961 

79.9 

87.0 

1962 

87.9 

67.6 

60.5 

1963 

89.0 

78.9 

71.4 

•r>.a .-

1964 

Ю.2 

9,1.1 

1.4 

i not avai lable 

1965 

75.7 

64.0 

1966 

95.7 

89.5 

67.5 

1967 

96.6 

92.1 

80.9 

1968 

n .a . 

82.7 99,5 33.2 

{— 98 

49.7 

62.5 

SI.O 

^ From 12 December 1966 to 30 Apr! I 1968 



Table 9 

GENERAL INFORMATION 

&oiiir% Woter Reactors 

Station Location No. of j 
reactors 

Full power output 
(MWe) 

Net 
thermal 

Start or ' 
Construc-

Init ial 
Crit ico-

in i t ia l 
full 

Commer-
cial .; 

Gross Net e f f i -
" eiency 

(%) 

tion l i ty Power Operation 

' ! 

Dresden-1 Morris, Ill inois, 
USA 

1 210 200 28.6 March 
1957 

15 Oct . 
1959 

29 June 
1960 

j 
i 

1 August 
1960 i 

Kahl : VAK Kahl-orrt-Main, 
Fed, Rep. Ger. 

1 16 15 25 July 
1958 

13 Nov. 
1960 

5 January 
1962 

. i 
¡ 

Big Rock Paint Big Rock Point, 
M ich . , USA 

1 75 70.3 29.3 April 
i960 

27 Sept. 
1962 

21 March 
1963 

Sept. ! 
1965 i. 

Humboldt Bay . Eureka, Ca l i f . , 
USA 

1 65 63 30 November 
1960 

16 Feb. 
1963 

4 May 
1963 

\ August 
1963 ; 

JPDR Tokai-Mura, Japan 1 12.5 11.7 26 November 
1960 

22 Aug, 
1963 

October 
1963 

Elk River Elk River, 
M inn . , USA 

1 
(2 

23 
<2 

22 30,2 August 
1958 

19 Nov. 
1962 

10 Feb. 
1964 

Morch , 
1965 

[ • 
i 

Garigliono Punta Fiume 
Italy 

• 

1 160 150 29.6 November 
1959 

5 June 
1963 

May 
1964 

Í 
1 June 

1964 : 

VK-50 Melekess, 
USSR 

Î 30-35 28-33 ~ 23 1961 15 Oct. 
1965 

20 Dec. 
; Í9Ó5 

G undremni ingerí 
KRB 

Gundremmingen 
Fed. Rep. Ger. 

Í 250 238 30 Autumn 
1962 

14 Aug. 
i960 

23 Dec. 
1966 

January 1 

1967 : 

Lingen KWL Lingen 
Fed, Rep, Ger, 

1 252(2 (2 
240 33 October 

1964 
31 Jan. 

1968 
20 July 

1968 
1 Oct j , 

1968 

Dodesvaatd Dodewaard, 
Netherlands 

1 54 51.5 31.5 September 
1964 

24 June 
1968 

25 Oc t ( 3 

1968 
j 

La Crosse Genoa, Wise., 
U5A 

Î 53.5 50 30.3 September 
1962 

11 July 
1967 

Taropur Tcrapur, 
India 

2 400 380 2S.7 May 1964 2 Febr. 
1969 

1 

1 

'Dates for first reactor (where applicable} 

including fossil-fuelied superheater 

Date of first connection to grid 



Table 10 

GROSS ELECTRICAL GENERATION (106kWh) 

Soiling Water Reactors 

Station 1960 1961 1962 1963 1964 1965 1966 1967 1968 Total 

Dresden - Î 276 555 1250 990 1038 1018 1475 854 967 8421 

Kahl VAK 24 103 57 99 118 97 89 114 702 

Big Rock Point 130 204 191 363 530 
f 

449 1867 

Humboldt Boy . 176 380 272 16.6 340 466 1800 

JPDR 4 36 38 27 7 112 

Elk River 59 

1 

151 135 149 15 510 

Garigliano 737 967 817 919 1032 4472 

УК - 50 . .. 70 138 n.a. -300 

G ur.dre mm i ngen 
KRB 

110 1032 1024 2166 

Lingen KWL 610' 610 

Dodewaard 28 28 



Toble 11 

PLANT CAPACÍTY FACTOR, {%) 

Boiling Water Reactors . . 

Station " i960 1961 1962 1963 1964 1965 1966 1967 1968 

Dresden - 1 22.9 33 74.3 53.8 56.2 55.4 80.2 46.4 53« 

Kahl VAK*1 72 41 76 84 69 63 81 

Big/Rock Point : 35,3 42.2 29.0 55.3 80.7 ; «<' ' 

Humboldt Bay 
/ 

77.8 83.3 59.9 36.5 74.6 8 2 ° ' 

JPDR(1 33 35 25 6 

Elk River 
i 

75 66.1 77.1 8«1" 

Garigliano - 78.2 > 58.3 ; 65.7 73.4 

VK - 50 ( 1 27 52 n.a. 

Gundremmingen ,, 
KRB 

47 47 

D 
Estimated figure(s) 



Table 12 

REACTOR AVAILABILITY (%) 

Boiling Water Reactors . 

Station i960 1961 1962 1963 1964 1965 1966 1967 1968 

Dresden-1 61.8 40.2 80.6 80.7 82.7 83.0 97.2 60,1 
/ 

n.a . 

Kohl VAK 75.0 42.8 79.2 87.7 73.7 66« 85« 

Big Rock Point 47,9 42.8 30.3 75.0 89.7 n .c . 

Humboldt Bay 82.8 89.1 79.7 86.8 91.3 n .a . 

JPDR îvoiloble JPDR îvoiloble 

Elk River 39.1 78.5 69.9 81.2 n .a . 

Garigliano 8-1.6 72.7 63.4 n.a. 73.6 

VK - 50 43.4 . 78.0 n.o. 

Gundremmingen,, 
KRB 

76. 61 

Plant availabil i ty 



Table 13 • -, , -V 

GENERAL INFORMATION 

Heavy - Water - Moderated Reactors 

Heavy-water-cooled 

Station Location No. of 
reactors 

Full Power 
Output (MWe) 

Net 
thermal 
e f f i -

ciency 
C%) 

Start 
, of 
Construc-

tion 

Init ial 
cr i t ica-
l i ty 

Initiol ^ 
full 

power 

• ! • 

Commercial 
Operation) 

• 

Station Location No. of 
reactors 

Gross Net 

Net 
thermal 
e f f i -

ciency 
C%) 

Start 
, of 
Construc-

tion 

Init ial 
cr i t ica-
l i ty 

Initiol ^ 
full 

power 

• ! • 

Commercial 
Operation) 

• 

NPD Rotphton 1 25 . 22 22 1958 11 April 28 June . 1 October 
Canada 1962 1962 1962 ; 

• 
Agesta 

• 
Agesta 1 10<2 10 15 Dec. 17 July 20 March 

! 

1 

Sweden 1957 1963 1964 1 

MZFR Karlsruhe 1 58 52.5 26.3 Jan. 29 Sept. 24 March 19 Dec.' 
Fed.Rep.Ger. 1962 1965 1966 1966 ' 

Douglas Point Douglas Point 1 220 200 29.1 Feb. 15 Nov. 8 March 
Canada i960 1966 1968 

Light-woter-cooled 

SGHWR Winfri th, UK 1 100 92 30.3 May 1963 14 Sept 
1967 

25 Jan. 
1968 ' 1 • 

j 
Gos-cooled ! 

EL 4 Brenniiis, France 1 73 70 29.4 July 
1962 

23 Dec. 
1966 

9 J u l y 0 

1967 ' - I ' . 

Lucens Lucens, 
Switzerland 

1 . 8.5 6 20 . August 
1962 

December 
1966 . 

16 Sept. 
1968 

Graphite-Moderated, Light-Water-Cooled Reactors 

APS Obninsk, USSR 1 . 5 " 16.5 May 1954 June 1954 
i'-' 

Siberian Troitsk, USSR 6 600 Sept. 1958 Late 1958 ? 

Beloyarsk 1 Beloyarsk, USSR 1 100 35 June 1958 3,Sept. 1963 
(3 

26 Apr. 1964 Mayj 1964 

NPR Richland, Wash., 
USA 

1 800 790 19.8 1959 31 Dec.1963 10 Dec.1966 

Beloyarsk 2 Beloyarsk, USSR 1 200 36 Spring 1966 5 Nov. 1967 Nov. 1967*3 'y-

1) 

2) 
3) 

Dates for,first reactor (where applicable) 

Suppliesalso 55 MW for district heating 

, Ortfe of first connection to grid 



Table 14 

GROSS ELECTRICAL GENERATION (106 kWh) 

Heovy-Wa ter-Mode ra ted Reactors 

Heavy-water-cooled 

^Station 1962 1963 1964 1965 1966 1967 1968 Total 

NPD 
« 

Agesta 

MZFR 

Douglas Point 

994 140 

18 

183 

45 

76 

92 

50 

87 

75 

103 

23(?) 

105 

857 

816 

139(?) 

268 

932 

NPD 
« 

Agesta 

MZFR 

Douglas Point 

4 

140 

18 

183 

45 

76 

92 

50 

87 

75 

103 

23(?) 

105 

857 

816 

139(?) 

268 

932 

Light-water-cooled ; 

SGHWR 362 362 

Gas-cooled 
: ' 

EL4 

Lucens 

-15 "40 

13 

-55 

13 

Graph i te-Modera ted, Light-Water-Cooled Reactors 

APS 
Siberian 

Beloyarsk - î 

NPR . 

Beioyarsk - 2 

not available — t I ' 
not available— 

' 1760(1-

1012 
2056 3962 

-400 (2 400 (2 

From April 1964 :to 1 August 196$ 
2) 

From November 1967 to 15 August 1968 



Table 15 

PLANT CAPACITY FACTOR {%) 

Heavy-Water - Moderated Reactors 

Heavy-water-cooled 

Station 1962 1963 1964 1965 1966 1967 1968 

NPD 

* (1 Agesta 

MZFR « 

(1 
Douglas Point 

71 48« 

57 

17 

53« 

26 

21 

44 

NPD 

* (1 Agesta 

MZFR « 

(1 
Douglas Point 

20 5Î 

20 

48« 

57 

17 

53« 

26 

21 

44 

Light-water-cooled 

SGHWR« 45 

Gas-cooled 

EL4« ' -

Lucens 

6 

n .a . 

Grophite-Modera.ted, Light-Water-Cooled Reactors 

APS 

Siberian 

Beloyorsk - 1 

NPR 

Beioyarsk - 2 

1 APS 

Siberian 

Beloyorsk - 1 

NPR 

Beioyarsk - 2 

APS 

Siberian 

Beloyorsk - 1 

NPR 

Beioyarsk - 2 

01 

APS 

Siberian 

Beloyorsk - 1 

NPR 

Beioyarsk - 2 

19.2 29.3 57« 

n.a. 

Estimated figure(s) 



Tabie 

FAST 

General 

16 

REACTORS 

information 

Reoctûr Location Full power 
output (MWe) 

Net 
thermal 

Start of 
construc-

Initiai 
cri t icöl i ty 

Initia! 
ful! 

Gross Net 
e f f i -
ciency 
(%) 

tion power 

DFR . Dounreay, UK 15 14 20 March 
1955 

14 Nov. 
1959 

5 Jùly 
1963 

E BR - 2 NRTS, Idaho, USA 20 16.5 26.4 Dec. 1957 11 Nov. 
1963 

7 Aug .« 
1964 

Enrico Fermi Lagoona Beach, 
Mich. , ' USA 

65,9 60,9 30.5 Aug. 1956 23 August 
1963 

5 Aug .« 
1966 

BOR - 60 Meiekess, USSR !2 - 20 May 1965 30 Déc. 
1968 

Gross Electrical' Generation (10 kWh) 

Reactor 1962 1963 1964 1965 1966 1967 1968 Total 

DFR 

ÊBR-2 

Enrico Fermi 

8 4 -

. 3 

44 

30 

53 

44 

1 

28 

19 

0 

22 

48 

0 

232 

145 

1 

Reactor Availabil i ty (%) 

Reactor 1962 1963 1964 1965 1966 1967 1968 

DFR 

EBR - 2 

Enriío Fermi 

avai iabl 

{43 

DFR 

EBR - 2 

Enriío Fermi 

avai iabl 

{43 52 

67 

46 

0 

n.a.. 

0 



Fas t Breeder Development in Germany and the 

Benelux-Countries 

by 

J . Seetzen 

Nuclear Research Center Kar ls ruhe 

1. The Development of Fas t Breeder Reactors and t h e i r Role in the Overa l l ' 
Reactor Development . ' 

Fas t b reeder r e a c t o r s have been considered as, having a very g r e a t p o t e n t i a l ' 

s i nce t h é e a r l y days of nuc l ea r energy i n v e s t i g a t i o n s . Already in 1945 Enrico 

Fermi s t a t e d "The country which f i r s t develops a b reeder r e a c t o r w i l l have 

a g r e a t compet i t ive advantage in atomic e n e r g y . " ^ Therefoie an a c t i v e program | 

f o r t h e development of t h i s r e a c t o r type was s t a r t e d s ince t h a t t ime. I t i s ; 

well-known t h a t the f i r s t r e a c t o r in the world which produced e l e c t r i c power 

on December 20, 1951,was the EBR-I a t Idaho (USA), a f a s t b reeder r e a c t o r wi th ¡. 

a power r a t i n g of about 1 MWth/0,2 MWe. Though t h i s f i r s t l a r g e r f a s t r e a c t o r 

experiment may be considered only as a p a r t i a l success , because of the f u e l 

melt-down i n c i d e n t which occurred in November 1955, t h i s r e a c t o r was in another 

r e s p e c t a p i o n e e r , t h a t means i t f i r s t demonstrated Plutonium f u e l f o r power 

p roduc t ion in November 1962. Since the importance of the b reeder r e a c t o r d e -

velopment was g e n e r a l l y agreed on account of the s ca rce r e sources of n a t u r a l 

' f i s s i o n a b l e m a t e r i a l , and s ince the f e a s i b i l i t y of f a s t l i q u i d metal cooled 

b reeder reac to rshad been demonstrated i n the USA, a number of l a r g e r exper imenta l 

b reeder r e a c t o r s were b u i l t in s eve ra l c o u n t r i e s dur ing the l a t e f i f t i e s and the 

e a r l y s i x t i e s . These were the American EBR-II, the EFFBR, the B r i t i s h DFR, t h e | 

Russian BR-5 and somewhat l a t e r the French RAPSODIE. The c h a r a c t e r i s t i c s of 
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2) these reactors are given in table 1. ' During the fifties, owing to the 
emphasis laid on the breeding properties metallic fuel was used in this first 
step into fast breeder technology. Technically, metallic fuel leads to harder 
neutron spectra and in consequence to higher breeding ratios. There is no doubt, 
that these fast breeder reactors demonstrated, at least in principle, the 
possibility of high-performance breeding process using an entirely new large 
scale metal-cooling technique. However, towards t%e end of the fifties it became 
more and more obvious that this reactor concept finally could not compete eco-
nomically with other power reactors then under construction. The reason for this 
is the rather limited burn-up which can be achieved with the compact metallic 
fuel. With the short burn-up period the metallic fuel has to be frequently re-
moved from the core, reprocessed and refabricated, in order to gain the excess 
plutonium and to extract the fission products. All this results in a very ex-
pensive fuel cycle. 

The fast reactor development during the fifties was overshadowed by the large 
demonstration programs for power reactors, especially in Great Britain and the 
USA. The gas-graphite-reactors, light-water-reactors and to some extend the 
heavy-water-reactors promised an early competitiveness with conventional power 
plants.The technical realization of large fast breeder power reactors and es-
pecially their economic break-through was estimated to occur in the rather 
distant future, towards the end of this century. This estimate is still re-
flected for instance in the famous "Report to the President" of 1962, an official 
document of t1?e USAEC. Obviously only another type of fast breeders to the first 
experimental fast reactors, with much more attention to economic problems, could 
finally win the race against the thermal reactors of the first generation. This 
conviction became dominant about 1959/1960 in the USSR, GB, USA, France and 
Germany. The solution of the design problem for fast breeder reactors with 
appropriate economic features began to be investigated in the US and Germany in 
the direction of the fast reactor concept using ceramic fuel. Such ceramic fuel, 
particularly the oxide, was one of the very attractive technical and economic 
properties of the light-water-reactors» so that a great deal of knowledge about 
this fuel type was at hand. Mixed uranium-plutonium oxides can be irradiated to 
much higher burn-ups, so that this principal disadvantage of the first fast 
reactors can be overcome. Shortly after 1961 a second generation of fast breeders, 
i.e. the ceramic fuel fast breeders, were actively pursued in development pro-
grams in the aforementioned countries. It turned out during this investigations 
that quite a new type of reactor physics had to be established for the physical 



assessment of these f a s t b r e e d e r s . The new f u e l * wi th i t s h igh oxigeri c o n t e n t , 

s o f t e n s the neut ron spectrum, so t h a t the resonance region of the energy depen-: i 

dent c r o s s - s e c t i o n s become important f o r r e a c t i o n r a t e c a l c u l a t i o n s . P l a i n l y j. 

t h i s means one dimension more in the phys ica l c a l c u l a t i o n models compared wi th j 

thermal r e a c t o r s or the metal f u e l f a s t - b r e e d e r s . Moreover, an e n t i r e l y d i f f e r e n t 

type of r e a c t o r dynamic and s a f e t y c o n s i d e r a t i o n s became predominant. The negar 

t i v e power c o e f f i c i e n t which i s necessary f o r s a f e o p e r a t i o n , and e s p e c i a l l y 

f o r the t e rmina t ion of overpower i n case of unforeseen r e a c t i v i t y i n c r e a s e , 

stems in the f a s t neutron f l u x of a ceramic f u e l from Doppler-broadening of 

nuc lea r resonances . This i s extremely d i f f i c u l t t o c a l c u l a t e . On the o the r hand 

the p o s i t i v e r e a c t i v i t y e f f e c t of coolant loss in c e n t r a l core r eg ions was a 

major concern from the very beginning of these i n v e s t i g a t i o n s . This new s i t u a t i o n 

in r e spec t t o r e a c t o r - p h y s i c s was the reason why f o r the f i r s t per iod of t h i s ; 

second s t ep of f a s t breeder development no s t r a i g h t f o r w a r d t e c h n i c a l and economic 

i n v e s t i g a t i o n s were made. In c o n t r a s t , t he f i e l d of arguments was governed.by i 

sub t l e phys i ca l reasoning . Even nowadays the l a r g e i n t e r n a t i o n a l f a s t breeder; 

conferences a t t r a c t a good dea l of i n t e r e s t t o the b a s i c ques t ions of phys ics ; 
3) ' and s a f e t y . N a t u r a l l y the f i r s t phase of the f a s t b reeder development a f t e r j 

i 

1960 was occupied with so lv ing b a s i c ques t i ons and by the i n s t a l l a t i o n of l a r g e 

t e s t f a c i l i t i e s . I w i l l d i s c u s s in the second p a r t of t h i s l e c t u r e the i n d i v i - ; 

dua l f a c i l i t i e s in the case of the German f a s t b reeder program. 

However, one should keep in mind t h a t the o r i g i n a l argument f o r launching the; 

development programs f o r a new type of f a s t breeder was economic in n a t u r e . In 

t h i s c o n t e x t , e s p e c i a l l y in the German program the ques t ion was r a i s e d , whether 

l i q u i d metal cool ing was unavoidable . Reactor c a l c u l a t i o n s showed in the case of 

oxide f u e l t h a t the necessary hea t t r a n s p o r t could e a s i l y al low f o r o the r 

c o o l a n t . I t was only a ma t t e r of course t o s tudy t h e r e f o r e o the r wellknown coo-

l a n t s such as superheated steam, helium or carbonr-dioxide. The problem was t o ; 

determine whether t h e r e would be a reasonable economic and t e c h n i c a l p o t e n t i a l j 

in such gas-cooled f a s t b reeders compared with sodium-cooled ones. Since 1964,j 

a number of economically comparable des ign s t u d i e s have been c a r r i e d o u t . Diff:e~ 
! 

r e n t sodium-cooled 1000 MWe f a s t b reede r c o n f i g u r a t i o n s were publ i shed in the ¡ 
4) • i -

USA, Germany and France . The steam-cooled v e r s i o n of looo MWe r e a c t o r s was e s -
. . . * 

p e c i a l l y s tud ied by German, Belgian and Swedish groups. Very r e c e n t l y (dur ing 

1968) a l a r g e t ask f o r c e sponsored by the European Nuclear Energy Agency (ENEA?) 

made an assessment of both 1000 MWe steam-cooled and hel ium-cooled f a s t b r e e d e r s . 
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On t h e b a s i s of t he se design s t u d i e s and assessments one has today a d e t a i l e d 

a p p r e c i a t i o n of the c h a r a c t e r i s t i c s , t e c h n i c a l and economic problems of l a r g e 

f a s t b reeder r e a c t o r s . I t appears that: a l l these f a s t b reeder v a r i a n t s a re 

t e c h n i c a l l y f e a s i b l e , though each of them has i t s s p e c i a l problems which would 

need to be solved engineer ingwise be fo re i n d u s t r i a l c o n s t r u c t i o n . To t h i s end 

l a r g e t e s t f a c i l i t i e s would need to be e rec t ed and d e t a i l e d design work would 

have to be done. By f a r the most complicated problem in t h i s context i s the 

des ign and t e s t i n g of the f u e l p i n s . Though exper ience i s s t i l l s c a r c e , one 

a t l e a s t has a good f e e l i n g how to cope wi th the d i f f i c u l t i e s . We s h a l l r e t u r n 

t o t h i s p o i n t l a t e r . With r e spec t to the r e a c t o r physics q u e s t i o n s , one can now 

say t h a t most óf them have been so lved . This i s p a r t l y due to the development 

of powerful computer programs and p a r t l y due t o the opera t ion of s eve ra l z e r o -

power r e a c t o r s which have v e r i f i e d the t h e o r e t i c a l conclusions and improved the 

b a s i c p h y s i c a l d a t a . Of course , a g rea t many d e t a i l s s t i l l have to be i n v e s t i -

g a t e d , but they a r e not of a "go - go no" na tu re f o r the whole f a s t b reeder 

concept . A number of open ques t ions remain in regard to r e a c t o r s a f e t y . For the 

sódium-cooled v e r s i o n , t h i s i s d i scussed l a t e r . One can be con f iden t t h a t these 

problems a re s o l u b l e , however. 

What r e a l l y puzze l s one i s the f a c t t h a t from t e c h n i c a l or even economic cha rac -
1. 

t e r i s t i c s of the s i n g l e power r e a c t o r shown in the paperwork i t i s impossible 
t o d i s c r i m i n a t e wi th s u f f i c i e n t conf idence between the d i f f e r e n t ve r s i ons of 
f a s t b r e e d e r s . They a l l have a good economic advantage over f u t u r e thermal r e a c -
tors> so t h a t ; t h e i r development i s j u s t i f i e d even from a pu re ly economic s t a n d -
p o i n t . On the o the r hand, the h i s t o r y of the f i r s t r e a c t o r genera t ion ( t h e 
thermal r e a c t o r s ) shows q u i t e obviously a f i n a l concen t ra t ion on a very few N 

types of power r e a c t o r s which have been s u c c e s s f u l in the market . That i s , t h e 
thermal r e a c t o r development s t a r t e d with a cons iderab le number of t e c h n i c a l l y 
f e a s i b l e concepts wi th comparable economic p o t e n t i a l so f a r as was known, but 
up to now only the l i g h t - w a t e r - r e a c t o r s can be c a l l e d a r e a l success . 

This h i s t o r y shows c l e a r l y t h a t the p r a c t i c a l success of a r e a c t o r type depends 

on f u r t h e r f a c t o r s beyond the economic performance of a design study r e a c t o r . 

Two major c o n s i d e r a t i o n s must be s a t i s f i e d i f the chosen type of second gene-

r a t i o n of f a s t b reeder r e a c t o r s i s to be a major p r a c t i c a l success in the way 

t h a t l i g h t - w a t e r r e a c t o r s were. 

F i r s t , t h e r e must be a broad R.â I).program in the p u b l i c l y funded re sea rch 

c e n t e r s in which a l l t he b a s i c problems are i n v e s t i g a t e d . Second, t h e r e must 

, a l s o be a s t rong i n t e r e s t by l a r g e p r i v a t e companies in the r eac to r concept under 
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development and in i t s commercial success . 

A p u b l i c l y funded r e a c t o r development program i s implied by these cons ide ra -

t i o n s in which the labour i s d ivided between the p a r t n e r s i n the fo l lowing way.; 

The r e sea rch c e n t r e s w i l l be r e spons ib le f o r t h o s e . p a r t s of a more s c i e n t i f i c 

n a t u r e and those wi th high f i n a n c i a l r i s k s . Al l f i n a l des iga and c o n s t r u c t i o n , I 

where i n d u s t r i a l know-how i s e s s e n t i a l , and a l l problems of market ing a re more j 

p roper ly done by i n d u s t r y . 

The f i r s t cond i t ion of a p u b l i c R.& D.program, which h a s , of course , t o be ¡ 

p o l i t i c a l l y negog ia ted , leads to the ques t ion of the maximum c o s t - b e n e f i t r a t i o 

in the framework of the r e s p e c t i v e n a t i o n a l economy. The second cond i t ion l eads 

to the problem' of a no t too s p e c i a l i z e d p roduc t , so t h a t the i ndus t ry f i rms can 

share the genera l t echno log ica l development and not run the r i s k of i s o l a t i o n . : 

These two p o i n t s need e l a b o r a t i o n . The p o l i t i c a l dec i s ion to support a s p e c i a l 

program can be r a t i o n a l i z e d to some extend by c o s t - b e n e f i t - a n a l y s e s . Such ana-
7) 

l y se s have been c a r r i e d out f o r f a s t b reeder development i n Germany and the 
П ! 

USA . The German study dea l s e x p l i c i t l y wi th the ques t ion of a l t e r n a t e coo- j 

l a n t s . The American s tudy p r é f é r é s the sodium-cooled v e r s i o n from the o u t s e t , j 
and concen t r a t e s on the genera l arguments f o r the breeder program and on the I 
opt imal time f o r i t s i n t r o d u c t i o n . The arguments of the German study which u l t i -
mately lead i t t o p r e f e r the sodium-cooled f a s t r e a c t o r f o r a p u b l i c a l l y funded 
program were q u i t e s imple , in essence . In a growing nuc lea r energy produc t ion , 
the f i r s t genera t ion of thermal r e a c t o r s w i l l be i n s t a l l e d , say , upto 1980. 
These r e a c t o r s e . g . l i g h t - w a t e r - r e a c t o r s , produce a c e r t a i n amount of plutonium, 
which may be recycled or s t o r e d . A f t e r about the year 1930 f a s t b reede r s a r e 
assumed to be economic and t e c h n i c a l l y » a t u r e . The f a s t b reede r s can be i n s t a l l e d 
only up t o the extend of a v a i l a b l e plutonium. During t he se f i r s t decades much 
more plutonium w i l l be e x t r a c t e d from the thermal r e a c t o r s then from t h e b r e e d e r s . 
I f the amount of i n s t a l l e d thermal r e a c t o r s and b reede r s i s descr ibed by the two 
f u n c t i o n s n „ ( t ) and n ( t ) , f o r i n s t a n c e , as in the fo l lowing diagram: 
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The t ime which i s nece s sa ry t o produce enough p lu tonium f o r a new b r e e d e r 

core i s 

ï J 

AtP ( t ) " ( n ^ t ) • GT + nB(t) « G B) • £
 ( 1 ) 

Here, 
¿ is* t h e load f a c t o r , 

I deno tes p lu ton ium i n v e n t o r y needed f o r a f a s t b r e e d e r , 

G^ i s t h e p lu ton ium p r o d u c t i o n pe r MWa- of thermal r e a c t o r s , and 

Gß t h e p lu tonium p roduc t ion pe r MWa of f a s t b r e e d e r s 

T h i s means t h a t t h e i n t r o d u c t i o n r a t e of f a s t b r e e d e r s i s , a t l e a s t in t h i s 

c e n t u r y , much more s e n s i t i v e t o t h e amount of p lu tonium i n v e n t o r y of t h e b r e e -

d e r and t h e p lu tonium p r o d u c t i o n of t h e i n s t a l l e d thermal r e a c t o r s than t o t h e 
S) 

b r e e d i n g ga in of the b r e e d e r s . However, t he o v e r a l l economic b e n e f i t of t h e 

b r e e d e r ' s i n t r o d u c t i o n i n f i r s t o rder i s dependent on t h e p o s s i b l e c o s t r e -

d u c t i o n of e l e c t r i c power compared w i th t h e thermal r e a c t o r s , m u l t i p l i e d by 

t h e amount of i n s t a l l e d f a s t b r e e d e r s . This r e s u l t s in p r e f e r r i n g f a s t b r e e d e r s 



with low plutonium i n v e n t o r i e s and l a rge cos t r educ t ion p o t e n t i a l . In t a b l e 2 

some very o p t i m i s t i c f i g u r e s are given f o r d i f f e r e n t f a s t b reeder t ypes . One 

observes t h a t wi th n e a r - f u t u r e f a s t b reeder technology t h e sodium-cooled b reede r 

is p r e f e r a b l e , and t h i s to a g r e a t e r ex ten t i f the f u r t h e r development towards 

ca rb ide f u e l can be achieved . Of course , t h i s i s an o v e r s i m p l i f i e d p r e s e n t a t i o n 

of the c o s t - b e n e f i t arguments but i t should give the tendency. 

Looking now t o the o the r cond i t ion of a broad i n d u s t r i a l development, one a l s o • 

observes a world-wide concen t r a t i on to the sodium-cooled concepts of f a s t b r a e - | 

d e r s . Maybe the reasons f o r t h i s concen t r a t ion a re more or l e s s h i s t o r i c a l b e - i 

cause the f a s t b reeder development s t a r t e d wi th m e t a l - coo l i ng . Now-a-days no ; 

s i n g l e i n d u s t r i a l f i rm can dare to go apa r t from t h i s genera l l i n e wi thout ! 

running the r i s k of completly loos ing t h e i r own investment i n t o the development. 

Thus another type would need to show, not a sma l l , bu t a cons ide rab l e economic j 

advantage, in order to j u s t i f y i t s adoption by i n d u s t r y . That i s , a l a r g e j 

economic margin would be needed by an i n d u s t r i a l f i rm which was w i l l i n g to t ake ! 

t h e burden of s u b s t a n t i a l new development, wi th a l l i t s e n t a i l e d r i s k s , on t h e i r 

own. 
I' ' 

In t a b l e 3, t h e c h a r a c t e r i s t i c s of the f a s t b reeder r e a c t o r s , which have befen ' 
• 

a c t u a l l y designed or a re being cons t ruc ted upto t h e p r e s e n t , a re g iven . This ; 

t a b l e demonstra tes c l e a r l y the genera l tendency towards the sodium-cooled f a s t ; 

r e a c t o r as the p r e f e r r e d type of t h i s new power r e a c t o r g e n e r a t i o n , | 

One should now perhaps consider, the ques t ion whether f a s t b reede r s f i n a l l y w i l l ; 

reach the goal f o r which they a re aimed a t s t h a t i s a reduc t ion in the demand of 

n a t u r a l nuc l ea r f u e l by two o rde r s of magnitude. Ac tua l ly i t appears t h a t they j 

w i l l , bu t the e f f e c t w i l l not occur b e f o r e the bulk of nuc l ea r energy i s p r o -

duced by f a s t b r e e d e r s . As thermal r e a c t o r s need more n a t u r a l uranium by a f a c t o r 

of about 100 (see t a b l e 2) f o r cu r r en t r e l o a d i n g , t h i s demand g r e a t l y overweighs 

t h a t of the b r e e d e r s . However, when the ope ra t ion of the thermal r e a c t o r s now 

being i n s t a l l e d i s te rminated during the beginning of the next cen tu ry , t h e r e | 

w i l l be a very long per iod of no f u r t h e r demand f o r n a t u r a l uranium. The f a s t 

b reede r s which by then w i l l have taken over the whole of nuc l ea r energy produc-! 

t i o n , can be suppl ied from the v a s t s tocks of dep le ted uranium. 

There i s another po in t worth, ment ioning. This i s the remarkable r educ t ion of 

the demand f o r s e p a r a t i v e work capac i ty a f t e r the i n t r o d u c t i o n of the f a s t b r e e -

d e r s . Reactor combinations a re conceivable which need no s e p a r a t i v e work a t a l l ¿ 

wi thout being more expensive as a whole. These " r e a c t o r s t r a t e g i e s " are combina-
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t i o n s of heavy -wa te r - r eac to r s and sodium-cooled f a s t b r e e d e r s . Such cons ide -

r a t i o n s may be i n t e r e s t i n g f o r the i n t r o d u c t i o n of nuc lea r power ou t s i de Europe. 

2. The German-Benelux Fas t Breeder P r o j e c t 

A f t e r having o u t l i n e d t h e genera l a spec t s of the f a s t b reeder development, the 

p a r t i c u l a r a c t i v i t i e s of the German-Benelux p r o j e c t w i l l now be desc r ibed . 

The p r o j e c t s t a r t e d in 1959/60 without the b e n e f i t of any previous development 

work on meta l f u e l e d f a s t b reeder technology. Even exper ience in thermal r e a c -

t o r technology was not very l a rge and had to be gained by indus t ry in adopt ing 

the know-how of the US-development. So the work done f o r the f i r s t phase of the 

p r o j e c t a t the Kar l s ruhe r e sea r ch c e n t r e was p r a c t i c a l l y independent of i n d u s t r y . 

The f i r s t a c t i v i t i e s were t o e s t a b l i s h a n a l y t i c a l methods and t o i n s t a l l l a r g e 

p h y s i c a l t e s t f a c i l i t i e s . These included the SNEAK f a c i l i t y , a zero-power r e a c t o r , 

p r o p e r l y designed f o r t h e use of plutonium f u e l , and the SEFOR r e a c t o r , which 

was b u i l t i n co -ope ra t ion wi th GE i n America and a l s o wi th the p a r t i c i p a t i o n of 

EURATOM. Besides t h i s , cons ide rab le f a c i l i t i e s f o r the i n v e s t i g a t i o n of the f u e l 

cyc le technology were i n s t a l l e d such as gas t i g h t hot c e l l s , plutonium l a b o r a -

t o r i e s f o r f u e l f a b r i c a t i o n and r e sea r ch c a p a c i t i e s f o r the reprocess ing»of spent 

f a s t b reeder f u e l . 

In the beginning the g r e a t e s t gap in knowledge was in a l l a spec t s of f u e l t echno-
logy , f o r i n s t a n c e , h igh-burn-up i r r a d i a t i o n behaviour of the f u e l and of the 
canning m a t e r i a l . The i n t e g r a t e d f u e l p in caused f u r t h e r problems, f o r i n s t a n c e 
t h e amount of f i s s i o n gas r e l e a s e , mechanical f o r c e s on the can due to f u e l 
swe l l ing and the erabri t t lement and swel l ing of the s t a i n l e s s s t e e l (16/13 CrNi- type) . 
A l l t he se ques t i ons can be solved only p a r t i a l l y by t h e o r e t i c a l i n v e s t i g a t i o n s . 
A g r e a t many i r r a d i a t i o n specimen had t o he t e s t e d , covering a l a rge a rea of p a r a -
meter v a r i a t i o n . Now one i s in the p o s i t i o n t o s p e c i f y the f u e l p ins f o r the p r o t o -
typ r e a c t o r wi th some conf idence . A s t a t i s t i c a l l y s i g n i f i c a n t number of p ins - 77 -
a r e be ing i r r a d i a t e d in the DFR as a performance t e s t upto the end of t h i s year 
aiming a t a burn-up of 50 MKd/kg. Most of the economic p o t e n t i a l of f a s t b reeders 
l i e in t h e f u r t h e r development of the f u e l p in performance. Higher burn-ups , 
h igher rod-powers , and perhaps higher s u r f a c e temperature of the c ladding may be 
reached wi th growing exper imenta l and t h e o r e t i c a l knowledge. There e x i s t s some 
hope t h a t a t h i r d s t ep of the f a s t r e a c t o r development may prove the f e a s i b i l i t y 
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of ca rb ide f u e l . This would lead to much higher l i n e a r rod power and conse- j 

quen t ly to a h igher power d e n s i t y and to lower plutonium i n v e n t o r i e s . However, | 

t o achieve these b e n e f i t s sodium cool ing becomes neces sa ry . With r e s p e c t to 

the g r e a t importance of f u e l i r r a d i a t i o n t e s t s f o r f u t u r e f a s t r e a c t o r f u e l 

improvements, the ques t ion i s r a i sed whether a l a r g e f a s t t e s t r e a c t o r wi th ! 
16 2 .1 

a high f l u x of the order of 1 ,5 ° 10 n/cra s i s d e s i r a b l e . 

Reactor s a f e t y d i s cus s ions a re n a t u r a l l y s t i l l going on. Some b a s i c ques t ions 

l i k e the r o l e of the Doppler c o e f f i c i e n t a re being understood to a reasonable ¡ 

e x t e n t . What i s s t i l l r e c e i v i n g a good dea l of c o n s i d e r a t i o n in acc iden t I 

eva lua t i on i s the r o l e of the p a r t i a l l y p o s i t i v e s o d i u m - v o i d - c o e f f i c i e n t . More 

thorough i n v e s t i g a t i o n s a re now being made i n t o the i n i t i a t i n g events f o r a 

core vo id ing , in order to show e i t h e r t h a t they may be precluded from the s a f e t y 

a n a l y s i s as be ing u n r e a l i s t i c , or e l s e to f i n d means of avoiding them by con-

s t a n t l y measuring of the core s t a t u s through app rop r i a t e instrumentat ion- . The 

f i n a l proof of the s o l u t i o n of t h i s problem i s not a t hand ye t because a g r e a t 

dea l of t e s t i n g i s r e q u i r e d . ! 

The eng ineer ing problems and developments of the sodium technology f o r l a r g e 

f a s t breeders was never been taken as a proper t ask f o r the Kar l s ruhe r e s e a r c h 

c e n t r e . There fo re dur ing 1964/65 German indus t ry was asked to j o i n the p r o j e c t . 

The time schedule f o r the c o n s t r u c t i o n of a 300 Ше p ro to type r e a c t o r was ' 

planned and consequent ly the t i m e t a b l e f o r the i n s t a l l a t i o n of l a r g e t e s t 

f a c i l i t i e s f o r sodium components was determined. 

At the same time i t became, apparent t h a t the Benelux-count r ies who had been 
i n t e r e s t e d f o r some time in t h i s development could not a f f o r d a f a s t b reeder 
p r o j e c t on t h e i r own. They decided t h e r e f o r e to j o i n one of the l a r g e European 1 

p r o j e c t s a n d f i n a l l y choose the German one. The•Belgian groups c o n c e n t r a t e d , in 
t h e framework of the j o i n t p r o j e c t , more on des ign problems and f u e l deve lop- i 
ment i nc lud ing f u e l i r r a d i a t i o n in t h e 3R-2, whi le the Dutch groups i n v e s t i g a -
ted the sodium technology and a l s o a number of phys i ca l problems. ! 

At the p r e s e n t time very l a r g e t e s t s e t - u p s a re under c o n s t r u c t i o n or even in 
ope ra t i on f o r t e s t i n g steam g e n e r a t o r s , hea t exchangers , pumps, r o t a t i n g p l u g s , 
and f u e l subassemblies in f u l l s i z e and under proper sodium c o n d i t i o n s . The j 
steam genera tor t e s t f a c i l i t y i s e r r e c t e d in the Nether lands , t he o ther s e t - u p s 
in Germany. Though n a t u r a l l y sodium technology of t h i s s c a l e has i t s s p e c i a l j 
problems, none have been found unsoluble so f a r . î 
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A r a t h e r important r o l e in t h e German-Benelux f a s t b reeder program i s being 

played by- the KNK-reactor. I t w i l l have a t f i r s t a thermal Zircon-Hydride 

moderated co re . Already t h i s 20 Ше experimental r e a c t o r has given a very good 

e x e r c i s e i n l a rge s c a l e sodium technique . A second core w i l l be i n s e r t e d in 

1971. This w i l l be a complete f a s t core which w i l l enable a d d i t i o n a l f u e l 

t e s t i n g . 

The most important s t ep in the German-Benelux-Project w i l l be the c o n s t r u c t i o n 

of the 300 MWe pro to type r e a c t o r SKR. Bids f o r t h i s r e a c t o r a re expected a t 

t he end of t h i s y e a r . The s t a r t of c o n s t r u c t i o n w i l l presumably be in the b e -

ginning of 1971. The main c h a r a c t e r i s t i c s of the SNR a r e given in t a b l e 4 . 

Perhaps t h e r e should be f i n a l remark on the steam-cooled ve r s ion which has 

been pursued in p a r a l l e l t o t h e sodium-cooled from 1965 t o 1969 i n the course 

of the German f a s t b reeder p r o j e c t . The d i f f i c u l t i e s which l e ad , as i s w e l l -

known, t o the t e rmina t ion of t h i s p a r t of the p r o j e c t , l a i d p a r t i c u l a r l y in 

the d i f f i c u l t i e s of s u f f i c i e n t f u e l t e s t i n g space , which could no t be made 

a v a i l a b l e in t ime. Thus t h i s r e a c t o r concept could not be demonstrated on an 

e a r l y t ime. The not too promising economic p o t e n t i a l , and e s p e c i a l l y the lack 

of i n d u s t r i a l adopt ion in o the r c o u n t r i e s than Germany, caused an undue i s o l a -

t i o n of the German f i rms so t h a t i n the beginning of t h i s year the p o l i t i c a l 

d e c i s i o n was made not to cont inue t h i s l i n e . 

The German-Benelux f a s t b reeder p r o j e c t i s going on in a concen t ra ted manner 

wi th a c l o s e co -ope ra t ion between p o l i t i c a l , i n d u s t r i a l and r e sea rch p a r t n e r s . 

Comprehensive o v e r a l l p lanning by modern methods has been and cont inues t o be 

the b a s i s f o r the i n t e r n a t i o n a l co -ope ra t ion on the d i f f e r e n t l e v e l s of t h i s 

l a r g e p r o j e c t . 
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'able 1 First Generation Fest breeder reactors 
- USA USSR UK France 

CLEMEN-
TINE EBR-I EBR-II EFF3R. BR-1 BR-2 BR-5 DFR RAPSODIE 

taactor Power 
Thermal With 0.025 1.2 62.5 200 0 ' 0.1 5 72 20 
r-v a. x л ïîWe Electrical 0 0.2 20 66 0 0 0 15 0 

Core 

Fuel Pu-Mctal U-Metal U-Metal •U-Metal Pu-Metal Pu-Mctal Pu02 U-Metal p«02/uo2 

Core Volume liters 2.5 6 65 420 1.7 1.7 17 120 54 

Fuel Rating avg. MWth/kg fiss 0.0016 0.02 0.3 0.37 0 0.003 0.1 0.24 0.14 

Power Density avg. MWth/Hter 0.01 0.17 0.8 0.45 0 0.06 0.3 0.5 0.32 

Linear Rod Power max. W/cm (av.50) 300 - 450 250 0 150 200 (av.320) (av.210) 

Neutron flux max. n/cm2aec v.5*1012) Ul°lQ14 3.7-iO15 4.7*1015 54010 •14 О1* I•10* 5 2.5-1015 Ь8«1015 i 

Primary iicat Transfer System i 

Coolant Hg KoK. Na Na Hg Na NalC На 
Coolant Temperature -

Core Inlet ?C 40 •230 370 290 <n 30 375 200 410(450) 
Core Outlet °C • 120 320 470 430 • • • 60 450(500) 350 500(540) 

Coolant lias s Flow m3/h 0.6 80 2200 5500 - 6 240 1800 800 
Number of Coolant Loops I 1 2 3 •4» 1 2 24 2 
Time Schedule 

Design 1945 1945 1956 1953 
Construction 9/1946 1949 1957 8/19564 1957 3/1955. 1962 
First Criticality 11/1946 8/1951 10/1961 8/1963 6/1958 11/1959 1/1967 
Full Operation 3/1949 12/1951 4/1965 8/1966 1955 1956 7/1559 7/1963 3/1967 

~ Shutdown - 6/1953 1963 
- : 

- . — _ 1956 1957 _ — 
- — 



To Tabic 1 Firat Generation Fast Breeder Reactors 

USA USSR UIC Franco 
CLEMEN-
TINE EBR-I EBR-IX EFFBR BR-1 BR-2 BR-5 DFR RAPSODIE 

Remarles 1. fast l.nuclear Reactor Since UC-Core (llapcodic 
reactor, electricity Plant 10/1966 since 1965 is not 
1. Pu™ generation with out of really a j 
fueled Pu-Corc integral operation reactor of 
reactor aincc .1962 fuel 

processing 
facility 

-

the first 
generation, 
it belongs 
to a lav^e 
extent to 
the second 
generation) 



TABLE 2 ECONOMIC CHARACTERISTICS OF DIFFERENT FAST BREEDER REACTORS 

Fast Breeder Typè : Coolant 
Fuel 
Coolant Circuit 

Na 
Oxide 

1. Step 
H^O-steam 
Oxide 

He 
Oxide 
indirect 

2. 
Na 

Carbide 

Step 
He 

Carbide 
direct 

to compare 
with 
LWR 

Plant Investment [_ MDM/GWe_7 580 505 540 560 460 480 

Investment for l.Core Гтп/Qvie.j" 80 110 114 60 114 120 
Total Capital 
Investment /~ШМ/ОТе_7 660 615 654 620 574 600 
Current Fuel Cycle 
Costs AlDM/GWa_7 8 20 5 5 10 35 
Energy generating 
Costs 

/1ЮМ/Ша 7 
7~DPf /kWh__/ 

132 
1.50 

134 
1.54 

126 
1.44 

120 
1.37 

116 
1.32 

147 
1.68 

Pu Fissile Inventory 7~t/GWe_7 2.7 3.9 4.0 2.0 4.0 -

Pu Fissile Surplus /~t/CWa_7 - 0.30 0.18 0.36 0.26 0.26 0.25 

Natural Uranium Demand -

Inventory /~t/Cwe_7 60 70 80 40 50 600 
Current Operation r t / c u n j 1.5 1.5 1,5 1.5 1.5 150 

Assumptions : Fuel Fabrication Costs = 300 DM/kg , Reprocessing Costs = 200 DM/kg , Pu-Costs « 30 DM/g, 
Excore Inventory = 1/3 Core Inventory, Load Factor » 0.7, Annuity «= 12 
Capital Charge = 10 % 

heavy atoms 



ТаЪХй 3 Second Generation Fast Breeder Rcactors 
USA USSR UK France Germany 

GË VJCStingh0U3G AI BN-350 PFR PiffiNIX SUR 
.Reactor Power 

Thermal 
Elcctrical 

MWth 
MWe 

750 
310 

540 
212 

1250 
500 

Î000 
350 

600(670) 
250(275) 

600 
250 

730 
300 

Core (Reference) -

Fuel 
Core Volume 
Fuel Rating avg» MWth/kg fiss 
Power Density avg. KWth/liter 
Linear Rod Power max. W/cm 
Breeding Ratio 
Burn up MWd/to 

Pü02/Ü02 
2000 
0.82 
0.31 
500 
1.2 

100000 

Carbide 
1000 
0.9 
0.5 
1000 
1.45 
100000 

Pu02/U02 
3000 
1.0 

0.37 
500 
1.3 
75000 

Pu02/U02 
or U0„ 
1900 
0.96 
0.5 
470 
1 »5 

Pu02/U02 
1320 
0.7 
0.4 
450 
! .2 

70000 

Pu02/U02 
1150 
o»o 
0.5 
430 

1.1-1.3 
>50000 

Pu02/U02 
1750 
0.76 
0.37 
420 
1.33 

55000 

Primary Heat Trans fer System 

Type 
Coolant 
Number of Coolant Loops 
Pump Capacity m3/h ч 

Coolant Temperature 
Core Inlet °C 
Core Outlet °C 

Pool 
Na 
3 
5000 

425 
590 

Loop 
Na 
1 

16000 

410 
540 

Loop 
ÎTa 
3 

12000 

425 
570 

Loop 
Na 
5 
3200 

- 300 
500 

Pool 
Na 
3 
5000 

400-420 
560-585 

Pool 
Na 
3 
4800 

405(420) 
565(590) 

Loop 
Na 
3 
4670 

3S0 
560 



To Table 3 Second Generation Fast Breeder Reactors 

USA USSR UK France Germany 
GE Westinghouse AI BN-350 PFR PHENIX SNR 

Steam System 

Steam Generator 
Number 1 3 5 3 3 9 

: Typ Pool Modular Modular Pool 
fEvapоration 

Materials J _ , \ Superheater +' 
{Rcheater 

Ferritic 

Austentie 
Ferritlc 

Austentic 

Ferritic 

Austentic 
Fcrritic 

Ferritic 
Steam Conditions 

Temperature °C 520 430 48Q 435 510-540 540 505 

Prccßurc at 170 170 170 50 162 163 165 

Date of Operation 1975 1975 1975 1969 1971 1973 1974/75 

; 



Table 4 
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TECHNICAL CHARACTERISTICS OF THE GERMAN SODIUH-COOLED 
FAST BREEDER PROTOTYPE REACTOR SKR 

Power 

Efficiency 

Fuel 

Fuel Enrichment (2 Zones) 

Fuel Density 

Fuel Burn-up (max. nominal) 

Breeding Ratio 

Inventory of Fissile Material 

Max. Can Temperature 

Core Dimensions 

Fuel/Blanket Elements 

Coolant Temperatures 
Inlet Core 
Outlet Core 

Coolant Flow 

Coolant Pressure 

Steam Conditions 
Pressure 
Temperature 

730 MWth/295 MWe 

.40.4 % 

U02/Pu02 

21/31 % 

80 % th.d. 

85 MWd/kg 

1.33 

0.87 t Pur. fiss 
690°C 
0 1.5 m / И 0.95 m 

151/330 

380°C 
550°C 
12 300 t/h 
8 ata 

165 ata 
505°C 
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THE FAST BREEDER REACTOR PROGRAMME IN THE UNITED KINGDOM 

REASONS FOR FAST-BREEDER REACTOR DEVELOPMENT 

There are now several good types of thermal neutron reactors operating 
in power stations round the world, safely, reliably, complementing and in 1 

some cases economically competitive with power generating systems using alternai 
tive fuel resources. Many nuclear power stations are under construction which,; 
with larger and more advanced thermal reactor designs, are expected to further 
reduce electricity generating costs. Thus for new nuclear systems under develop-
ment it will become increasingly difficult to penetrate the market and securè 
contracts to build. There are nevertheless sound reasons for several of the 
nuclear progressive countries pressing rapidly ahead with the development of S 
fast breeder react.org, particularly sodium cooled reactors. 

Three main reasons for fast breeder reactor developments ares- ¡ 

(i) All the countries doing major development work expect to have several 
thousand megawatts of thermal reactors in operation during the 1970s, 
Table 1, and.so much plutonium will be produced. This plutonium must 
be utilised in an economic manner. 

(ii) It is considered that fast breeder reactors, using plutonium for their 
Initial core inventories, will provide lower electricity generating г 
costs than..any-other'power system under development, thus effecting ! 
the lowest average national electricity unit costs, and hence the ! 
greatest economic benefit; in magnitude a benefit several times the I 
development costs. ; 

(iii) The fuelling arrangements for fast breeder reactors are such that mote 
fissile material is produced than is consumed, Table 2j much less .• 
uranium ore is required and much less U235 separative work is Required 
in a balanced programme of fast and thermal reactors than with thermal 
reactors alone, ..and hence the fuel (import) costs can be reduced and ' 
electricity prices held relatively insensitive to the cost of uranium, 
and enrichment. ; 

Amplification of these points follows, with references specifically to - .'j' 
the fast breeder reactor programme in the United Kingdom which is now approaching 
a fully commercial phase. j 
NUCLEAR POWER STATION PROGRAMMES AND PLUTONIUM AVAILABILITY j 

There, are few national nuclear power station programmes sufficiently far ; 
declared in detail to reveal a clear pattern of the different types of reactor ! 
which will be included In future years. Each country has of course its own j 
economic, industrial and political problems which influence such planning. ; 
Although it takes some 20 years to take a new nuclear power station type from j 
the first experiments through to fully commercial application, very long term | 
programmes need not be prepared except for research and development work as this 
time .scale can be shortened if it is seen to be advantageous to buy in new ! 
technology en bloc«. ! 



TABLE 1 

Installed Nuclear Generating Capacity - MWE 

YEAR 19?0 1975 1930: 1985 
European 
Cömuni ty 

4,000 ' 20,000 ~ 40,ООО ~ 100,000 

U.K. 5,003 10,000 - 30,ООО ~ 50,ООО 
U.S.A. . 10,000 50,000 ~ 120,000 ~ 200,000 

TABLE 2 

Comparison of Fuel Data for 1000 MWE Power Stations 

GAS-COOLED REACTORS WATER-COOLED REACTORS 
FR 

Magno* AGR Ж I I I SGHWfi BVïR 
Ha c o o l e d 

F u e l r a t i n g шут 3 U 70 22. 27 1550 (Pe) 

I n i t i a l e n r i c h m e n t % U235 0-7 1>3 r-o 2-2 -

Feed e n r i c h m e n t t «235 0-7 2*3 4*9 1-8 3-0 -

R e j e c t e n r i c h m e n t % U235 0-Л 0-6 0-3 0-5 0-5 -

B u r n - u p MWq/T 3500 20000 60000 16000 ¡ззооо 1 0 Í heavy atoms 

The rma l e f f i c i e n c y % 33 Л2 42 31 34 ia 

Uran ium i n v e n t o r y TUjOe 1200 « 0 200 360 640 

F u e l f e e d TU, О й / у 370 ¿00 190 250 240 1 

Uran ium u t i l i s a t i o n % 0-2 0-i 0-5 t 
0 - 4 , b'U a b o u t 7 0 

P l u t o n i u m y i e l d Kg Рц /у 630 220 ! 120 
! . 

390: 290 2 6 0 ( n e t t ) 

* I n c l u d i n g b r e e d e r r e g i o n s 

2 



Reference is made here to the United Kingdom nuclear programme which seems j 
likely to develop, Figure 1, because it is sufficiently advanced on the timescai^' 
of nuclear power developments to be understandable and it is reasonably typical j 
of the way other countries, may choose to proceed» j 

The 5000 MWE.of first generation power stations, using the Mark I (Magnox) j 
Gas-cooled Reactors,- is now within a year or so, of completion. These" will be j 
the primary source^ Figure 2, for the accumulation of over 10 tonnes of 
plutonium between 1970 and 1975. 1 

With 10,000 MWE to _20,000 MWE of Mark II (AGR) and Mark Ш (HTR) Gas-cooled 
Reactors coming on line'in the 1970s, the plutonium stockpile could be increased; 
to upwards of 25 tonnes by 19Ö0. ¡ 

Continuation of the installation of thermal reactors without any fast 
breeder reactors would be attractive economically, particularly if a firm and I 
profitable market couild be found for the plutonium arising?. The plutonium 
could of course be'recycled in the thermal reactors, reducing uranium and 
separative work requirements by about 2C$, or'it could be used to make.use of 
thorium reserves in the high enriched U235/thorium/U233 cycle reactors of the Í 
original Dragon Project designa. ; . 

These have all been assessed to be less economic paths for the United . , 
Kingdom programme to take than the use of plutonium in fast breeder reactors. ... 1 

With fast breeder reactors introduced commercially in the late 1970s an instal-
lation programme' or some 20,000 MWE in the 1900 s appears feasible, assuming the ; 
only limitation is plutonium availability« The benefit to the country from such: 
a phased programme of fast reactors continuing for thirty years beyond 1975 is , 
between a quarter and a half of the £2,OOOM ($5Q0QM USA) discounted nett saving 
which is attainable with nuclear power compared with fossile power (oil and coal!). 
For each year gained in the large fast reactor installation programme, which 
could exceed 60,000 MWE by the end of the century, there is an increment of about 
£5CM ($120M) in the national benefit. 

The choice of fast reactors effects other improvements for the national ¡ 
economy. They are able.to use about 70% of the uranium entering the fuel cycle,j 
compared with usage j.n the region 0-5$ to 1 for thermal reactors and they 
convert more uranium'to plutonium than the amount of plutonium they consume. 
Thus after the plutonium required for the initial Core inventory is provided 
(2-5 to 3*0 tonnes plutonium for each 1000 MWE installed) the nett fuel feed is ; 
à Very small amount of natural or depleted uranium. Hence a surplus of plutonium 
becomes available for the initial cores of later fast reactors and, should the , 
doubling time for plutonium production be reduced below the doubling timç-for j 
the generating system installed capacity, a surplus of plutonium again becomes ! 
available. _ j 

The uranium and uranium enrichment plant separative work requirements for} 
the installations without and with fast reactors are illustrated in Figures 3 , 
and A. Cumulative ore requirements at the end of the century can be reduced by 
a factor of around 2, from upwards of 250,000 tonnes U30¿ to below 150,000 tonnes. 
The rate of usage would also be reduced by a factor of 4 to 5 from upwards of 
18,000 tonnes UsOg/year to below 5000 tonnes/year excess over what is drawn from 
the depleted uranium stockpile. - , 

It is of interest to consider the international implications should pro-
longed difficulties arise with fast breeder reactors. The vjorld requirements 
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fot liranium would have risen by the mid-1980s to the region of 100,000 tonnes/ 
year, which may be compared with reserves of a few hundred thousand tonnes 
recoverable at a price of around |lO/lb. The use of thermal reactors alone 
would therefore create a demand by the end of the century for the exploitation 
or lower grade 'uranium deposits into the pries range-$15 to $30/lb« The 
electricity costs from thermal reactors, in the region of 4*5 mils/'kWh with 
$8/1b ore, Figure 5, would increase by about 20$ if the ore price was raised to 
$20/1 b,, severely reducing the cost advantage of nuclear power relative to fossil 
fuel systems. An increase of as little as 25% in fossil fuel price would 
restore the nuclear advantage,, and even with nuclear power reducing.the demand 
for fossil fuels an increase <Sf that magnitude in the next 25 years seems quite 
possible. 

Fast breeder reactors villi probably be installed on an increasing world 
scale during the 1980s and the price of uranium ore should therefore be more 
stable- The reactor development programme in the United Kingdom, Which is 
now reviewed, has been directed towards the fast reactor objective for almost 
twenty years. 

THE UK FAST REACTOR DEVELOPMENT PROGRAMME 

Experimental Developments - Zephyr, Zeus,, The Dounreay Fast Reactor (DFR) 
and Zebra 

The possibility of breeding in a reactor more fuel than it would consume^ 
and the possibility of removing heat from a compact, highly rated core with 
liquid metal coolant, were attracting the attention of physicists and engineers 
in the United Kingdom in the early 1950s. From feasibility studies and outline 
reactor designs over a period of five years. Figure 6, the basic information 
required was defined and construction began on the experimental plants necessary 
to make the measurements. 

For determination of physics data, including breeding characteristics, two 
zero energy facilities were constructed at Harwell by 1954, Zephyr to be used 
with plutonium fuel and Zeus to be used with uranium. 

Construction of the 60 MW thermal (14 MWE} Dounreay Fast Reactor (DFR) 
began in 1955 and criticality measurements were made during 1958 and 1959. This 
reactor was however also arranged to provide information for the engineering and 
operation of compact, liquid metal cooled cores and so during the early 1960s 
low power operation was attempted, with sodium potassium alloy as the coolant. 
Gas entrainment'in this liquid metal coolant and the precipitation of impurities 
were early problems for which it took a few years to find satisfactory remedies. 
In operations during 1963 and 1964 however the 60 M ® design output was-reached' 
and sustained, to demonstrate that safe and stable liquid metal cooling of a 
large reactor would be possible. Design attention was then tu-rned towards a 
large Prototype Fast Reactor (PFR) power station. 

Fdr the prototype and subsequent commercial power stations development 
items had already been outlined from the Dounreay fast reactor. 

(i) Ceramic fuel, oxide or carbide, would replace metal fuel. ' 
(ii) . Sub-assemblies of multiple small diameter fuel pins -with stainless 

steel cladding would replace individual large diameter niobium clad 
fuel elements. 
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(iii) Fuel handling would thus be simplified and speeded up. 
(iv) Plutonium enrichment would be the main line of development;, though 

data from enriched uranium work would be available should processes 
for low cost uranium enrichment be developed. 

(v) Simpler coolant circuit, designs would be sought, with fewer than 
24 individual loops, mechanical pumps rather than electromagnetic 
ones and cheaper, possibly single-walled, heat exchangers. 

(vi) Sodium rather than sodium potassium alloy would be the liquid metal 
coolant, being cheaper and less chemically active; although with a 
higher freezing temperature against which trace heating must be 
provided. 

(vii) In-core instrumentation and fault analysis methods would be improved, 
to enable design of safety equipment based on a fuller understanding 
of the normal and transient operating conditions. 

(viii) Reactivity control would be by movement of control rods rather than 
fuel. 

The fuel designs simulating multiple oxide pins in sub-assemblies were 
introduced in a modified DFR core and the essential minimum 5% commercial burn-
up of fuel was reached in April 1965. Extension of this fuel irradiation 
experience has continued5 with many later assemblies being taken to burn~ups 
of over in completion of proving trials of the PFR fuel. 

Operation of the Dounreay Fast Reactor plant stopped for a year in 1967-68 
while a defective weld in a sodium branch pipe was located and repaired. Inspec' 
t.ion at the time showed that the plant was satisfactory for continued service 
and it has since completed its tenth year of operation. 

To support the 250 MWE (600 MWIi) Prototype Fast Reactor power station, for 
which a preliminary design had been started in 1960, a facility known as Zebra 
was.brought into service at Winfrith In 1962. This facility is being used to 
determine the physics characteristics of large plutonium - uranium cores, 
extending the design data to that for the even larger commercial fast reactor 
units which are now being considered. 

The Prototype Fast Reactor (PFR) Power Station 

Sanction for construction of the PFR at the United Kingdom Atomic Energy 
Authority's Dounreay site was "given In February 1966. The'250 MWE (6Ö0MWH) 
power station is scheduled for completion during 1971 and to go into operation 
during 1972. ' 

The fuel elements and many other components are designed so that with 
little modification they will be suitable for larger and fully commercial power 
stations. Each fuel sub-assembly contains 325 pins, 2*7 i» long and 0*585 cm in 
outside diameter, Table 3. The stainless steel of the can is'-'0*038 cm thick and 
contains a 91'*5 cm length of ceramic plutonium-uranium oxide fuel with a 22-S cm 
length-breeder of uranium oxide above' and below, with a plenum at the lowest 
point ift which fission products can accumulate during irradiation. The fuel 
element, Figure 7, which will initially be mixed oxides of plutonium (20$) and 
uranium clad in stainless steel and made up of clusters of thin pins through 
which -the. sodium flows upwards, will operate at a peak rating of 260 МШ/tonne 
to between 5% and 7j¡% peak burn-up . 
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TABLE. 3 
Parameters for 250 № Fast Reactor Power Station 

Thermal output , MVSH 600 

Generator capacity (installed) MWE 305 

• Coolant temperature (core inlet) °C 400-420 

Coolant temperature (core outlet) °C 560-585 

Fuel pins per sub-assembly 325 

Fuelled length cm 91*5 

Fuel can outside diameter cm 0-585 

Fuel can thickness cm 0-038 
i. 

Primary vessel, diameter cm , 1,270 

Steam temperature (at TSV) . °C 540 

Steam pressure (at TSV) kg/cm2 162 

The reactor components are supported .from a diagrid which can accommodate 
271 hexagonal units 14*2 cm across the fiats in a honeycomb pattern. The fuel 
sub-assemblies forming the core occupy 78 of the central spaces and these are 
surrounded by reflector and breeder-sub-assemblies of the same size. Replace-
ment of these assemblies will be done off-load through a rotatáble top shield« 
Absorber rods for control and shut down are of the same hexagonal cross-section. 

The reactor, Figure в, is enclosed in a single stainless steel tank, 13 m 
in diameter and 15 m deep which contains the whole primary circuit comprising 
reactor core, breeder blanket, shielding, 6 intermediate heat exchangers and 3 
primary pumps for circulating the sodium coolant« By suspending;the tank from 
its perimeter and making all the external connections through the roof, pene-
trations of the tank -itself,-.which is below ground level, are eliminated, giving 
the highest .possible integrity against loss of coolant. 

To complete the power station, Figure 9, there are three independent 
secondary loops containing sodium, each connecting a pair of intermediate heat 
exchangers to a boiler in which steam is icaised for delivery to a turbine with 
standard (540°C, 162 kg/cm2) steam conditions, giving an electrical output of 
260-270 MW from the alternator. The latter is sized for future increase of the 
output. 

The present construction position is that the main vault is complete within 
the building framework. Fabrication of the stainless steel reactor vessel and 
the leak jacket which will surround it has been completed, including stress 
relief. Tests of the fuel and the sodium circuit technology have been completed, 
either in the DFR or out-of-pile rigs, so that production of the fuel can start 
soon. Fabrication of the main sodium circuit components including the heat ̂  
exchangers is well ahead. Sodium deliveries'to site have been made and puri-
fication to the required standard has been going on. 
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, , Looking forward to completion of the PFR during the.'early 1970s designs 
for commercial fast breeder reactor power stations are being prepared. The PFR 
design can be readily adapted for a 300 ШУЕ commercial power station but for the! 
United Kingdom designs with reactor units of 600 MWE upwards are being prepared 
as more economic to go into operation in the years soon after 1975. To establish, 
the best specification discussions with the, Electricity Boards .arid the Design 
and Construction companies will take place, and already the fullest participation 
in development by industry has been arranged, both by contracting out completion! 
of the PFR construction and by selectively placing contracts for component -, ! 
manufacture,, Figure 10. . . ! 

Commercial. Fast Reactor (CFR) Power Stations ' • , ! 
i -

Objectives for a first commercial fast reactor power station beyond.the ; 
PFR are г- i 

' i 
(i) A capital cost if possible no higher than for contemporary thermal к 

reactor designs. 
(ii) A fuel cost such that it can be reduced with the following CFR i 

programme to be substantially below that from contemporary thermal ! 
reactors at present ore prices. ¡ 

(iii) The lowest practical fissile materials inventory, including the core 
and the fuel manufacturing and processing routes, to allow early \ 
! large scale installations using the plutonium stocks and yields to 
best advantage. ! 

(iv) A doubling time for the plutonium invéntory sufficiently short, or . 
at least well understood, that a high rate of fast reactor installa- , 
tion can be attained; with eventually doubling times approaching the ; 
doubling time for the electricity system installed capacity. 

(v) Reliability and safety standards at least as good as in the contem- . •; 
poràry thermal reactor power stations, facilitated by reasonable access; 
for plant maintenance with the minimum outage essential for high merit! 
order base-load capacity» 

There is already confidence about the engineering features required for 
power stations around 300 MWE like the PFR and the development programme is 
directed now towards a larger and more economic unit. If this were to be ordered 
in the next two to three years it could be providing valuable operating experience 
in''the period 1976-ÖO» Additional to the plutonium stockpile, from 5000 MWE of 
Magnox power stations and another 10,000. MWE of AGR stations, there will be 
sufficient regular plutonium yieldto fuel 2000 MWE of fast reactors each year, 
around half of all the new nuclear capacity required in the 1980s. ; 

In the early years when proving of the technology on a commercial scale is ! 
the primary objective it will be more important to get the reliability and safety 
standards right. than to get a low capital cost, though this mil involve making j. 
use of equipment already proved on the early thermal and fast reactor projects j 
and so relieved of the special first off costs originally incurred. The core j 
design can be fairly readily adapted to get improvements at successive refuelling 
times and so in the early years it will be arranged for reliability and safety j 
rather than spectacularly low cost. The tendency will be to tighten up on the ' 
reactor engineering,and core arrangements as the pressures of a large programme 
on capital and plutonium availability "begin to bear, in-the intermediate years,! 
late 1980s say, improved fuel designs and core designs will have the objective j 
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of reducing plutonium needs and improving breeding properties;. In later years, 
late 1990s, .when plutonium becomes more freely available the design can be 
orientated: -towards reducing capital and relaxing the plutonium inventory and 
breading requirements, 

/ 

LONGER TERM FAST REACTOR. ALTERNATIVES 

The sodium cooled reactor has been developed as the first line for con-
centrated effort throughout the world. During the two decades that work has 
been going on in the United Kingdom the position with regard to alternatives 
such as the gas-cooled, steam-cooled and molten salt concepts has been regularly 
reviewed. 

The latest such review was carried out during 1968-69 collaboratively 
within the auspices of the ENEA. I.t has indicated that of the future prospects 
alternative to sodium cooling, gas cooling is preferred, assuming that the 
helium gas-cooled thermal reactor developments will be successful. The steam-
cooled fast reactor was viewed with less optimism, but on a longer time scale 
the molten salt concept, in which fuel is continuously reprocessed at the reactor 
site to remove the plutonium product and neutron, absorbing fission product wastes, 
is a possibility for competitive development« 

The neutron losses in a gas-cooled reactor using helium and no moderator 
should be small and hence there is the possibility of a good plutonium breeding 
ratio. A fairly high fuel rating is needed to get an acceptably small fuel 
inventory compared with that for liquid metal cooled reactors, and this requires 
good heat transfer between the fuel and coolant. A large heat transfer surface 
at the fuel becomes necessary, preferably with a low pressure drop, which has led 
to the porous fuel concept, using the new particle fuels almost directly cooled. 
It also leads to a high coolant pressure, probably upwards of 55 atmospheres, 
which is readily feasible with the pre-stressed concrete pressure vessel. This 
pressure will tend towards 100 atmospheres if the reactor is to operate in a 
direct gas-turbine generator cycle, with coolant temperatures in the region 800°C 
to ICXXrC to make best use of the high-temperature fuel and turbine combination. 

Steam cooling of a reactor at high pressure would give á development which 
could be coupled in a direct cycle -with a supercritical pressure steam turbine. 
Poorer breeding properties are to be expected due to hydrogen softening of the 
neutron spectrum and there is therefore the engineering incentive to reduce 
inter-fuel space dimensions and so reduce the core water content, a trend towards 
refined design not consistent with reduction in fuel capital cost. There are 
quite severe safety problems to be solved, in the techniques for controlling 
reactivity in a new core, or in gaining frequent access for part core replacement, 
and in providing emergency coolant for tight packed fuel. 

The molten salt fast reac-tor, by eliminating fabrication costs and permitting 
control both of excess plutonium reactivity and neutron absorption by fission 
products as a continuous process, have attracted considerable attention through 
many years. Heat removal from the fuel-bearing salt by a liquid metal such as 
lead has the merit of reducing the fissile inventory to the basic requirements 
of the core and at the same time concentrates the corrosion problems involving 
radioactive materials away from the steam raising boilers. 

While, these fast reactor alternatives' will continué to attract attention 
during the 1970s and 1980s none of them seems likely to be introduced on a 
commercial scale before the sodium cooled fast breeder reactor is well established. 
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There is however much work in progress on gas-cooled thermal reactors which will 
have increasing relevance if an alternative fast reactor system is found to be 
desirable» I -w 

SUMMARY I 

Wi-.th the growing programmes of nuclear power development in the world the 
fast breeder .reactor becomes essential to:-

(i) Get the most economic utilisation of plutonium arising from the 
thermal reactors. 

(ii) Reduce the pressure of demand for uranium ore and stabilise uranium j. 
price levels.-

(ill) Make the best use of limited separative work capacity for enriching ¡ 
uranium required in thermal reactors. 

(iv) Reduce generating costs particularly by virtue of the low fuel cycle 
cost arising fpom the breeding property. , 

During 20 years programmes of development work towards fast breeder reactors 
have been in progress, like that described for the United Kingdom, and these will 
reach fruition with fully commercial fast reactor power stations during the next 
decade.: v ; j 

For the first large-scale •commercial fast reactor installations the sodium1 

cooled fast reactor is the preferred design for most countries. In the future 
there may be alternative competitive fast reactor designs produced, particularly 
of gas-cooled fast reactors should the helium cooled thermal reactors now coming 
forward either with steam turbine generators ox with direct cycle gás-turbine ! 
generators prove successful. 
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ECONOMICS OF PLUTONIUM UTILISATION IN ELECTRIC POWER SYSTEMS 

Accounting for Plutonium 

1. In evaluating the cost of power from a nuclear station;, one of the more 
contentious features is still perhaps that of accounting for fuel bred within 
the reactor itself. For present purposes such bred fuel will be identified 
with plutonium. Among-various ways of accounting for plutonium may be mentioned 

(i) assignment of some fixed monetary value per unit amount; 
(ii) the'use of indifference curves? 
(ill) closed system analysis; 

any one of which may be used with widely differing sets of assumptions. 

A Fixed Value of Plutonium 

2. The first of these three methodsЛ s perhaps the most popular and may well 
be responsible for a still widely held view that the cost of nuclear power 
depends, amongst other things, on the value of plutonium. But insofar as the 
plutoniuin is a by-product nuclear fuel, it would appear to be the value of 
plutonium that depends on the cost of nuclear power and not the other way 
about. It certainly seems difficult to avoid th'is conclusion for the world 
as a whole from now to eternity. For in a "closed system" of this kind the 
costs due to assigning a value to plutonium would cancel out in successive 
transactions between the piutonium-producing and plutonium-feed reactors. 

3. However the larger, communities within the world system may themselves have 
nuclear installations which consume ail of, and only, the plutonium they produce 
They will thus form closed systems so that the cost of nuclear power within them 
is independent of any value assigned to plutonium. But, unlike the world system 
any one of these systems has a possibility of becoming "open" to sales of 
plutonium to, or purchases of plutonium from, the others. Furthermore, the 
price range within which any such system buys or sells will be determined so as 
to avoid any net financial loss, after allowing for the consequent adjustment 
in the relative proportions of plutordum-producing and plutonium-feed reactors. 
The system thus forms a possible "market" for plutonium within a well defined 
price range. A larger market is provided by two or more such systems having a 
more closely defined price range which is that common to all the individual 
rangesw 

Д. À market of this kind might be favoured by an individual community having 
a nuclear installation which is not self-sufficient in plutonium. Provided1 that 
the community is small enough not to affect the market price, then it could 
logically adopt this price in assigning a ,fixed value to plutonium on which to 
base all its estimates of nuclear power costs. Albeit, this method: of account-
ing for plutoniüm would be quite inappropriate to a community large enough to 
form a closed system. ' 
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Indifference Curves 

5. A second method of accounting for plutonium assigns a value to it by means 
of "indifference" curves. The generating cost of the plutonium-producing station 
and the plutonium-feed station are each plotted against plutonium va lue¿ The 
intersection of the two curves then defines a -plutonium value at which the 
generating cost of the two types of station are the same so that it is a matter 
of .indifference as to which type- of station is installed. 

6. Perhaps the simplest example of the use of indifference curves is given.in; 
Figure 1, A number of stations, all of the same type, are fed with uranium to 
produce plutonium, which is just sufficient for the net requirements of a second 
installation of stations, again of the same type, on a plutonium feed. The two 
types of station thus constitute a simple form of closed system. In terms of 
the symbols defined in Figure 1, it then follows that 

p u = a , u c ..»..(1 ) • 
P p 'f ..f , • 

7. At the indifference value v for plutonium, however, the generating costs of 
each type of.station are the same, so that 

с - p v с, + q„ v -- с (2) p.--.- "p t Mf • % 

On eliminating v. 

( q , с + p C j ) / ( p + a , ) v f p *p X" Mf' 

which,- with (-1}, becomes 

с 

Also, from (2) 

~ (c u ' + 'c„ u..)/(u + u,'i (3) 4 p p f f' - p f' . 4 ' 

(o^ - cf)/(pp. + q f ) ..... (Л) 

S. As inspection of the indifference curves would indicate, results (3) and 
(4) show that the indifference value for plutonium and the generating cost of 
either type of station at that value can be expressed directly in terms of the 
reactor parameters without reference to any value- of plutonium. In fact, the 
generating^cost at the indifference value of plutonium is simply the mean Of 
the generating costs .of the two types of station, quoted without credit or debit 
for plutonium and weighted in- accordance- with'---the amounts of electricity generated. 

9. The plutonium indifference value v thus has no bearing on the cost of elec-
tricity generated by the system consisting of the two types of station combined«, 
It is only cf importance as a minimum selling or maximum buying price for any 
plutonium exported or imported by the system.. If, for instance, plutonium is 
to be continually exported from the system, it will be necessary to increase the 



number of plutoriium-producinq reactors at the expense of plutonium-feed ones. ;, 
Uniy a part of the plutonium-producing reactors would then be needed to maintain; 
the plutonium-feed installation, the remainder being diverted to producing 
plutonium for sale. Clearly, the mean generating cost of the plutonium-feed ; 
installation and that part of the plutonium-producing one associated with it is -
the same as before. The minimum selling price for plutonium exported must now 
be such that the generating cost of the stations producing it is reduced to at ; 
least the mean generating cost of the rest of the system. Otherwise, plutonium ; 
sales will be a liability and would not be undertaken at all. From Figure 1 the¡ 
desired result is seen to be achieved when the minimum selling price-is made J 
equal to the indifference value. A similar conclusion is readily deduced for ! 
the case in which plutonium is imported into the system. 

/ i 

10. The simplicity of the argument so far is due not only to restriction to one; 
type of plutonium-producing and one type of plutonium-feed reactor, but also to; 
the absence, in the second type, of plutonium inventories. It is thus possible ; 
to deal with з "static" system, that is one of unchanging electrical output from 
each type of station. Furthermore, since the magnitude of this output is 
irrelevant, the conclusions apply equally well to an expanding or contracting 
system in which the total output grows or diminishes with time whilst the 
relative outputs of each type of station remain unchanged. 

11. However, if the plutonium inventory of the plutoriium-feed reactor is now ; 
taken as I per unit of electrical output, then equation. (1) becomes 

' pp up = qf uf + 1 dEf/dt - . (5)i 

where Ef is the electrical output of the whole plutonium-feed installation. The' 
previous algebraic -relation (1) for plutonium mass balance thus becomes a time- , 
dependent differential one. It follows that complete use by a closed system of ; 
ail the plutonium produced within it will generally require that the relative 
electrical outputs of the plutonium-producing and plutonium-feed stations are | 
continually changing with time. The previous static system has now become à 1 

"dynamic" one. 

12. Calculation of a mean generating cost for a dynamic system is complicated j 
by the need to average generating costs over stations that have been commissioned 
at different times. In the case of a single station, however, it is customary 
to quote $ single figure for the generating cost even though the various expen-
ditures and receipts, or "cash flows", will not have occurred uniformly with 
time but will, vary markedly, for instance, between the construction and operating 
phases* The way in which these irregular cash flows are transformed into a ; 
station generating cost'may thus provide a clue to the calculation of a mean | 
generating cost for a dynamic system. 

Present Worth •f* • i 
13. In the simplest case, in which all construction costs are incurred at the 
on-power date,.subsequent running costs are a constant amount per unit of 
electricity generated, the load factor is uniform over.time and no additional 
costs or receipts fall due at the end of life, the station generating cost can | 
be written 

с = (ak/L) + m (6) 



where 

- к' - construction cost per unit electrical output 
3 - amortisation, or capital charge, rate 
L - load factor 

m ~ running.costs per unit of electricity generated 

The amortisation rate is given by the formula 

= • a - r (1 + г) пДО + r)n - 1] 

where r is the interest, or discount, rate and n the station lifetime. 

U-. It may be deduced from this formula that 

• • 1/a = {'! + r}-» + (i + r)-2 + + (1 + r)"n 

so that equation (6) may be written 

„ (1 + r)"* ikE ч- mEL [(1 •»- r)"1 + (1: + r)~z + + (1 + r)""}] 
(f + x)~l EL[(1 + r)~1 + ÍT•+ r)'2 + ... + (1 + r)"") 

ins о о « » « \ * $ 

where E is the station electrical output and t is the elapsed time between the 
on-power date and some earlier reference, or "base", date. Inspection of. 
equation (7) shows that the generating cost с has now been expressed as the 
total expenditure, on the station discounted to 4he base date, or its "presént 
worth", at the base date, divided by the total amount of electricity generated 
by the. station aisip discounted to the base date. 

15. For the>simple case so far considered, the transformation of equation (6) 
into (7) achieves nothing but increased complexity. The advantage of the trans-
formation lies rather in its ability to point up ways in which less simple cases 
can be dealt with. If, for instance, L and m vary during the life of the station, 
then it is only necessary to transfer them to within the square brackets so that 
their value.at each instant of time appears as a- factor on the corresponding 
negative power of (1 + r). It still remains true however that, for a single 
station in isolation, this so-called "present worth method" will give exactly 
the same result.as the simple formula (6) in cases to which that formula applies. 
The present.worth method only shows to advantage when the successive cash flows 
follow a less restricted pattern to bring them closer to reality. 

16. Proceeding a stage further, if there are several stations of different 
types going on power at different times t after the base date, then for the 
such station equation (7) may be written symbolically as 

; ' : c. ---• X./li. • . • ••..'!. 1 Л 
where Xj and merely represent the appropriate values of the numerator and 
denominator of the right-hand side of equation (7). The mean generating cost 
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of the whole system of such stations, however, wili.be 

? = X, + X? + ... 
u, + U2 + ... 

= <:<i/ui) ui + (X2/U2) u2 ... ¡ 
и, + U.> ... I 

-I 
c, (Ui /U) + c2. (Ua/U) + ... ....."' (8) 

where I 
U - U, • U2 + ... I 

is the.total discounted electricity, generation from the whole system. Comparison 
of equation (8) with (3) shows that the expression for the; mean generating cost, 
for the dynamic system only differs from that for the stätic 'one in that rates 
of electricity generation are replaced by discounted amounts. 

17. Rather than assign a different value to the suffix 1 to each individua I 
station it is more convenient in presenting results to group all stations of a 
given type under the same suffix. Any set of terms in expression (8) such as ; 

ck + v n w u > + - + V j ( l W u ) 

may thus be written 

( V U ) 

where 

и. = и. + и. + ... и, . . i к к+ î k+j 

The generating cost c^ thus becomes the mean generating cost of stations of 
type i taking account of variations in their load factor and costs.throughout | 
the time over which the system extends. The contribution of stations of this i 
type to the system cost с is then found on multiplying the generating cost cj | 
by the "system fraction" Uj/U. 

Dynamic System 

18. The present worth approach may now be used to find the mean generating cost 
of the system of Figure 1 when the plutonium-feed reactors are provided with, 
inventories. The condition that all plutonium produced, within the system shall 
be used within it is'now expressed by equation (5) rather than (1). Also, this 
condition no longer réqu'i'fès that the plutoriium-feed -reactors should be net | 
consumers of plutonium and they may equally well be net producers instead. Itj 
is, therefore, more convenient to replace the specific plutonium feed qf by a j 
specific plutonium production which may be positive or negative. Again, if' 
the load factor Ц of the plutonium-feed stations is independent of time then | 



their electrical output Ef may he replaced by Uf/Ц- so that finally equation (5) 
becomes 

pp Up + pf uf = (I/L f) d u f /d t . . . . . (9) 

whilst a relation analogous to (8) gives-the гяёзп generating cost of the system 

as 

2 s cp (Up/U) + cf (Uf/U) . . . . . (10) 

where 
U - U + U, P f 

19. In deriving expressions for Up and Uf, i t is convenient to re-write terms 
such as (1 + r)"1» appropriate to cash flows occurring at discrete instants of 
time, in the form e~rt> appropriate to cash flows occurring continuously. If 
time t is taken to be zero at the base date and if the system extends beyond 
this date by time T, then 

Uf - } u f (t) e".rt dt 

T 
U = 1 u ;(t) e" r t dt p J • • p. ' 

(.11) 

Provided that 

p f < pp + (rl/Lf) (12) 

then equations (9) and (11) yield the result 

uf ~ 17ц e 

+ r | T T ¡ b L l h . 
T/L + Ч 1 

U (t) e ' f dt . . . . . (13) 

20i In the likely event that up + u¿ ultimately grows at a rate less than r , 
then equations (11) show that U will approach/-sortie limit as T.becomes infini te . 
From equation (13) therefore, i t follows that / ' ; 

Pp 
; ; ...,-u«(uf/t» ^ p . p ; ( r i / L ) — -

T—® v ' f 
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Since 

У и = 1 - ( u f № 

the corresponding value of the system generating cost с can now be found from 
equation (10). 

Effect of Plutonium Value 

21. From equation (3) the mean generating cost for a stat ic system was seen to 
depend on the station generating costs, quoted without credit or debit for 
plutonium, and.to be independent of any value ascribed to plutonium» In order 
to see whether the same is true of the dynamic system, the system is considered 
to extend from the base date at timö t = 0 to some future date at time t = T, 
At any time t , if v ( t ) is- the value of plutonium» thert'.plutonium transactions 
will incur an additional cost to the plutonium-producing stations of 

- P p v ( t ) 

and to the plutonium-feed stations of 

- Pf v (t) 

both per unit of electricity generated. There will also be an additional cost 
to the plutonium-feed station started up at time t of 

• Iv (t) 

and to' the whole plutonium-feed installation at time T of 

- îv (T) 

both per unit of electrical output. 

22. The present worth of these additional costs is 

T 
- J [ p p Up (t) + Pf Uf ( t ) j v (t) e " r t dt 
о 

T . 
+ M/LJ f v (t) (d u /dt) e~ r t dt 1

 j
 1 

о i 

• . ( l A f ) v ( I ) u f ( T ) e * r T 
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From equation (9), however, the f i r s t two terms of this expression are seen to . 
cancel each other so that finally the present worth of the additional costs 
incurred by plutonium transections is 

Iv (I) £f (T) е~гГ . . . . . (15) 

In other words, the system is credited at time I with the value at that time of 
a l l the accumulated plutonium inventories» 

23. As already mentioned, i t 'is likely that up + uf will ultimately grow at a 
rate less than r, and the.same can therefore be expected to be true of £f. Since 
Plutonium values are unlikely to rise indefinitely, the expression (15) can be 
expected to vanish as I becomes inf in i te . When using equations (10) and (14) to 
calculate the mean generating cost for the dynamic system previously considered, 
therefore, i t follows that the station generating costs cp and Cf should be 
quoted without credit or debit for pl.utonium. 

Indifference Curves with Inventories 

24, Although 'indifference curves have so far only been considered in relation 
to a static system, there is no diff icul ty in constructing them for a dynamic 
one. The diff icul ty may be in their interpretation, for the plutonium-producing 
station, the generating cost is given in terms ox plutonium value by the expres-
sion 

с - p v P Р 

If the system extends to eternity then so will the plutonium inventories and the 
generating cost for the plutonium-feed station is thus related to plutonium 
value by the expression 

:V+-«r (I/Ц) V - p V 

25. The mean generating cost of the.system is then 

с = с с + r ÍI/L ) v - p, v p p f - •--<-{/ ff 

On eliminating v, 

Í 1 - pn - pf + {rl/L ). p i i P Т р П т Ц Г ^ c f 

which is identical to the result obtained previously 'from equation (1Л) in (10), 
Closed System Analysis 

26. Before dealing specifically with the method of closed system analysis, i t 
may be worth drawing attention to the way in which i t has almost inevitably 

8 



encroached on the discussion of the previous methods. Assessment of nuclear 
power costs based on the assignment of a fixed value to plutonium was seen to ! 
imply commitment to dealing with some external market buying and selling 
plutonium at the assigned value. A logical determination of this value then 
appeared to depend on some form of closed system analysis carried out by the i 
communities forming the external market. Again the generation cost given by \ 
the indifference value for plutonium was found to be nothing other than the 
mean generation cost for the appropriate closed system which turned out to be ; 

'independent of any value ascribed to plutonium. 

27. However, the advantage of a closed system analysis rests on more than an ; 
apparent inevitability. For any nuclear power system which is sufficiently large 
to be self-sufficient in plutonium, generating costs based on the assignment of 

: á fixod value to plutonium are well-nigh meariingless. Furthermore, for the ¡. 
general case in which the system is a dynamic one, the use of indifference ; 
curves is so hedged about with restrictions that i t can yield l i t t l e information 
of practical value. In the f i r s t place, i t is confined to a system consisting ; 
of only one type of plutonium-producing and one type of plutonium-feed reactor«' 
Secondly, plutonium must be used within the system as fast as i t is produced ! 
so that no period of stockpiling is admitted. Thirdly, the system must extend | 
to eternity. Fourthly, the exponential doubling time of the plutonium-feed j 
reactor must be more than the ultimate doubling time of the growth of the ! 
system. Otherwise, the system will become more than self-sufficient in ; 
plutonium and the conditions stipulated for plutonium mass balance will cease j 
to apply. I 

28. The closed system a n a l y s i s , ( z i o n the other hand, permits a much closer, 
approach to reali ty, The total power programme may build up with time in any 
manner and different types of station may be introduced at different points in! 
time. Plutonium-feed stations may only be commissioned as and when plutonium j 
stocks permit, and for each type of station both fixed and running charges may ¡ 
vary with time. Given the load-duration curve and station availabil i t ies at 
every point in time, the corresponding variation in load factor of each type j 
of station may also be taken into account. The stations may be of given l i f e - i 
time so that their replacement may be allowed for and the system may be texmi- ! 
nated after some f in i te time provided that i t is then credited with the written-
down value of i t s fixed assets, including plutonium. Apart from contributing 
to this terminal credit, the only other way in which a plutonium value can 
influence the assessment is through the sale of any plutonium that may become 
surplus to the requirements of the system. 

29. In general, therefore, the influence of any assigned value to plutonium on 
a closed system analysis is small and may well be zero. I t does not follow, 
however, that the value of plutonium to the system is small. In fact, the 
minimum selling or maximum buying price for any amount of plutonium leaving or 
entering the system at any time is readily obtained. I t is only necessary to ; 
repeat the analysis with the given amount of plutonium extracted or added at ' 
the given time. The resulting change in system generating cost then enables a 1 

value to be set on the amount of plutonium involved such that the system is 
exactly compensated. This value is the minimum selling or maximum buying pric^ 
sought for. 
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REACTOR STRATEGIES - Methodology, Results, Significance 

by ' 
N P. H. Margen 

Aß Ai. omens rgi - 1 

Stockholm 

•1. THE NEED FOR STRATEGY STUDIES . ' 1 

Traditionally, al ternative generating plants have been compared 
on a single unit or station basis. Appreciation i s , however, 
growing that this gives an incomplete and often mis leading picture _. ' 
of the power development phase we are now entering. A country ; 
cannot build individual reactors of many d i f fe ren t types with significant 
local contributions with a prospect of good economy, as standard-" 1 

isation of components and even more of fuel is necessary to press 
costs. Thus fami l ies of reactors rather than single units have , 
to be compared together with the associated requirements of various 
fuel cycle procees f a c i l i t i e s (enrichment, fabrication, reprocessing), 
and raw material requirements. 

The coats of the various fuel cycle processes are strongly affected 
by the scale of the onerat ion and as this increases rapidly in time, ' 
studies have to be made over a long? time interval . Thermal reactors 
produce f i s s i l e material often best u t i l i sed in other reactor types, ; 
particularly, fast breeders, and thus reactor programmes' involving 
a combination of wore than one type often promise bet ter economy j 
than single reactor s t ra tegies , at least when applied to large systems,. 
Also prices of raw materi,3lss such as uranium, can be expected to- in- ; 
crease in time, though the extent to which this takes place is affected 
by the amount of uranium required by the different reactor programmes ' 
selected, thus further emphasising the need to study entire programmes; 
over a long time, i . e . reactor s t ra tegies . Finally, d i f ferent reactor 

..progr^rnraes can Involve other. factors than direct costs which influence 
i t s attractiveness to a part icular country— e.g. the degree of depend-
ence on fuel cycle f a c i l i t i e s v/hich are under the control of a few great 
nations. Exhibit 1 summarises the above reason for studying reactor st^'"' 
tegies, whilst exhibit 2 shows how different organisations havi 



bility for d i f ferent issues involved, so that studies are necessary 
as a basis for decisions effect ing a l l these par t ies . 

The process of comparing the material and fuel process requirements 
and the overall economy of entire power programmes over a long time is 
involved and requires the use of computers unless very radical simpli-
fications (which limit the validity) are made. 

For this reason more and mote organisations have embarked, during recent 
years, on the preparation of computer codes for the comparison of "reactor 
strategies". These vary extensively regarding objectives, degree of refine-
ment, arid application. Due to the complex nature of the problems concerned, 
great at tention has to bo given to the logical structure of the calculation 
code, to the selection of data used,end to the analysis of the conclusions 
justified by the calculations, if results of value are to be obtained. 
Subsequent paragraphs indicate the basic structure of such codes,typical 
results obtained with to-date, and the direction in which this subject is 
evolving. 

2. BASIC STRUCTURE OF REAP i OR STRATEGY CODES 

2.1» I n i t i a l l y given or assumed information 

EsMbit 3 shows the typical logical build-up of a very complete code. 
The four blocks on the l e f t hand side represent information which is pre-
selected at the beginning of a particular calculation. The first of these 
blocks represents .information generally given or assumed for all the cal-
culations - i.e. the load growth rates and load curves of the power system 
concerned, special boundary conditions imposed for the fuel cycle -
e.g. whether the system should be s e l f - su f f i c i en t regarding plutonium 
or can import or export Гц from other systems, any additional limitations 
imposed by policy considérations such as the desire to bé* independent from 
(foreign) enrichment services which might apply for certain count!res. 
Finally there are the f inancial ground rules such as the interest rate 
and plant life - though the l a t t e r would, in a very complete analysis, 
also be subject to checking by an economic optimisation* as indicated later* 
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The second of the four blocks on preselected information concerne j 

the percentage of the system load taken by nuclear plant , and th i s 

would obviously be a function of time, as the nuclear portion grows 

from near zero to a more and more dominant part* At the s t a r t of any 

calculation th i s must be assumed, but optimisation routines which 

calculate the most economic proportion of the nuclear part can be in-

troduced as mentioned later« 

The third block describes the proportions of d i f fe ren t nuclear reactor 

types on the system at d i f fe ren t times, in short the "nuclear mix" at 

any time, or more generally, the "reactor s trategy". 

The fourth block defines the nuclear and cost data for the individual 

reactor types involved by the strategy,, and these may vary with the 

ins ta l l a t ion date to r e f l ec t predicted technological progress. 

2« 2, Basic computation block 

The central part of the computation codes (Block "A") uses these, four 

blocks of information to calculate flow rates (in tons/year) of raw 

material requirements, such as natural uranium and plutonium,and of 

process requirements - e .g . enrichment services (tons separative work/year) 

~fuei fabricat ion requirements,and fuel reprocessing requirements* Each off 

these items can of course be subdivided into several groups, e .g . when se-

veral fuel types are involved. 

The calculations involve calculation of the "running requirements" of 

materials and process needs as well as "inventory requirements" introduced 

by the time delays in the various processes which give r i se to fuel inven-

tor ies in the reactors and in d i f fe rent fuel process f a c i l i t i e s (enrich-

ment, fabr icat ion, cooling,reprocessing, transport e t c ) . Different codes; 

are -eften distinguished by the degree of refinement used in representing 

the ¿mrentories d i rect ly or the time lags creating the inventories. 

The simplest programmes use a single inventory term as kg fuel per keW 

introduced in the year a reactor is commissioned (in pi le plus out of pi 1-е 
inventory), but even when this is based on an assessment of typical time . 
lags incurred, i t cannot give universally correct resu l t s , as for instance 
the time lags for the in-pi le inventory depend on load factor whereas 
those for out-of-pi le inventory do not. 



When the computations relate to a system assumed to be se l f - su f f i c ien t 
regarding Pu ( i . e . a "closed" system), then the central computation 
block has to contain a subroutine (shct-m as block В on Exhibit 3) 
which calculates the proportions of the capacity in the Pu producing 
reactor type (usually a thermal converter) and the capacity of the reac-
tor type (usually fat breeders) having a Pu deficiency for the inventory 
requirements. Thus in such a two-reactor type strategy on a closed sys-
tem, the Pu balance defines the "reactor mis", 

2,3, Cost relat ions 

Next on exhibit 3 come blocks which define the specif ic costs of the 
materials and process services. These involve often the most d i f f i cu l t 
and uncertain judgement - e ,g, concerning the manner in which uranium 
prices are affected by the rate at which uranium is being consumed and 
thus the time by which the cheapest deposits are fu l ly consumed. With 
regard to plutonium, the price is not very important (as we shall see 
la ter ) in a closed system, other than as a help for individual reactor 
optimisation, whereas i t i s of v i t a l importance when Pu is exported 
from or imported to the system as a whole. The specif ic costs for various 
fue l cycle processes are affected above al l by the scale of the process 
in tons per year, considerable cost reductions being generally achieved 
by an increase in scale. In addition they are of coursé affected by the 
rate of technological progress. 

A combination of the flow rates and specif ic costs gives the overall 
annual costs for raw materialá (uranium, plutonium etc) and fuel cycle 
processes. The costs involved by the reactors are the capital costs and 
operating costs (the fuel cycle costs having already been cohered sepa-
rate ly by the previously mentioned blocks). In cases where also the per-
centage nuclear capacity is to be optimised ( i . e . is not assumed as a 
function in time and kept the same fo r a l l reactor s t ra tegies) , a block 
has to be added for the cost of conventional plant. 

Final ly, i t is appropriate, at least 'for studies concerning the "national 
economics", to add a block concerning the development costs expected for 
the various new types of powbr plant, A strategy giving only marginal 
benefi ts in direct" generation costs but involving large additional deve-
lopment costs is clearly not in the national4interest• •- whoever pays for 
the development.. : ч-ï . ..i-. 



The f ive coste mentioned above cari than be added to obtain the overall 
system costs. The costs are calculated for each year, but can, using the 
laws ;of compound in te res t , be discounted to a single reference year. 
The sum of such discounted costs then give the "present worth value" of 
the system costs over the period considered» I t i s important, in th i s 
connection, that the value of f inancial assets existing at the end of 
the period considered in the form of residual value of the plant and 
fuel inventories are correctly assessed in arriving at th is present worth ; 
value. I t i s in th is connection that the f inancial value of Pu should be 
taken into consideration even on a closed system. 

Certain reactor strategy codes do not go as far as evaluating the economics 
described above but supply information on annual and integrated uranium 
requirements end process plant capacities as information for planners who 
wish to see whether or not a specif ic strategy can lead to unreasonable 
uranium requirements in relation to judged reserves, or whet plane have 
to be made for new enrichment f a c i l i t i e s , reprocessing f a c i l i t i e s etc 
if a par t icular strategy i s followed. 

Those which do evaluate system costs in the manner described above, may 
deliver this overall "present worth value" ©f the system costs over a 
period of years as the f ina l product or "yard st ick" by which di f ferent 
s t ra tegies can be compared. Thus different strategies are f i r s t defined, 
then the cost is calculated for each, and f ina l ly comparisons are made, 

2,4, Optimisation functions 

On the other hand, i t should be observed that over the long periods of 
time considered for such calculations (usually 40 or more years, as the 
useful l i f e of even an individual reactor i s probably well in excess of 
30 years), the cost of uranium, value of plutonium,and specif ic costs 
of various fuel cycle processes wil l vary very considerably. The f i r s t 
two of these factors is l ikely to increase a f t e r çhe middle 1970s, 
whereas most process costs are likely to decrease substantially by the in-
fluence of economy of scale , Thus reactor 
designs established for the beginning of the period are not likely to be 
optimum also for the end of the period. Hence a reactor strategy might 
be in jus t ly penalised by the fact that the individual reactors have not 



been optimised, correctly for the changing environment, Thus i t i s a 

strong advantage i f optimisation blocks for the individual reactors 

can be introduced, as indicated by the feed back loop from system costs 

to reactor data. Two types of optimisations are involved - f i r s t l y those 

plant parameters whiçh cannot be changed over the l i f e of the plant , and 

should thus be optimised for the expected (weighted) average conditions 

ovér the l i f e , with the i n i t i a l years carrying the biggest weighty second-

ly those cote parameters which can be readjusted with successive core loads 

- e .g . degree of enrichment, pin diameter (over a certain range), blanket 

thickness e tc . These can be successively optimised for the conditions 

existing at that time. Re-iterative processes ere involved, since the pa-

rameters which effect the optimisation - e .g . Pu value - are influenced 

by the subsequent conditions on the system and thus by the reactor s t r a t e -

gy and reactof date. 

With regard to the "reactor mix", this can be determined fu l ly by the system 

boundary conditions,for instance, in the case when only one thermal reactot 

type producing Pu and one fas t breeder reactor type u t i l i s ing this Pu for 

i t ' s inventory are specified, and the system is required to be s e l f - e u f f i -

cient regarding Pu» then, in e f f e c t , the proportions of the two typ6 8 

plant are predetermined by the requirements of the Pu balance, and are 

calculated as part of the central calculation block of the code. I f , how-

ever, oh a similar system two dif ferent types of thermal converter were 

admitted, then one dègree of freedom concerning the proportion between 

these converter capacities would exis t , The economic proportions could 

be ascertained by working through a few alternative t r i a l caaes or s t r a -

tegies , ox by using an automatic optimisation routine. If the l a t t e r 

is used, i t i s important that i t should be re - i te ra t ive as the conditions 

which exist towards xhe end of the period considered influence the economic 

proportion between dif ferent types of plant at the beginning. Attempts 

which have been made in some cases to avoid th is complication by optimising 

jus t one year at the time can lead to quite m i s l e a d i n g resul ts for certain 

types of s t ra tegies , as i l lus t ra ted l a te r . 

Also the .proportion o£ nuclear plant on the system in year can-be 

optimised by .generalising the above case - the conventional powèr plant 

being jus t regarded as one additional type of plant with specif ic cost 

characteris t ics in the general system plant mix. 



Finally s aven one of the.basis assumptions **• nuclear plant life - could ; 
be optimised in a very refined programa 'as it cm be shown that power i 

plant types having relatively low fuel costs generally have longer economic 
plant l i f e s than those having high fuel costs (provided they can. be de- y 
signed and maintained so as to vithstend physically the wear imposed by i 
the long life)» The reason for this is that a plant item should ba r e t i r ed ; 

i 

when the running costs for this plant itera, (including effects of unra l i - i 
a b i l i t y ) are equal t o the total coste of, » p l a n t , end ia i l l u s t r a t e d ;, 
on exhibit 4, The assumptions made in deriving this exhibit are described ! 

in r e f , 1. 

Доб. Sensitivity analysis ; 

The above account has given some indication as fco the varying degree of 
refinement which can be applied to such strategy programes. I t i s im*" ; 
portent always to keep track of the extent to which She results obtained 
from any such programme have been predetermined by specific asstroptiona'-- '' 
- e.g. concerning the cost data for the reactor types involved, and thus 
t o carry ou t sensi ti vi tv «nalysis of the results to variations i n the 
assumptions. The non-self optimising programmes provide sóns sensitivity 
information in the co-arse of the natural procedure of comparing «-number 
of dis t inct cases » and are thus perhaps a little less dangerotte•in this 
respect than the most refined progjcacsies with a high degree of se l f -op t i -
misation. On the other hand, as long as the limitations are observéd and 
a sens i t iv i ty analysis is also carried ..cuts the taore complex programes 
should, in time, yield the fairest representation of the problem, and codes, 
should thus evolve in that direction«. 

3. DISCUSSION CF TYPICAL RESULTS 

3.1. Resource Programmes • i 

To get a bet ter appreciation of the usefulness of reactor strategy studies» 
the results of soma actual cases should be- examined. A start will be made i 

with the programme developed by an ENEA working, group ia.an attempt to 
* 3 3 4- 1 

standardise reactor data"5 and procedures/ used for these types of ; 
studies* as it vas felt that the existence of a common language would 
eliminate many of the causes of differences in opinion^ and would make 
it easier for different organisations to compare end discuss their respec- i 
t ive findings. 



I t i s , of course, difficult for or. international working group to reach 
common views on factors where different commercial in teres ts may be in-
volved, and thus the first versions of the ENEA strategy studies weré con-
fined to the standardisation of esta and construction of a code suitable 
for calculating raw material and process needs. The resul ts were applied 
to the West European'aystern, with three alternative projections of nuclear 
growth rate (high, low sod medium) over the period 1970 to 2010, and a 
load duration curve (in the la tes t studies) in accordance with exhibit 5. 
The plant with the lowest estimated fuel cycle cost ( fas t breeders) was 
allocated the base load position, and the remaining plant arranged in 
"order of merit" according to the estimated fuel cycle costs. Whilst most 
of the relevant assumptions are summarised in r e f , 4, the following ex-
amples of information obtained can be given.» 

a) Converter saturation 

Exhibit 6 compares several s trategies in each of which one converter has 
been combined with fast breeders assumed to become commercially available 
in 1980. Pu was assumed to be stocked un t i l required by the fas t breeders,, 
and the Pu stock was drawn dot m from the 1980 value to a minimum buffer t 
over a t rans i t ion period of about 5 years, a f t e r which the minimum Pu 
buffert was maintained constant,, i.e. a Pu balance was obtained. Exhibit 6a,b, 
and с respectively refer Lo the high, medium, and low nuclear load growth 
rates. Each figure shows the total nuclear plant capacity and the converter 
capacities calculated in the above way to satisfy the requirements of the 
Pu balance, on the assumption of a 30 year plant life. 
For converters such as natural uranium heavy water reactors (KWRs) which 
here a re la t ively high Pu production» the fas t breeders can be introduced 
re la t ive ly rapidly and are suff ic ient by 1997 (medium load esse) to produce 
the Pu necessary for oil future reactors to be fas t breeders. Hence the 
c o n v e r t e r c a p a c i t y ronches a maximum in that year (i.e. it "saturates") 
and decreases subsequently. For AGE which has a much lower Pu production, 
the converter capacity does not saturate till a much later date, indeed well 
beyond the-period studied by ENEA, The time when saturation occurs is seen 
to depend also on the assumed rate of load growth» i.e. occur*, earlier for the 
low load "growth rates than, for the high, -
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The effects of a high percentage annual load growth rate (i.e. a low 
nuclear load doubling time) on converter saturation can be compensated 
by the development of a fast breeder with a shorter doubling time, as it 
is the ratio of Chese two doubling times which is the. most significant fac-
tor (see reí. 4 and 5 and foot note), 

b) Uranium requirements 

Exhibit 7 shows the corresponding annual uranium requirements both for the ' 

two-reactor type strategics referred to above and for some single reactor 

cases. It will be seen that for the single reactor cases, the uranium re-

quirement continues to rise almost exponentially, whereas for the two reac-

tor type strategies it saturates and eventually decreases. Amongst the single 

reactor cases, HWRstwith their relatively low uranium consumption and in-

ventory needs, have lower annual uranium requirements than light water reac- i 

tors (LWRs) . Amongst. tlu>. two-reactor strategies also HWR + FB strategy has 

a lower requirement than the LWR + FB strategy partly because the former in-; 

volves converter capacity (higher Pu production) and partly because of the ! 

lower uranium requirements per kW. , 

Exhibit 8 finally compares some integrated uranium requirements over the 

40-year period. It will be observed that the single-reactot strategy, in-

volving natural uranium HWRs, has requirements comparable with those involving 

enriched converters (LWR, AGR or HTR) plus a fast breeder. Thus the relief 

to the uranium demand provided by the introduction of HWR would be comparable 
, ¡ 

to that provided by the introduction of FB over the 40-year period. Over 

a longer period, however, the fast breeder would have the stronger impact. 

The lowest uranium requirements are obtained by the introduction of both 

HWRs and fast breeders. ч 

c) Enrichment services 

Exhibit 9 shows calculated enrichment capacity requirements for different 
strategies. This is large for a single-reactor strategy involving an en-, 
riched reactor such as LWR (or AGR or HTR), and not relieved very'much even 
by the recycle of Pu. The use of natural uranium HWRs would, of course, 
eliminate it and even the use of HWRs for about half the system capacity; ; 
and tWRs for the remainder would make a system independent of enrichment 
services in times of emergency, if, on such occasions, the Pu produced from' 
both reactor types is recirculated in the LWRs together with 

Foot note 
EB doubling time - period necessary for an FB programme to build up 

sufficient Pu to -double the FB capacity. -
» • ' 
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with natural uranium at somewhat reduced burn-ups. For two-reactor type 
s t ra teg ies , such as LWR and FBS a peak enrichment capacity requirement 
i s reached which eventually diminishes. However, the introduction of fas t 
breeders cannot relieve the si tuation sensibly unt i l well in the 1980s, 
end thus Europe as a whole will require access to enrichment f a c i l i t i e s 
during the 1970s which exceed the current maximum capacity of the U.S. 
plants , 

d) Applications and future extensions 

Results such as those given above are useful to planners in indicating 
when in i t i a t ives concerning increase of prospecting ac t iv i t ies or new 
enrichment plant services may be necessary» They can also give a hint as 
to the dangers involved by some reactor strategies which create very large 
uranium requirements and thus a danger that the cheaper resources will be 
exhausted re la t ively early, involving considerable increases thereaf ter . 
They can also be input data to more complete economic studies of the type 
discussed in section 1, 

Indeed, at the present time» the ENEA working group concerned is examining 
the poss ib i l i ty of extending the work into the realm of economics by 
establishing the relations between various fuel cycle processes and the 
scale of the operation and other relevant factors . As indicated by 
exhibit 3 th is i s one of the important blocks for the economic evaluation, 
and one on which a standardised approach would be beneficial« Some con-
sideration i s also being given to the s t i l l more d i f f i c u l t block concerning 
uranium price trends, 

3.2. Cost programmes 

A number of organisations (e.g. Karlsruhe^, înteratom^, UKAEA ,̂ Jü l i ch^ 
Oak R i d g e A B Atomenergi, and Asea-Atom) . have produced complete cost 

11) . 
programmes. In Sweden, the SANS programme was produced which uses à f a i r -
ly simple representation of the fuel inventory terms, and then provides 
cost factors for reactors and the fuel cycle. The uranium cost can be var-
ied as a function of integrated requirements to represent the possible in-
flueriice of the gradual exhaustion of the cheaper uranium deposits. 

Adaptation of code m réf . 7. 
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a) Pu value 

For the closed Pu cycle case* the financial value of plutonium is calcuf 

lated as a dependent variable. Exhibit 10 shows How the Pu price varies; 

in time for various cases. Exhibit 10 a represents conditions when the 

uranium price i s assumed to remain constant irrespective of uranium de-

mand. In these circumstances the thermal reactor recycle value of Pu 

would be expected to diminish gradually a f t e r the 1970s due to fa l l ing 

costs in separative work resulting from reduced power costs, technolo-

gical progress, and further increased scale. The addition of a "break-

even" breeder to such a system would, by def ini t ion, not change the sys-

tem costs, and thus not affect the financial value of Pu. The addition 

of a "good breeder", on the other hand, i . e . a breeder giving lower power 

costs than the converter when Pu is evaluated at i t s thermal recycle va7 

lue, would reduce system generating costs. Hence any additional kg of Pu 

made available to the system allows the more rapid ins ta l la t ion of such : 

a breeder and reduces system costs by a calculable amount, which i s de-; 

fined as the financial value of the Pu. Thus the value of Pu begins to 

increase some years before such a breeder becomes commercial, then xnain-r 

tains a high value unt i l the Pu production is suff ic ient t o stop building 

more converters. At th is point the value of Pu returns to i t s recycle va-
~ • i 

lue in the converter, as i t saves U-235, However, there is a " t ransi t ion 

curve" of some years, as the fas t breeders, originally optimised for a ! 

high financial value of Pu,are now gradually reoptimised for lower Pu j 

production, e.g. by reducing blanket thickness. Such measures reduce ge4 

neration costs.and those reductions are credited to the excess Pu which; 

made them possible. Finally, when a l l existing converters have been re- ¡ 

t i red , the value of Pú is governed by the economics of new converters 

fuelled by Pu + Nat. U or by fur ther reoptimisation of the fas t breeders, 

and thus diminishes fur ther . 

Fig, 10b shows conditions on a system in which uranium prices are assumed 

to rise as a function of integrated uranium requirements. With converters 

only, the financial value of Pu then rises due to the price increases of 

U-235 with which Pu is compared. The introduction Of the "break even 

breeder", having same data as for exhibit 10a,now produces a cost reducr 

tion on the system аз a whole by reducing uranium requirements and thus ! 
even U prices, and this is reflected by an increase in the value of Pu. ! 
Eventually, the value of Pu returns to its thermal recycle value, but 



th is i s lower than for the converter only strategy, as lèss uranium 

has been consumed by the breeder strategy at any given point ' in-

time, As the break-even breeder i s assumed to have a lower breed 

gain than the good breeder, the Pu-sufficiency occurs la te r in 

time, and thus also, the high Pu value i s maintained longer. 

The third curve in exhibit 10b shows the case of the good breeder 

on such a system with rising U prices . ïn th is case the value, of 

Pu can be very high but the peak is maintained for a shorter time 

interval than for the indifferent breeder. 

As the SANS programme docs not yet contain options concerning re-

optimisation of breeders, exh. 10a and 10b are sketches where 

..these, e f f ec t s have been estimated. The remaining trends correspond, 

•however, to typical runs with SANS.: 

b) Uranium prices . • .-. 

With regard to uranium price trends, several options summarised 

in exhibit 11 are being added to the programme. These represent 

as one extreme constant prices and as the other extreme a price 

trend which approaches that of the "reasonably assured plus pro-

bably additional reserves" given in a report issued jo int ly by 
12) 

ENEA and the IAEA in 1968 concerning the reserves in regions 

where some prospecting has been carried out. Even though these 

are the most promising regions, some reserves must be expected 

from other regions and hence the various other curves r e f l ec t 

d i f fe ren t degrees of caution or optimism concerning the possi-

b i l i t i e s of finding and exploiting such additional reserves from 

other regions. I t should be emphasised that the simple linear 

relat ion between uranium price and reserve mined postulated here 

.must be regarded as a gross simplification of a relation which 

can be very complicated and involve many factors , «e.g. liraita-

; tions in production capacities governed by the need to write off 

investments over a reasonable number of years (see r e f . 13). 

However, though, several workers are now engaged in trying to 

develop more sophisticated uranium price models, the data avai l-

able1 to date do not seèm to j u s t i f y thé use of any more elaborate 

model, 
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Exhibit .12 shows calculations of the influence of different pro-
jections on the uranium quantity available below at a given ceiling 
price £ox the relative merits of different strategies,- The curviès 

show that the relative merits of high and low gain breeders 

(e.g. .Na ̂and steam cooled variants respectively) are strongly 

influenced by the judgement of the magnitude of the low price 

uranium reserves, 

Whilst'not too much attention should be given to the relative 

levels of the different curves bearing-in mind the uncertainties ' 

of the cost calculations commented on in ref, 5, it is of interest 

to note that these strategy calculations give almost identical 

system costs for the cases of BWR combined with oxide fuelled 

fast breeders cooled by Na, He, and D^O steam respectively. 

When, an the other hand, these fast breeders are compared on 

a single-reactor basis, as done in exhibit 13, the Na cooled 

fast breeder gives higher costs. One re.ason for this apparent 

discrepancy is the fact that the Na cooled fast breeder has 

lower Pu inventory and can thus be introduced more quickly than 

the other fast breeders, although all three variants have similar 

doubling times. Hence the Na cooled breeders also save more 

uranium, and this compensates the somewhat higher, cost according 

to exhibit 13« This illustrates the importance of comparative 

strategy calculations as opposed to single-reactor comparisons. 

c) Fuel cycle process cost functions 

In the terms for the various fuel cycle costs, expressions have 

been added allowing the influence of. economy of scale on the 

operations and technological progress to be added. These terms 

are in general form, and when the evaluation work by the ENEA 

group referred to. at the end of\ para 3»l»d is complete, the cort~ ' 

stants in these terms can ba adjusted to suit the ENEA team re-

commendations,; 

Exhibit 14 illustrates one judgement (that of AEC documented in 

ref. 15), as to how the fuel cycle costs for Lffis will change 

in the course of time due to the type of factors mentioned above. 



Roughly speaking, the reductions in the various process costs 
due to economy of scale and technological progress should be 
o f f s e t by the predicted increases in raw material pr ices . 
If the AEG ground rules are applied to HWRs with thei r higher 
fuel fabrication and reprocessing costs per kWh (due to lower 
bum-up) but negligible raw material costs (as the low uranium 
cost i s roughly balanced by Che high Pu credi t ) , a substantial 
reduction in fuel cycle costs in the course of time i s pre-
dicted''"^ and would thus, with the AEC judgement of these 
relations in time, radically improve the economics of a strategy 
based on HWRs compared to those of a strategy based on I&Rs. 

17) 
d) Reactor optimisation 

At the present time, the SAKS programme is also being modified 
by the addition of a simple fast reactor optimisation code and 
la te r also the exist ing Swedish HWR optimisation code wil l be 
added for HWR + FB s t ra tegies , and an optimisation prograpne 
being prepared for LWRs for LWR + FB s t ra tegies . Thus codes 
with fa i r ly complete optimisation functions will be obtained. 
Finally, the material and process rate computation block of 
SANS may be replaced by the corresponding blocks of the codes 
worked out by Sweden and the Netherlands for ENEA, as these 
have a more detailed representation of the fuel inventory 
terms. 

In i t ia l ly^ the reactor optimisation blocks referred to above 
will operate only on the "average reactor" of a part icular 
type over the period considered, involving thus only very 
simple modifications to the computer code. Later, a more 
complete year by year approach with appropriate rei terat ion 
( i , e . feed-back in time) will be attempted, as indicated by 
the general discussion in section 2,4. An indication of 
the significance of adding such reactor optimisation 
routines to the programme is given by exhibit 15, which 
shows the resul ts obtained by the Swedish optimisation 



programme BOP in reoptimising a BHWR to varying Pu prices. The dotted 

line'shows the smaller improvements obtained in the BHWR economics with 

increasing Pu prices, if the reactor is not reoptimised. 

e) Optimisation of the reactor mix-

Most current programmes first stipulate defined reactor strategiest then 

evaluate the economics, and finally comparé resulte. Some organisations, 

notably the Gemían teas of Harde and Menina rt ( re £, 7) have, however, worked 

on programmes intended to find the optimum reactor mix automatically in 

any year, initially this vas dene without any feed-back in time,, i.e, merely 

on the basis of the actual generating costs .in a particular year,, As. might| 

have been expected, this gave results in certain cases which produced highe 

present worth generation costs over the period considered than strategies ! 

which were stipulated entirely without optimisation. The reason for this is 

the fact that such year by year optimisation routines lack "foresight", 

e.g. they can eliminate a good plutonium producing reactor at an early 

stage of the period on the. grounds of'the economic environment existing 

at that time, only to find later, when technological development and 

rising uranium prices would make the rapid introduction of fast .breeders 

very important, that there no longer exists an adequate Pu production po-

tential on the system to introduce the fast breeder sufficiently quickly 

to reap the benefits. In other situations, a reactor for which the economic 

environment Í3 ripe only for a short time (e.g. a bad Pu producer with a : 

material technology radically differing from today's commercial reactors) ; 

is introduced at a considerable development: cost, without there being time; 

to recoup these costs later. 

.When Ii arde and Memmert*s group extended the techniques to provide a feed 

back in time, this danger was avoided but computation times increased, sub-

stantially, For completeness, these.programmes still need extension with 

the varying functions for process costs and material prices in time, in 

order to allow the automatic selection process feo reflect expected con-

ditions correctly. Also, for certain problems (e.g. countries.wishing to 

exsmine. how strategies based on independence from enrichment would compare 

with other strategies), special boundary rules w i Ц have „to be imposed for 
certain runs. 



f) Critical judgement 

In making econœic evaluations of reactor strategies it is important 

net, to loose sight of the obvi.Gus - namely that the results cannot be 

better than the data put into the computer. If incorrect judgements of 

the relative capital costs of different typ.es of plant are made, in-

correct results will also be obtained. In a programme which optimises 

the reactor mix, a slight difference in overall costs will often result 

in one reactor type being entirely eliminated, whereas in a programme 

comparing the costs of discreet strategies* the smallnese of the overall 

cost differences will show up directly, thus indicating that for small 

differences, other factors than the direct economic ones may be decisive 

in practice. Thus, when using self-optimising routines, even more care 

concerning making sensitivity analyses of the results to variations in 

assumptions is necessary. It is often useful to represent results of 

such sensitivity analyses graphically. 

Fig. 16a shows for instance the calculated boundary lines between the econo-

mic ranges of application of three strategies, i.e. a) LWR only, b) LWR + 

FB (fast breeder), and c) FC + FB, where FC is a fast converter, defined 

as a fast reactor fuelled by U-235 instead of Pu. The diagram has the cost 

advantage of FB over LWR for current uranium cost and the Pu value for 

cycling in LWR as ordinate, and the gradient of the uranium price/integrated 

uranium -quantity from exhibit 10 as abscissa. The boundary curve, between the 

economic application of LWR on the one hand and LWR + FB on the other goes 

tfcfough the origin since, by definition, both strategies give the same 

costs at that point, For rising uranium prices, however, i.e. values to 

the right of the origin» the FB + LWR strategy achieves greater uranium 

cost savings than at the origin, and thus such a strategy is better than 

' the LWK-cnly strategy even when FB has higher overall energy costs (at 

the. reference U and Pu prices) than LWR. Hence the boundary curve between 

LWR and (LWR + FB) slopes downwards. 

The fast converter, FC, is assumed to be a fast reactor with the same 

specific capital plant cost as FB« However, it has a much lower breeding 

ratio and thus produces higher energy costs than i'B at the reference U 

and Pu prices. Hence at current U costsg this strategy can give equal energy 
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costs to LWR + FB only- if FB has considerably lower energy costs than 
•LWR. at-the reference conditions« Hence the boundary curve between LWR + ; 
FB and F€ * FB intersepts the vertical axis at a considerable positive 
value. On the other-hand, the FC has a much higher net Pu production ? 
than 'LWR and thus succeeds in introducing PB шоге quickly than LWR. 
Hence the FC + FB strategy requires less uranium than LWR + ,FB. At rising- : •'••;. 
Uranium.prices this gives savings, which can compensate for the basic cost. [ 
disadvantage of FC relative FB. Hence also this boundary curve slopes- down- •! 
wards, though not as. steeply as the first» 

Exhibit 16b shows a similar comparison where, however, natural uranium HWRs ¡ 

replace LWRs. The first boundary curve again slopes downwards, but -not as 

steeply as in the LWR case, since HWR by itself already has a relatively 

low uranium requirement. The second boundary curve,, i,e. that between 

HWR + FB and FC + FB is about horizontal as these two strategies have 

roughly the same uranium requirement over the period considered*- Hence 

in such a system the fast breeders as such must have 'a strong cost ad-

vantage over HWR before the U-235 version, FC, can be justified, regardless -

of the assumed rate of increase of U - p r i c e s . 

The curves on exhibit I6a and 16b have been drawn on simplified assumptions, , 

e.g. without taking account of the fact that FC + FB strategies often re-

sult in an. early peak demand for separative work and bad utilisation of . 

the enrichment facilities thereafter - which in reality should involve | 

cost penalties. They are presented here as an example of how one can illus- ' 

trate the dependence of the results of economic strategy comparisons on 1 

the main assumptions made - .e.g. in the present case, the basic.assumed 

cost advantage of FB over the thermal converter at reference U and Pu 

prices, and the assumed law governing the rate of increase of U prices. 

Without the type of sensitivity analysis illustrated by these exhibits it 

may be difficult to understand why different teams have reached different ; 

conclusions as to which strategy is most economic. 

All too often the results of a strategy study merely states that this or 

that strategy has been found to be-most economic, without making clear that 

this was the direct consequence, of very specific cost assumptions in res-

pect to factors such a s the above. 
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4. CONCLUDING REMARKS 

The preceding discussion, has shown that reactor strategy studies are 
a necessary tool for the problems we are facing in the future,-but also 
that they will f u l f i l the requirements only when developed and used 
judiciously and in te l l igen t ly . I t is important that the methology be 
standardised to enable di£f.cxent special is ts to speak a common language 
and to allow also the executives having to base decisions on the resul ts 
of such studies to compare the results with findings from other groups. 
Thus i t i s to be hoped that s f fo r t s such as those in i t ia ted by ENEA wil l 
gradually be widened in scope to cover the entire coomples of reactor , 
strategy studies. 
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EXHIBIT 13 The Influence of the Pu Price on the 
Power Costs of 1 GWe Reactors 1985 - 1995« 
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FABRICATION + 
REPROCESSING. Time 

4j minus Pu 
b) HWR COST 

EXHIBIT Ik FUEL CYCLE COST TRENDS IN TIME DUE TO ECONOMY OF SCALE, 
TECHNOLOGICAL PROGRESS, and URANIUM PRICES 

Total 
Power 
Costs 
mllls/kWh 

О 

Optimised for current Pu price 
.Optimised for actuàl Pu 
price on abscissa 

10 20 30 g—Pu (tot) 

EXHIBIT 15 INFLUENCE OF HE-OPTIMISATION ON 
GENERATION COSTS' FOR BHWR 
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= Fast Breeder, i.e. Fast Breeder fuelled with Pu 

= Faet Converter,i.e. U235 

ASSUMED COST 1 
ADVANTAGE OF T 
FB RELATIVE ! 

TO LWR, mills/kWh 

(At U price = 8 ¿/lb 
& Pu value 8 £/g-fiss) 

GRADIENT OF U COST 
v. INTEGRATED U DE-
MAND, g/lb per 106t 

a) WITH LWR 

ASSUMED COST 
ADVANTAGE OF 
FB RELATIVE 
TO HWR, mills/kWh 

(At U price = 8 0/lb 
8c Pu value 8 0,/g-îiss) 

У 

OBS - FB.needs 

GRADIENT OF U COST 
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MAND, %/Va per 10 t 

b) WITH HWR 

EXHIBIT 16 REPRESENTATION OF RESULTS OF SENSITIVITY ANALYSIS 
(Boundaries of Economic Field of Application) 



UBANÏUM RESOURCES M B EXPLORATION 

ьу 
J. Cameron 

Abstract 

Hue1ear power growth, estimates have required substantial upward 
revisi on in .each of the last few years to keep pace with the growing volume 
of nuclear power plant orders® Such growth projections have been reflected 
in .higher estimates of uranium requirements and this in turn has caused a 
resumption of active игадгиа prospecting in many countries. Identified uranium 
ore reserves, although.: theoretically 'sufficient for the next decade $ are. 
inadequate to satisfy the world1 s requirements much beyond 1$?80 and dus to 
technical problems could giv© rise to production shortages by the mid-1970se 

It is olear that if "-uranium is to be available at reasonable prices 
to meet the forecast demand, large new reserves will have to be found and 
rapidly brought into production. There is no reason to assume that such 
deposits will not be found if a massive, well-financed and well-conceived 
prospecting effort is undertaken but th.b magnitude and urgency of the required 
effort is considerable* Substantial new exploration work is now being under- ' 
taken .in many of;tie more developed and traditional uranium producing countri es 
and is extending,,into the developing areas of the world. It is probable that 
this will be an .increasing feature of thé next decade.* 



Historical Background 

As ia very well known, the production of гагал1ггш fr ora the 
early 1940s was mainly for military stockpiling and the phase-out of this 
demand over the past ten years had a marked effect on th© uranium mining 
industry. This is illustrated in Figure 1, which shows total annual production 
о-уез? the past two decades from the major producers, USA? Canada, South 
Africa. Stance, Australia and a few other countries. The graph shows the 
distinction between total uranim production and uranium produced for power 
consumption. Â peak total production of just over 42 000 tons U^Og was 
reached in 1959 and thereafter the»e was a steady decline to 1966. 'The fast 
growing demand for nuclear power began to alter th© trend in 196? and there 
was ал accelerated increase in 1968 which is likely to he maintained in 1969-
The following paper is devoted to an examination of the short-term demand 
for uranium and the effect this demand may have on uranium resources and 
exploration activity over the next decade. 

Future Uranium Demand 

Nuclear power production began on a commercial scale approximately 
15 years ago and has since doubled every two years, The extension of th© 
nuclear power growth curve has been the subject of study by many authorities 
and a summary of this work indicates that the present world nuclear capacity 
of approximately 18 ООО Ш е is likely to grow to about 230 000 - 330 000 Ш е 
of reactor capacity by I98O, merely 11 years from now» This rapid increase 
of nuclear capacity will result in a correspondingly rapid rise in demand 
for. ur ал iura. 

Th® most recent authoritative estimate of uranium demand for future 
power consumption has been published by a study group of experts jointly 
sponsored Ъу the European Suelear Energy Agency and the International Atomic 
Sner®r Agency« Figures 2 and 3 taken from that publication and indicating 
the estimated demands up to I980 show a low forecast of the cumulative demand 
of 563 000 and a. high forecast of 739 200 short tons ^Qq* (It should be 
noted that these ШШ/1АШ report figures do not, include tonnages from USSB, 
Eastern Europe or mainland China as such figures are not available. This 
is also the сазе for all other demand and reserve figures given in this 
paper). 



2 3 ' Slightly earlier estimates from Б.К. and U.S. sources ̂indicated 
a requirement of about 55c 000 short tons ü^Og up to I98O akd extended 
estimates to the year 2000 of up to -3 500 000 short tons ÎÎ̂ Og. 

It- is estimated that at the present time and for the present 
purpose » a median requirement of 600 000 short toas should be considered 
for the period I969 » I980V 

Reserves and Sesonrces 

The most authoritative recent estimate of reserves and resources 
is that' published by the ШЕА/1 ASA study group in. December I967. These figure© 
are summarised in fable 1. In view of the exploration activity of the last ' 
two years a fxirther review is now required but up to the present there is 
little evidence of any dramatic change in the reserve figures. 

Some: clarification of the figures from the economic geologist's 
viewpoint is also necessary. The total of the less than. US$lb per lb H^Og 
class of Seasonably Assured Hesouroes (Reserves) is ?'00 000 tons U^Og plus a 
further 126 000 tons by-product material which would be entirely dependent 
on the production,, of another metal. In the presently acceptable price range 
this figure represents "reserves"- in the professional mining sense of the term. 

The figures in. the second ooluaa termed * Estimated Additional 
Resources" refer to material surmised to exist in uáexplored extensions of 
known deposits or in undiscovered deposits in known or potential uraniura 
districts and which are expected to be discovered and exploitable in this 
price range. They do-not exist in concrete terms but merely constitute an 
informed guess at what future exploration should reveal® 

On the evidence of present technology the two other price ranga 
categoriesg•$10 S15 and $15 - $30 per lb U^Og classes of reserves are not 
convertible to the low-cost range. Material in these categories would therefore 
only be of interest if demand economics® changed or were forced to change 
or if major .advances in recovery technology oould bring these reserves.into 
the lower price range. 

At the present time» ths relevant reserve figure is therefore 
700 000 short tons U ,0g in the lass than US 110 per lb category with an 
additional possibility of 126 000 tons, in thi» cost category as by-product 
uranium. It is considered thats for the present, these figures should be 
the basis for all policy planning in regard to future exploration for uranium« 
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Table 1 - Estimated Resources of Uranium 

1 
Pries ranga per lb U^Og j Less than $10 $10-15 $15-30 

Type of resources 

Country 

Seasonably-
assured 
resources' 
(reserves) 

Estimated 
additional 
resources 

Seasonably 
assured 
res cvsx'Oss 
(reserves) 

Estimated 
additional 
resources 

Reasonably 
assured 
resources 
(reserves) 

Estimated 
additions 
resources 

Canada. 

Г — 

200 290 
• 

1300 170 100 300 

South Africa 205 (15) (65) 1 (15) (15) (70) 

USA 180 + 
(120) 

325 + 
(25) 

ISO + 
(50) 

200 100 + 
(100) 

440 

Others 115 + 
(6) 

77 420 + 
(21) 

190 281 + 
(68) 

550 

Approximate totals 700 + (126) 650 + (136) 481 + (183) 

Figures in parentheses denote by-product material. 3 Units are short tons U.,0r, x 10 » 
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Relational!!p between Keaerves and Demand 

I f ñ o new uráuiüsr r e s e r v e s w e r e t o b e found, t h e n aocordiag t o the 

a b o v e - d e a a a d . a n d r e s e r v e f i g u r e s , the l o w - c o s t r e s e r v e s w o u l d b e exhausted 

b e t w e e n I 9 8 I - 1 9 8 3 as i s i l l u s t r a t e d i n P i g a r © 4 . 

T h e forward reserve p o s i t i o n c a n n o t , h o w e v e r , Ъе v i e w e d s i s s p l y 
against year t o y e a r demand. b e c a u s e a l l mineral commodities.have t o m a i n t a i n 

a f o r w a r d r e s e r v e t o a l l o w f o r f l e x i b i l i t y a n d e f f i c i e n c y o f oper&tioa. T h e 
o i l i n d u s t r y h a s h i s t o r i c a l l y o p e r a t e d o n a Etini»m ten. to. twelve-year^ forward' 
reserve , a n d i n - t h e view of m o s t e x p e r t s a n a i g b . i ~ y e a r f o r w a r d r e s e r v e , i s ' 
e s s e n t i a l f o r t h e uranium i n d u s t r y . 

F i g u r e 4 i l l u s t r a t e s what t h e technically correct r e s e r v e p o s i t i o n 
s h o u l d b e i f a n eigfrt-year f o r w a r d reserve " b a s e d o n presently estimated d e m a n d 
f i g u r é s is considered. A t the e n d o f 1 9 8 0 t h e r e s e r v e p o s i t i o n s h o u l d . b e 
1 1 0 0 0 0 0 t o n s U^Og i n l o w - c o s t reserves. I n t h e interim ( i . e . n o w t o the e n d 
o f 1980) a p p r o x i m a t e l y 6OO 0 0 0 tons'TJo0g w i l l have, b e e n c o n s u m e d * Â t o t a l 
o f 1 700 000 t o n s s h o u l d t h e r e f o r e h a v e b e e n l i s t e d i n t h e p r o v e n r e s e r v e 
c a t e g o r y i n t h i s p e r i o d . S u b t r a c t i n g t h e 7 0 0 0 0 0 o r 826 Ö 0 0 p r e s e n t l y - a v a i l a b l e 
a s reserves, this leaves b e t w e e n 87.4 0 0 0 a n d I 0 0 0 0 0 0 o f n e w l o w - c o s t TLOg 
t o b e discovered* e v a l u a t e d a n d p r o v e d " b e f o r e t h e e n d o f I98O3 

A l t h o u g h t h © experts a r e reasonably c o n f i d e n t t h a t s u c h a d d i t i o n a l 
r e s o u r c e s exist, m u c h w o r k and e x p e n d i t u r e m u s t b e u n d e r t a k e n t o d i s c o v e r 
a n d e v a l u a t e s u c h r e s o u r c e s , a n d c o n v e r t t h e s a Into o r e reserves-in t h e mining «mhctwhohu il на—ад им n't'w awui IWHHH» 
s e n s e o f w o r d s « 

T h e t e c h n i c a l l y c o r r e c t s i t u a t i o n s h o u l d b e t h a t t h e a n n u a l d i s c o v e r y 
a n d p r o v i n g o f r e s e r v e s a b o v e c o n s u m p t i o n r e q u i r e m e n t s s h o u l d Ъ е a t a n ^ q u i v a l e n t 
r a t © of t h © current a n n u a l c o n s u m p t i o n p l u s t h e r e q u i r e m e n t f o r t h e e i g h t h 
f o r w a r d y e a r ® T h e v i r t u a l c e s s a t i o n o f e x p l o r a t i o n i n t h e early 6 0 ' s p r e j u d i c e d 
t h e s m o o t h " b u i l d u p o f r e s e r v e s 'but- t h e r e c e n t s u b s t a n t i a l e x p l o r a t i o n a c t i v i t y 
i n t h e m a j o r u r a n i u m countries, .particularly Ж» -America a n d t h e c o n s i d e r a b l e 
p r e s e n t reserves d o e s provide a l e e w a y t o . g e t t h e future e x p l o r a t i o n prbgrasaae 
p u t ' o n a g o o d t e c h n i c a l b a s i s « , F o r example, i f n o n e w ' u r a n i u m were f o u n d 
d u r i n g t h e n e x t f e w years, a t e c h n i c a l s u r p l u s w o u l d s t i l l exist u p t o 1 9 7 3 * 
I f only r e p l a c e m e n t o r e i s f o u n d t h e n t h e t e c h n i c a l s u r p l u s w o u l d s t i l l e x i s t 
t o 1 9 7 5 « Neither o f t h e s e p o s i t i o n s a r e h o w e v e r d e s i r a b l e b e c a u s e o f t h e h e c t i c -
s i t u a t i o n w h i c h w o u l d t h e n e n s u e , i n t h e l a t e 1 9 7 0 s . I t w o u l d b o p r e f e r a b l e 



to get. up 1» the eight-year- forward discovery rate as soon as possible and 
achieve a reserve position such as is shown, on the upper line of Figure 4* 

As noted above, high cost reserves have been excluded from these 
considerations. Substantial'reserves in tfe© $10~$15 and the $15-430 per lb U^Og 
classes do, of ovarse, exist and will probably become increasingly important 
in the post-1980 pox-lode There is every support fro® metal mining history 
(for example copper) that improvements in operating and recovery technology 
will eventually enable production costs to соше down and make such supplies 
eeonosioaliy exploitable. It is, however, considered that on present evidence 
these classes of reserves should only be regarded as potential post-1980 
supplies» 

Production Capacity 

Production capacity was the principal subject of the recent EKEA/lAEA 
study group report already referred to. à summary of the relevant figures 
are given in Figure 5 and show that present production rate is approximately 
23 SOD short tons U^Og and that the short-term production capability is 
about 38 000 short tons of Tî̂ OQ per year» It is estimated that this rate 
could be achieved in about five yeaxs by re-activating old plants and from 
new plants presently under construction, This level of production capability 
is equivalent to the demand projected for the 1973-74 period but beyond that . 
period considerable increases in production capacity must be effected if 
production and requirements are to remain in balance« The demand requirement 
for 1980 is estimated to lie between 73 000 and 106 0G0 short tons of tT̂ Og 
and thus construction of new production capacity ever and above that visualized 
for the 1973-74 period, will have to amount to between 35 000 and 68 000 tons 
ILO g before 1980. Most of this m i l probably be based at uranium deposits 
which have not yet been discovered. 

Yime 

In future planning, time is an important factor* Substantial lead 
times are required between discovery and production from new deposits« 

Exploration time may be influenced "by fortuitous circumstances but 
the average time taken between the start of an exploration programme ià a new-
area and the proving of reserves is likely to be three to five years making 



a total exploration to production lead time of possibly six to ten years« 
Early expansion of exploration is therefore essential, and 1969-70 could 
bs critical years for decision making to try to avoid a uranium shortage 
from the miâ-1970s» 

Price of Uranium Concentrates: 

In the early search for uranium up to about 1958 » strong price 
incentives were offered to producers. The official U„Ss price of US $8 per 
lb U-,0o vras exceeded in many individual contracts« "but there were also some : 3 о 
other contracts at below this figure in other parts of the world. After 1958 
when uranium procurement was curtailed, the earlier long-term contracts 
were generally honoured or were stretched out but no new contracts were made 
in the late 1950s and early 1960s® Uranium prices bec&sse nominal and figures 
of the order of US $3.00 to US $5«00 were sometimes quoted for small lots. 
Apart from the old-contracts, most contracts made in the last few years have 
been within the US $5*00 to US $7*00 range. She price uranium concentrates 
•will fetch on a free market in the mid-1970s will depend to a large extent 
on the outcome of the search for new high grade. low-cost deposits which 
is now beginning* 

A recent survey by the U.S. Atomic laergr Commission*s Division 
of Eaw Materials shows that consumers5 and producers* ideas on future price 
trends in the early 1970s are in general agreement. The average expected 
prices as estimated by producers are as folIowa s~ 

19Î1. * 17.25 per 1Ъ 't 1973 » $7Л7 per lb 
: 1972 » 17«55 per lb s 1974 $7*95 per lb. 

Most long raage planning for the mid and la.te 1970s is based on a price of 
US $8*00 per lb and this figure is generally regarded as presently acceptable 
for suoh a purpose. 

Future Investment 

On the basis of this estimated price of US Î8.00 per 1Ъ U^Og 
production of 600 000 tons up to i960 for nuclear power consumption is likely 
to hâve a value of the order of 9.6 billion US dollars. 

With, regard to the further one million tons required up to 
I98O as forward reserves, technical good practice would allow for up to 10$ 
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of the estimated content value being spent on exploration and evaluation, 

that is up to 1 „6 billion US dollars* Although this is probably an upper 

limit but it is nevertheless likely that around one billion dollars may 

be spent on uranium exploration in the next decade. 

Production capacity will have to be raised by up to 68 000 tons U^ög 

in. the saœe period aad together with replacements and mine plant construction 

it is estimated that over one billion dollars will bare to be spent on 

plant installations. 

The total new money requirements for investment in exploration and 

the construction of production capacity is therefore likely to exceed two 

billion US dollars in the period up to the end of i960. 

In addition to expenditure by national organizations seekixgto 

develop national resources for internal use, it is probable that a great 

part of this money •grill be spent by' commercial organisations from the more 

developed countries seeking to ensure uxanixim supplies for nuclear power. 

Where the money is spent may be another matter. lie doubt the highest proportion 

will be spent in. the more developed countries, particularly North Americaг 
but much favourable ground has already been examined in these countries and 
because of this and other factors some proportion of the money will be seeking 
outlet in developing countries. The main effort will probably be by large 
sophisticated organisations who will be seeking favourable geological áreas 
and also f a v o u r a b l e сommexciallegal and political conditions to enable 
them to make long-term contracts and secure investments. 

It is difficult to generalise on the minimum size of deposit which 
could be economically exploitable as many related factors such as location^ 
transport, labour costs, etc® have to be taken into account. However, in the 
opinion of some experts, few integrated mining and milling operations are 
likely to be launched in new areas which do not have an annual production 
capacity of at least 200 to 500 tons U^Og and potential reserves; for a period 
of 10 to 20 years, This would suggest that the minimum target should be a 
deposit with 2000 tons ÏÏ^Og which could "be produced at under US $8.00 per lb 
U^Og and would thus have a content value of US 032 000 000. 

Other experts believe that under most conditions this figure is low 

and that for commercial expMtation on the world market, a higher minimum 

tomaage would have to be proved. 
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Location of Present Reserves • »I irijit'i I" •»!•»•• ̂<|̂1|11»1«ТЧ1«1ЧЧ»||Щ|»И1ЧП»Ч I» 11|Ш«111-а -nm'i1 ni i нг iw- i imim I im и иг 

About 85$ of the present reserves of low-cost uraniua are concentrated, 
in, and almost equally divided between the United States of .America, South 
Africa and Canada, with about 200 000 tons each«, Fourth in order' is France 
with 45 000 tons U-,0g and is followed by a group of countries^ Argentina, 
Aus-trallaj liger, 0abon5 Portugal sad Spain? which have reserves of the 
order of 10 000 tons. Smaller reserves? ia the"rang© of a few hundred'tons 
to about, five thousand tans have bean proved in Central African Republic t 
Gongo, Somalia« Italyf Germ&ny? Turks,у and Yugoslavia« In many of.the countries 
of the latter two groups, production capacity is either non-existent or very 
low in relation to proved reserves. 4 

To some extent the present distribution of uranium reserves is 
.fortuitous but in addition to the necessary relationship to favourable 

/ 

geological conditions they are also fairly directly related to the amount 
of money aad effort which was expended on exploration and development over 
the last two decades. 

Principal Types of Uranium Deposits 

Uranium is a highly ubiquitous element, occurring in a great variety 
of host rocks and in widely different types of occurrenea, Economic deposits 
occur in sandstonesj shales, quarts-pebble conglomerates, granites, pegaatitee, 
veins,< phosphates9 lignites» etc. 

The quartz-pebble conglomerate type of ore dominates the present 
reserve table but the reserves are confined to. fro ar'eas ©f the world only? 
the tfitwatersrand in South Africa and the Elliot Lake (Blind Elver) area in 
Canada. The mineral ogf of the two fields is somewhat similar and in both 
regions the altered conglomerate bads occur in rocks of Precamoriaa age» The 
South African ore averages only 0.025$ U,0g but is economically workable 
because of.the association with gold. In Canadá the average grade.is 0.121¿ 
U^Og and although there is no golds the higher grade and width enable uranium 

to Ъв worked as the main product with thorium as à rare earths. as by-products. 

The disseminated ur&nitaa deposits in sandstones form about 25% 
of present reserves and are typically developed in the Colorado Plateau: area 
of the USA. The host rocks are commonly coarse clastic sediments and contain 
the primary uranium minerals uraninite and coffinite at depth and secondary 
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uranium-vanadium minerals such as carnotite near the surface. Ore grade 
is usually in the range of 0.15 to 0*30$ U^Og. Other deposits of this type 
exist in Argentina and more recent discoveries have been made in Africa, e.g. 
in Niger where the deposits occur in MesoEoic sandstones and are commonly 
associated with beds of ancient rivers* Host rock and mineralizing conditions 
of this type exist in many parts of the world and future exploration will 
undoubtedly be directed to favourable sandstone areas« 

Vein deposits are normally relatively narrow, steeply inclined, 
filled fractures In a wide variety of host rocks, ranging from granites to 
limestones. Other metals may occur with the uranium. Among present reserves, 
Franca has the largest potential of this type and other occurrences are in 
Canada, Spain, Portugal and Central Europe, The famous Shinkolobwe deposit 
in the Congo was of this type. The grade and width of veins vary greatly 
from place to place but in general they contain more than 0.2$ U^Og. 

M o n g the miscellaneous types of deposits, granite pe@aatites were 
worked in Canada and Australia. A unique, high—temperature contact metamorphiо 
massive deposit occurs at Маху Kathleen, Щ Queensland, Australia» Other 
massive replacement type deposits exist in Somalia, Madagascar and Greenland« 
Uranium also occurs associated with shales and carbonaceous deposits. 

Ùraniferous phosphate rock is the main potential source of by-

product uranium. Large deposits occur in Morocco, USA, Tunisia and Algeria 

and smaller tonhages exist xti the Ш Ш , Irac[$ <3 ox dsn, Senegal and some other 
countries. Total resources are large and it has been estimated that over 
50 000 million tons of phosphate rock with a content of more than 0.01$ U.,0g 

exist in these countries. This means that the TĴ Og content in the ground 
is more than 5 million tons. Only a very small amount of this cans however, 
be regarded аз potentially economic sad recoverable in th© US $5 - tFS $10 
per lb class. Th© low grade, extraction problems, and the present types of 
phosphate processing plants make it apparent that no large low-cost output 
can bo expected from this source in the near or medium-term future. 

Heavy mineral beach and placer sands containing the uranium and 
thorium bearing mineral monaait® is another potential' source of uranium 
but again, th© cost of extraction os high. Extensive deposits exist in India, 
Australia, Brazil, thé UAB, Ceylon? Pakistan, USA, etc. but because of recovery 
economics, no lewrge-scaie low-cost production of uranium is expected from 
this -source. 
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Favourable Uranium Areas 

Countries vith presently established.-reserves b y no means exhaust 

the favourable areas of t h e world where economic deposits of uranium ¡say be 

found in the future. S m a l l occurrences o f l o w - c o s t uranium a n d considerable 

reserves- of higher c o s t uranium a r e k n o w n i n m a n y o t h e r countries and 

favourable geological conditions e x i s t i n m a n y parts o f t h e world where very 

little-exploration w o r k has been done, 

A general j. or world-wide uranium favourábility study is a subject 

in itself and, clearly, m important o:ae- at- this time because the direction 

and orientation of new exploration might be made much more efficient if 

uranium, geologists could indicate the most favourable regions of the world 

for the likely cc сиггексо of uranium ,> ' 

She subject has two interlocking aspects , firstly , an understanding 
of the source or origin of the uranium mineralisation and, secondly, the 
reasons for tectonic, lithologie and structurally favourable regional locations. 

low that a new and world-iride uranium exploration phase is beginning 
there is a need for the discussion and re-assessment of all the statistical 
evidence and of the. geological theories related to uranium occurrence, with 
the objective of defining new lines of research aád defining guidelines for 
exploration. 

In the present state of knowledge and based on existing evidence 
and theoriesг the most favourable areas of the world are believed to be as 
follows? 

1. She whole eastern side of the Sforth. Central and South American 
Cordilleras belt from Alaska-^ through USA, Central America to the 
south of Argentina. Much of this belt has already been explored with 
success in the USA and Argentina but there are favourable areas so 
far almost untouchedj esge the difficult geographic areas of the 
Upper Amaaon basin in Solivia, ? Peru » Ecuador, Brazil, Colombia and. 
•iTsnesuela» 

2. In the Alpine-Himalayan mobile belt.the accessable parts of the flanks 
of the main moturtain ohain are- generally.favourable, e.g. Morocco, ;-'v' r 

Algeria, Tunisia, Italy, Yugoslavia,.. Oreec©* Bulgaria, iPurköy, Iran, •"-•< 
Afganistan, Bakistaa, India, Burma,-:, the USSH and China. - - r . ' . 
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3. In the rest of Europe the most favorable countries are considered 
to 'be Portugal, Spain j France, Austria, both the Federal and Democratic 
Republics of Germany j Chechoslovakia, Poland, Hungary and the ÜSSB» 

4« Based on the shield theory, other hospitable areas are Canada, 
Guyana, Brasil ? Se andin avi a, Or a en lan й « West Africa, Central and East 
Africa, Southern Africa, India, Australia and the USSR. 

Obviously, this covers a l&rgs part of the world but even so,' it 
could not be regarded as exclusive because of the ubiquitous nature of uranium 
and the multiplicity of its mode of occurrence» 

In making local, district or national favourability assessments, 
the above regional theories must first b© taken into account and the proximity 
of th© area to known or potential uranium provinces must be considered» The 
local geology is then assessed on both theoretical and statistical criteria. 
For example, accumulated statistics tvom many countries on the relationship 
between radioactive anomalies and different types of host rock can help in 
designating favourable or unfavourable areas« Zones of metallisation are 
taken into account and because of th© metal temperature gradient, the tin, 
tungsten, chromium, platinum and most gold areas axe not generally regarded 
as favourable whereas lead^ zinc, coppercobalt areas are more attractive.. 
Such studies help to limit local areas for prospection« 

Methods of Detecting and Assessing Ursniua Deposits •wniii» i M «iWHWumi mn.'rjg—ич«г>ч»иг — ч ИИШДЧГТП&И« •«> mr»nTi.ii«rn «ат»»«« m л <щ»яш,я>ч«е i »ццл ГМИП of« ист 

Although geological favour&bility studies should be an essential 
pre-requisit® of the search for uranium, the location of ore is much facilitated 
V the application of geophysical,, geoehesuio&l and gsobotanical methods 
of exploration® 

Most of the prospecting techniques uaed in th® search for uranium 
over the last twenty years proved to be very satisfactory at that time and 
are still valid» (Fhsre is little doubt that these same techniques will fona 
the basis of the new exploration effort, but discovery of new deposits may 
be expected to become increasingly difficult as many of the most favourable 

* 

and easily accessible parts of the earth have already been covered by the 
devices capable of detecting gamma radiation at the surfaces There will thus 
be an increasing need for new and sore effective means of locating uranium 
orebodies in more difficult geological environments and under greater cover. 
Several new techniques offer considerable promise in this direction, including 6 8 gamma spectrometry, radon surveys, trace element surveys, etc. 9 « Both 
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th© well-triad methods and the newer methods are "briefly reviewed below. 

Portable Rateraeters 

The (telger-'Miiller and scintillation ratsmeters are still the ш&гп 
tool in the ground prospection* At their best, these instruments are light-
weight, tropicalized, strong and reliable and frequently include attachments 
for specialised logging work. 

9 11 
The relatively sew development of the gamma ray spectrometer ? , 

enabling a distinction to be made between the gamma activity due to uranium, 
thorium and potassium is now available as a portable field instrument and 
will have considerable advantages in many area's. Because of mobility, 
cost and ease of operation it is still advisable to use total count rate-
meters on preliminary prospecting and., where necessary, follow up with gamma 
ray spectrometer discrimination on selected areas and anomalies. 

Car "borne Survey Equipment 

Carborne radiometric surveying is mainly useful as a low-cost 
initial reconnaissance technique in areas with a suitable road grid or in 
open country which can be covered by a vehicle. The method may be used to 
outline favourable areas which can then be surveyed in détail by more 
expensive aerial or ground methods. In suitable open country, systematic 
prospecting can also be done by the carboxne method, Ацу sensitive scintilla^, 
tion,rateaeter can be used and prèferably, the detector should be mounted 
well above the vehicle to give gr eat coverage. The detector is connected 

to a rateseter and: a recorder unit in.the vehicle and th® latter may. b© 

coupled to the speedometer so that mileage is automatically recorded with 

•the radiometric log. The пет development of th® gamma ray spectrometer can 
be very advantageously adapted for this type of survey but its general 
application in surveys would b© a matter of geological judgement and cost«. 

Airborne Survey Equipment . 

Where topographic and geological condition® axe suitable, aero-« 
radiometric surveying is the aast rápid and comprehensive prospecting method 
but it is also the acet expensive. 

The instrument&tion is similar to that for carbora© survey work 
but тау be larger, more sensitive and more elaborate. Large crystal, total 



count scintillometers are normally used. Detector, ratemeier and automatic 
recorder linked to the aircraft5 s navigational conti: ois and a camera to 
make a continuous photographic record of the ground covered is normal 
equipment» Gamma ray spectrometers for uranium9 thorium and potassium dis-
crimination are now used and can be amplified with, computers and spectrum 

11 stripping techniques to give more precise results,-" • 

As a matter of technical policy9 aany authorities believe that 
it is preferable to first-, cover an area with only a total count survey at 
a. fairly fast speed (150 aph) in a fixed wing aircraft and if anomalies 
are detected, to follow up with a gasas ray spectrometer survey of these 
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anomaly areas in a helicopter or slower flying light aircraft * 

Baden Surveys 
The above methods are suitable' for detecting radioactivity which 

occurs within about 18 inches of the surface, for more deeply buried ore-
bodies other search, techniques must be eroployed. One useful technique is 
the measurement of small concentrations of radon in soil and water as m 
indicator of more deeply seated, or nearby uranium orebodies. 

Hadóa measuring devises in-shallow auger boles have been used 
as a secondary prospecting method in 'France, the USSR and elsewhere for soase 
time и Normally, air is pumped from a hole and after equilibrium has been reached in about 12 hoursf the radon content is measured. A recent development 6.8 ~ by UK workers ' * is an • alpha sensitive probe that can be lowered into a 
shallow hole to stake a direct measurement of the radon activity. 

The analysis of raden in surface waters $ such as lakes« and 
• 1 0 ' 

streams has been investigated in Canada"*" with useful results for certain 
conditions» 
Other Теckalguea 

Geochemical, hydro-geochetócal and geobotanioal surveys, using 
norma! geoohesioal techniques have been used in various parts of the world 
to detect uranium with varying success«, A store- recent technique is the 
measurement of -uxaniu® in soil and stream sediment samples Ъу neutron 

6 8 activation analysis * « Besults can be obtained with, a precision, of a few 
parts per million uranium and at the rate of some hundreds per day. It is 

34 possible that this can be extend©d to geobotánica! samples 



The use of. indicator elements that occur ia association with 

uranium'is another technique being tested» ïïhe définitation of haloes of 

;indicator elements using x-ray fluorescence analysis is capable of assisting 

in limiting target areas in the search for uraoitua deposits®-

Mother method of detecting uranium ore at depth is the 

determination of lead isotope ratios in material at outcrop» ïhe presence 

of abnormal amounts of 20^Fb indicates that the district is uraaiferous"^«, 

,. Orthodox geophysical агзгчгеуз have been used indirectly in locating 
structures, containing, or related to«, uranium mineralization or in locating 
other metallic orebodies known to be associated with uranium i». that 
environment» On the evidence of geological favourability, drillings followed 
by radiometric loggings is also Usgid .extensively.as a direct discovery" 
method, particularly in Jiorth America* 

Evaluation gac.bBiq.ues 

After initial discoveries are made, a number of different types 
of equipment and techniques are used'to establish whether uranium'is present 
in economic quantities® Portable G=»M or scintillation counters., or р ш 
ray spectrometers may b© -used to make detailed assessments' of. surface ч • -
occurreüBSSj pits and tranches» If surface indications sees,to merit more 
detailed investigation in depth., drilling 'by either coring or non-coring 
methods will be undertaken» Where core is recovered it may be monitored 
by scintillation counter or gamma ray spectrometer and sections can be 
selected by this means for analysis« Brill holes may be evaluated by 0-1 
or scintillation logging instruments' and more recently, gamma ray spectro-
meters based on scintillât i m о rating arfe available for Ibggiàg bor©holes 
dosa.to 2 in* diameter« 3h mining exploration, and development, specialized 

typest -of: 'Q-K-(counters , scintillation counters and gamma ray spectrometers 

are of ̂"assistance in determining ore values and deciding which locations' "' 

should be . sampled* 

Technical Policy ix\ ..Uranium Exploration and I&volQpmeñt Programmes 

A survey for uranium in a new area should normally consist of. 

a series .of work phases, starting with the discovery phases and going through 

stages of increasing complexity and cost, progressively designed to increase 
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the reliability of ore reserve estimates and decrease the element of investment 
risk. Ü?he expenditure planned for each phase should be related to, and form 
a small fraction of the estimated potential return and should not be committed 
until substantial positivé evidence had been obtained from the proceeding 
work phase » 

The first phase s.hould be a study of the local geology and of all 
other relevant information to determine which are likely to be the most 
favourable areas for the occurrence of uranium mineralisation* Included is 
the study of regional and local geological maps and reports, aerial photographs, 
existing mineral and drill core specimens of all types, all available drill 
hole logs, etc« Shis work may be combined with preliminary reconnaissance 
surveying by car borne scintillometer or by radiometric gamma checking of 
mines or selected areas. Such a preliminary phase might take six months to 
one year to complete and the cost might be of the order of some tens of 
thousands of GS dolfers. , 

The second phase employs systematic survey methods such as carborne 
and airborne radiometric surveys, geochemical surveys, etc. over areas pre-
selected in Phase 1 and with the objective of locating radioactive anomalies 
and surface uranium occurrences«, Higher costs, probably of the order of some 
hundreds of thousands of dollars (particularly where airborne survey methods 
are employed ) are involved and th© phase could last for some years. 

'.The third phase, which would overlap with th© previous one, covers 
the surface and near surface examination of anomalies so that a preliminary 
assessment can be made of their potential value* 

From work of the third phase it is probable that many of the 
original anomalies will have been eliminated as being of no further interest 
but the remaining occurrences then have to be investigated in more detail 
and in depth by a fourth phase requiring drilling or exploration mining, 
Depending on the nature of th© occurrence, these might b© employed sequentially, 
separately or jointly« Such work is accompanied Ъу systematic measuring« 
sampling and assaying with the objective of establishing the ore tonnage 
and TĴ Og content of the deposit and normally extends ovey some years. Both 
drilling and mining, exploration are technically more complex and would involve 
substantial cash expenditures« 

Th© fifth phase covers the complet© economic evaluation of the 
deposits-up to a prs-plant investment stage. Amenability testing of the ore 

* 

is done, possible mining and milling methods devised and cost estimated, 
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staff, labour and equipment availability estimated and costed, legal, 

taxation and financing problems investigated, all, so that a final "cost 

of product" estimate could be made. If this estimate proves to be in a 

viable economic relationship with the expected future marketing possibilities, 

then investment and construction plans go ahead» , 

As already noted, technical good practice indicates - that no more 

than 10$ of the content value of an orebody should have been spent on the 

above discovery and evaluation phases. 

Plants and Production Costs . 

Because of the very considerable difference in accessibility, 

grade and size of minium deposits, it is impossible to give mor© than a 

very general outline of possible expenditure on rain© and mill construction. 

U.S. sources have tabulated past experiences in capital investment in mills 

and indicate figures of about US $ 1 600 000 for 200 tons P®r year 

mills to US $ 5 000 000 for 1000 tons per year mills» This does not include 

investment in mining plant which can be relatively low cost for, open-cast 

mines and high, cost for underground mines. 

It is again very difficult to make any general estimate of 

operational mining and milling costs but past experience tends to indicate 

that mining costs for most deposits fall in the rangs of US $2.00 to US $4«00 

per pound of ÏÏ^Og produced'and milling costs US $0.7-5 to US $2.00 per 

pound Œ^Og* 

In згшшагу, the most probable ranges of expenditure for discovering, 
developing, capital investment end operating as economic uranium deposit 
in the 200 to 1000 tons U^Og per year range for a ten to twenty year life 
would be as follows in terras of US dollars per pound of Ü^Og produced. 

US Dollars per pound U~.0D 
Possible Minimum Possible Maximum 

Discovery and Evaluation Q„40 0.80 
Capital Investment in Mine, 
Mill and other Installations 0.40 1.20 
Operating Mining Costs 2.00 4.00 
Operating Milling and Production 
Costs 0.-75 2.00 

Totals 3.55 . 8 »00 
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These are extremely generalised figures and include all other 
items such as overheads, taxation, etc. It is impossible to indicate & 
profit margin and this would have to come from costs below the suggested 
maxima on one or more of the above items» 

In regard to the minimum target orebody of about 2000 tons U^Og, 
it would b© reasonable to expcct that between 1.6 and 3.2 million US dollars 
migb.t be incurred:in its exploration and evaluation, and between 1.6 and 
4.8 million on mine, mill and auxiliary install&tions. Where large deposits 
were concerned, the total expend!ture would be greater but the expenditure 
per pound U^Og would probably be relatively smaller on the exploration and 
the plant capital investment items. 

Administrative Policy for Uranium Exploration 
and Development Programmes 

In most countries, uranium exploration is under some forra of national 
control. In the more developed countries,-••controlled private enterprise 
with some government participation is the most frequent system. In developing 
countries, uranium exploration is usually more diiectly controlled by 
government organisations and when planning es.ploration .programmes, decisions 
have to be taken about th© nature of the national organization which will 
be reponsible for the work. Many countries have already been faced with this 
problem and have solved it in two different ways? (a) to utilise an existing 
mineral survey organization such as a national Geological Survey or Bureau of 
Mines and have a department within that organisation assigned to nuclear raw 
materials. Th® advantages of this system are perhaps greatest in countries with 
few resources and very little previous geological and mining work and thus 
where integrated surveys for all minerals make sost economic sense, (b) The 
second method is to set up a specialist nuclear raw materials department within 
the national atomic energy organisation. In countries with some prior geological 
and mining history the method has considerable advantages in that the organisa-
tion can concentrate on the specialist requirements of a uranium stirvey in much 
the same way as petroleum surveys are specialist work. This type of organisa-
tion has been highly successful in France and ia French speaking African 
countries^ and also in Argentina, Spain, Portugal, etce 

In the present supply and demand situation it is also possible that 
commercial organizations from the more developed countries will be interested . 
in taking out exploration concessions and seeking operating and export contracts 
in developing countries. This type of request is already happening in several 
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parts of the world and is likely'to increase. If properly controlled, 
concessions of this type сак have advantages for developing countries 
through taxation and. export duties which might he used to finance further 
exploration outside the private concession areas. It would also be probable 
that concessionaires would employ and train national personnel who would 
eventually prove of value in a national programme. 

Developing countries could almost certainly benefit from the 
expected uranium demand situation over the next decade if economic deposits 
of uranium could be found and developed within their territories« Two 
possible modes of benefit »2*© foreseen: (a) the Utilization- of national 
uranium in national nuclear power stations\ (b) the commercial expert 
of uranium« -

In the case of (a), detailed studies on whether.nuclear power 
stations utilizing uranium would be economically advisable within the next, 
decades is obviously, a first requirement. If such utilisation were feasible, 
adherence to a uranima cost price of US $8.00 per pound, U^Og might not 
always be a strict requirement. In the interests of saving foreign currency, 
utilising national resources, establishing an industry and providing employment 
and training, a government might be. prepared to pay a premium above the 
world price. Eow much such a premium should be, would be a matter of 
government policy and economics but it would always be necessary to have 
some estimate worked out in advance in order to guide the uranium exploration 
snd production groups. 

In the case of (b), that is, commercial sale on the world market, 
the cost of the.product should.be sufficiently below the prevailing world 
price to leave a reasonable profit margin. Some exooptions might be made 
in the interest of earning foreign currency. As noted above, commercial, 
benefit might also b© obtained through, a government awarding exploration 
and exploitation concessions and contracts to foreign or national private 
enterprises or to foreign government organizations and receiving duties 
or taxes on work done or on exports. 

Conclusions 

While the short-term world uranium demand for nuclear power purposes 
can be satisfied from known reserves in existing mines, it is estimated 
that from the mid-1970® onwards there is a risk of a shortage if immediate. 
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steps are not taken to increase worldwide exploration and plant production 

capacity» 

Future increases in uranitm production may also come about through 

technical improvements in mining and ore recovery methods. Bénéficiâtion 

research aimed at th© economic recovery of uranium from sub-marginal ores , 

including uranium bearing tailings from the recovery of other metals, 

uranium bearing phosphate rock and low-grade shales is likely to make a 

useful contribution. 

Such improvements are, however, unlikely to be sufficient to 

ensure that the estimated uranium requirements of the late 1970s and early 

1980s will be available when required» To do that, prospecting for new 

low-cost deposits must be undertaken. 

Most experts are confident that such additional resources exist 

but much work and expenditure of money lies ahead to discover, evaluate 

and convert such resources into ore reserves in the mining sense of the term. 

Research must be undertaken into the geological distribution of uranium 

and the processes that result in the formation of economic deposits so that 

geological guidelines for future exploration can be defined. Techniques 

for finding uranium deposits must bè improved and particular attention must 

be given to developing methods capable of locating hidden ore. 

If 

, however, the necessary money is spent on such research,and 

on well planned'and executed exploration programmes, there is every 

possibility that the geological and mining professions will be able to 

find and develop the necessary uranium to fuel nuclear power stations for 

the mid-term future and probably also for the longer-term requirements® 
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Fig. 1. Uranium oxide annual production, consumption to 1368 and estimated future demand. 



Fig. 2. WORLD* URANIUM DEMAND FOR POWER PRODUCTION 

Annual urom'om demand 
(}03 short tons U308) 

Annual uranium demand 
(JO3 short tons U308) 

1SS6 1958 1SSQ 1962 196< 1966 1970 1972 1974 197S 1978 1980 
Yew 

Reproduced from "Uranium Production and Short Term Demand" a Joint Report by the European Nuclear 
Energy Agency and the International Atomic Energy Agency. 



Fig. 3. WORLD* URANIUM DEMAND FOR POWER PRODUCTION 
Short Tons U3 O3 

ANNUAL DEMAND CUMULATIVE DEMAND 

SHORT TONS tbOo /YEAR SHORT TONS u 3 o 8 
TEAR 

u 3 o 8 

ACTUAS, ACTUAL. 

1956 1,000 1,000 
Î ЧЧ7 ... 670 1, 670 1958 950 2 , 620 1959 930 3. 550 
1960 2, 150 5.700 
1961 1,900 7, 600 19G2 2,700 10, 300 
1963 . . 4, 800 15, 100 
1964 5,900 21, 000 
1965 6,400 27, 400 
1966 6,600 34, 000 1967 9,200 43, 200 
1968 12,500 55, 700 1969 15,500 71. 200 1970 18,500 89, 700 

FORECAST FORECAST 

LQW_ HIGH LOW HIGH 

1971 23,000 26,000 112,700 115,700 1972 ........ ,,.. 28,000 33,500 140,700 149, 200 1973 ........ ... • 3.3, ">00 42,000 174,200 191,200 1974 .... ... • 38,000 50,000 212,200 241,200 1975 .. # • 44,000 59,000 256,200 300,200 1976 * . . « 50,000 70,000 306,200 370,200 1977 О • • » 55,000 78,000 361,200 448,200 • 1978 . о . . 61,000 88,000 422,200 536,200 1979 • • « . 68,000 97,000 490,200 633,200 1980 73,000 106,000 563,200 739,200 

Reproduced from "Uranium Production and Short Term Demand" a Joint Report by the European Nuclear 
Energy Agency and the International Atomic Energy Agency. 



Corrigendum of Fig.4, Paper by J.Cameron, Uranium Sesouroee & Exploration 
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Fig. S. ESTIMATE OF URANIUM PRODUCTION AND RESERVES 
SHORT TONS U 3 0 3 AT A PRICE BELOW $ Î0 /LB 

COUNTRY 

PRESENT ANNUAL PRODUCTION'® 5 

SHORT-TERM ANNUAL'» 
PRODUCTION CAPABILITY 

(INSTATED, REACTIVATED 
OR UNDER CONSTRUCTION) 

RESERVES П З 

TONS UgOg/YEAR TONS UGOG/YSAR TONS UsOg 

EUROPE 

F r a n c e 1 , 4 0 0 2 , 0 0 0 4 5 , 0 0 0 

Portugal 106 146 9 , 5 0 0 

66 396 1 1 , 0 0 0 

Others - - 6 , 5 0 0 < c ) 

Sub-Total Europe . . . 1 , 5 7 0 2 , 5 4 0 7 2 , 0 0 0 

Argentina 4 0 150 9 , 0 0 0 

Australia - ( f ) 1 , 5 0 0 1 0 , 7 0 0 

C s n s d s 4 , 2 0 0 1 1 , 0 0 0 2 0 0 , 0 0 0 

Gabon 5 2 0 6 5 0 4 , 0 0 0 

South Africa - 4 , 000(8) 6 , 0 0 0 2 0 5 , 0 0 0 

United States 
Others 

I 3 , 0 0 0 { S > 1 6 , 0 0 0 1 8 0 , 0 0 0 { e ) 

l i J 0 0 ( D ) 

TOTAL Approx . : 2 3 , 3 0 0 Approx 3 8 , 0 0 0 Approx.: 7 0 0 , 0 0 0 

1 short ton U3Og = 770 Kg U metal, 

(a) Present annual production: the production rate fot the Sa« year fot which records are available (1Э67, unless otherwise indicated). 
(b) Short-term potential annual production capability; the production rats (short tons U3Og per year) considered to be achievable in mining and milling operatic«» ebout three years 

from facilities which are already installed, capable of reactivation or under construction, 
(c) Mainly Federal Republic of Germany, îtaly, Turkey and Yugoslavia. 
(d) Congo and Niger. 
(e) Conventional deposits only. Does not include by-product from phosphate production or copper leaching. It is estimated that about 30, 000 short tons of UgOg might become 

available as a by-product by the year 1980. 
(f) Australia - not reported. 
Cg) Data for 1963. . , " . . • . . " „ . ' ... " 

Reproduced from "Uranium Production and Short T e r m Demand" a. Joint Report by the European Nuclear 
Energy Agency and the International A t o m i c Energy A g e n c y . . 
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LOW-GRADE UHAHIUM SOURCES M D THSIR PROCESSING 
FOR THE RECOVERY Off ÜBANIUM 

by 
Y, Polikarpov, K. Kostadinov . 

I. INTRODUCTION 

The use of nuclear power for production of electricity, grows 
at an extremely fast rate* According to the World Power Conference, 
held in Moscow in i960, from less than ifo of the total electrical 
capacity, its contribution will probably increase to 14/« by 1980, 
30$ by I99O and 50$ by the year 2000, This fast increase has led to 
a re-evaluation of uranium sources to meet the uranium needs. A 
report prepared for the Organization for Eoonomic Cooperation and 
Development by the European Nuclear Energy Agency and the International 
Atomic Energy Agency estimates that in about four years the world pro-
duction rata of U^Og will have., to rise to around 38 000 - 5Ö 000 short 
tons per year. This means that approximately by 1974 the world will 
need more uranium than it now seems likely to have available at a 
reasonable cost. A real shortage of uranium supply could occur in the 
years from 1975 to I98O. After I98O breeder reactors, which produce 

more nuclear fuel than they consume, should be in action. The fore~ 
cast of the demand for 1980, however, is still very high and varies 
from 73 ООО to 106 000 short tons of U^Og a year. 

In principle it is impossible to predict v«here and what kind of 
new. uranium supplies will be discovered. However, the total amount of 
uranium known to exist in the oceans and in the earth's crust is very 
large, enough-to supply all of the world's energy needs far into the 
future. 



The presently acceptable pries for uranium raw material ranges 
up to SIO/lb Ü,0Ä (§25/kg of contained uranium). A°t prices above $30/lb 

Jj о 
U^Og, very large quantities of uranium are potentially available. There 
still remain tremendous reserves of uranium-bearing materials which for 
one reason or another may not be processed at a profit at today's uranium 

« 

price« 

At present there is no generally accepted definition for uranium 
low-grade'ores. On the basis of price one could say that their treatment 
costs over $10/lb U.Og. On the basis of uranium content the low-grade 
ores contain between less %k{sn- 0,1% end 1% uranium. We could call some 
uranium-bearing- materials like phosphate rock, copper ores, gold ores, 
sands and .seâ -water, uranixuu source a instead of ursniuà eres, because 
their uranium content is usually rauch less than 0,1%.' 

The .great demand for uranium has led to processing of low-grade 

ores. Lately there i,s considerable interest in the recovery of uranium 

as a by-prodwot. of phosphate -..fertilizer production, production cf copper,, 

gold and thorium, and- some efforts have been made to develop methods for 

extraction of . uranitós f rorn seá-Watér.. ' The 12th General Conferencè of • the 

ХАЙЛ, held in: September -1968j also drew attention to the necessity of 
further developing the : roost economical methods of processing low-grade 
uranium ores as well as developing uranium recovery as a by-product of 
fertilizer production from phosphate rocks» 
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II. UNDERGROUND LEACHING AS A METHOD OF EGOEOMICAl RECOVERY OF 
URANIUM PROM LOW-GRADE ORES 

The notion of underground leaching is not new; it has already 
been developed and applied in a variety of industries. 

As scientific and engineering studies have shown, the underground 
leaching technique has several potential advantages over the extraction 
of ores and their processing at treatment plants. The method makes it 
possible to build up uranium resources by utilizing low-grade ores. 

Underground leaching eliminates the costly opérations involved 
in conveying the raw material to the surface and thereby paves the way 
for a further reduction in the cost of. the uranium obtained. By this 
method uranium can be recovered from disused uranium mines and also from 
deposits that cannot be exploited on account of the complex geological 
conditions and the mining involved« 

The recovery of uranium from 'underground rock formations requires 
a certain set. of preliminary mining operations. . For this purpose the ore 
is detached by drilling and blasting and piled up underground in mounds. 
To prevent the solution escaping beneath the mounds, the floor of the 
drift is lined with waterproof material. The system for spraying the 
piled-up ore consists of two pumping stations and a set of nozzles. The 
noszles are ai*ranged so that the entire surface of the ore is soaked 
during the spraying operation (Fig, l). Sulphuric acid is one of the 
reagents used. ' As they soak through the ore, the solutions are collected 
at the "'bottom and then delivered to a special tank set up on a lower 
horizon,1 from which they are conveyed to the surface for further pro-
cessing (Fig. 2). 

The underground mounds are. erected to a height of 30 and 60 m, 
the amount of ore in each one amounting to 100 000 tons and more. 

The uranium is recovered from the process solutions by means of 
an extraction-sorption process, after which ths solutions are used afresh 
for leaching purposes. 

Application of the underground leaching technique has made it 
possible to drop a series of production operations from the uranium 
mining process, as shown in Table 1. 
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The decreased number of laborious and costly operations cuts 
down the cost of uranium mining to a considerable extent. The cost .of ' 
all operations relating to bringing the uranium into solution in the 
process " of--underground leaching of ' Ore in large blocks;, allowing for 
the efficiency of the • extraction, is about 20$ of the total., cost of. 
the. wined uranium. 

\ In addition, the underground leaching technique can be used to. 
recover uranium from blanket deposita. 

Thé reagent for bringing the uranium in the mineral into:solution 
is pumped into the ore., seam through, a geries of injection wells, and the 
uranium-bear ing solutions are ••••pumped out through other wells located 
a certain distance away'from them, ' -

The cost price'of uranium is considerably reduced through the use 
of these techniques, as compared with its cost by the normal form-':öf 
production. 

Studies have shown that in the form in which they exist today, 
underground leaching opérations can be classed as fast~developing pro-
cesses. They subdivide into two types3 according to the mechanism arid 
kinetics involved. 

In.leaching large blocks of.piled ore the process is similar to 
capillary leaching, while extraction of the uranium from permeable ore 
while .still in the seam follows the normal course of filtration leaching. 

Further studies ,are being made to advance the. underground leaching 
technique, both: through physicochernical research:as weil as. by rational 
organisation of the technological processing, of various .•cranium-bearing...., 
deposits and ore bodies. 
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III. BECOVERY OP URA3FJM AS A BY-PE03JUCT FROM PHOSPHATE. ROCK 

The interest in recovering uranium from phosphate rook is con-
siderable since it has been estimated -that in the commercial phosphate 
rock the uranium content averages roughly 0.015$» .A forecast for plant 
food minerals up to 1Ç80 stated that the rate of growth of the total-
world fertiliser consumption for the years 1954 through 1962 was 5*5$, 
compounded annually, and 10.3$ from•1962-1964. Forecast rates of growth 
are 8fo from 1964-19?0 and 6.9$ from 1970-1980« This increase in world 
fertilizer consumption could make available larger quantities of uranium 
as a by-product in phosphate fertiliser production. 

Some countries could organize such a large-scale uranium 
recovery. For example, the USA cotild produce in the next decades 
until the year 2000 thousands of tons of U^Og as a by-product from 
phosphate fertiliser production and as a. by-product from copper-pro-
duction. Morocco could produce about 22 000 tons U^Og as a by-product 
in the production of phosphoric acid. A vary large amount of uranium 
is expected, to be recovered from phosphate rock-in the United Arab Republic« 
Estimated world, reserves of phosphate and apatite in a number of countries 
inoluding Tunisia, Morocco, the UAR and others, is not less than 26 billion 
tons. If we take the average uranium content to be 0.015$» the total 
amount of uranium in phosphate rock should not be less than 4 million tons. 

Up to now, the only country which has already worked out plant 
recovery of uranium from phosphate rock is the USA. The following five 
companies have built plants for this purpose; Blockson Chemical Co.j 
International Minerals & Chemical Corporationj Texas City Chemicals Inc.; 
U.S. Phosphoric Products, Div. of the Tennessee Corporation and Virginia-
Carolina Chemical Corporation. The investigations carried out have shown 
that recovery of uranium from phosphate rock, would not be a self-sufficient 
process but would, have to be a by-product process. P01- this purpose 
four different methods have been developed and used on a pilot plant scale 
in the USA. The first one is based on- the extraction of uranium from 
phosphoric acid solution with alky! pyrophosphoric acid as solvent, the 
second on the extraction of uranium .with D~i.so butyl carbinol in .kerosene, . 
the third on the reduction and precipitation of uranium from .partially 
neutralized phosphoric acid (ph=4_4«5) and the fourth on the extraction 
of U^ from nitrophosphate solution, obtained by treating rook phosphate 
with a nitric-sulphuric acid mixture, with tributyl phosphate as solvent. 



The first step in processing the phosphate rock as a rule con-, 
sists of digesting the rock with sulphuric acid under controlled tempera-
ture and concentration. Two products are forming in this process? 
phosphoric acid solution containing uranium and insoluble calcium sulphate 
(gypsum). The phosphoric acid solution is considered to be the irtost 
convenient starting.material for the recovery of uranium as a by-product. 
Por the extraction of uranium from phosphoric acid solutions different.. 
types of solvents have been investigated^. but in our opinion, the órgano-
phosphoric esters are now the most promising extractante for the recovery 
of uranium from industrial phosphoric acid solutions. Let us look at a 
basic schema of the extraction of uranium from wet-process phosphoric acid 
as shown in Figure 3 » 

The. phosphoric acid solution containing uranium is. brought into -. 
contact with a reducing agent (for example iron). In this step the. 
maximum amount of uranium is converted to the tstravalent state. The 
solution containing the reduced uranium is extracted by pyrophosphate 
ester. The alkyl pyrophosphate extracts the uranium from the phosphoric 
.acid and after separation from the phosphoric acid solution the organic 
phase is treated (stripped) with sulphuric acid. This treatment ensures 
the precipitation of calcium, iron and other ions extracted together with 
the uranium. Uranium itself is not precipitated from the organic solution, 
arid is then recovered by reacting it with, hydrofluorid acid. Some of 
the alkyl pyrophosphate ester hydrolyses and is lo3t. The hydrolysis 
products are di- and mono-orthophosphates. Though chemically more stable, 
they shew a much lower degree of efficiency to extract uranium from 
phosphoric acid solution. The remaining pyrophosphate ester is recycled 
and participates further in the processing of new quantities of phosphoric 
acid solution. 

While the four above mentioned processes for recovery of uranium 
as a by-product from phosphoric, acid appear to have been well studied,, 
a number of problems connected with a more economical recovery remain to 
be solved. Among them we can point out the selection of solvents and 
diluents which, has to take into considerations-

- their stability in phosphoric acid media (they hydro-
lyse in such medium); 
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- t h e i r s e l e c t i v i t y t o uranium, because of the ve ry low 
uranium c o n c e n t r a t i o n in the raw phosphate s o l u t i o n ; 

- t h e i r minimal s o l u b i l i t y in the phospho r i c a c i d i n o r d e r 

t o dec rease the consumption of l a r g e r q u a n t i t i e s of s o l v e n t } 

- maximum c o n c e n t r a t i o n of. uranium in t h e o r g a n i c p h a s e ; 
- minimum p r i c e of the s o l v e n t and the d i l u e n t f o r p roduc ing 

uranium a s a cheaper by-produc t? 

- p o s s i b i l i t y o f s imple r e - e x t r a c t i o n of uranium; 
. - p o s s i b i l i t y f o r t h e r e g e n e r a t i o n of the s o l v e n t , e t c . 

In t h i s connec t ion the IAEA i s deve lop ing a programme on t h e 
r e c o v e r y of uranium as a by-produc t of f e r t i l i z e r p r o d u c t i o n from p h o s -
pha t e r o o k . In' t he framework of t h i s c o o r d i n a t e d r e s e a r c h programme 
s e v e r a l l a b o r a t o r i e s might work t o g e t h e r u s i n g each o t h e r s ' r e s u l t s , 
exchanging samples and equipment and improving c o n t a c t s . I t i s b e l i e v ë d 
t h a t t he main purpose of t h e c o o r d i n a t e d programme should be t h e quick 
r e o e i p t of r e s u l t s s u i t a b l e f o r i n d u s t r i a l a p p l i c a t i o n . 

Today, uranium in phosphate rock could be r ecove red economica l ly 
only i f i t i s a by -p roduc t of t h e phosphor ic a c i d p r o d u c t i o n . The c o s t 
of t h i s r e c o v e r y depends on t h e manufac tu re of phosphor i c a c i d , on the 
choice of t h e e x t r a c t a n t and of the d i l u e n t , as w e l l as on some o t h e r 
f a c t o r s . In g e n e r a l i t could be p o i n t e d out t h a t , i f phospha te rock, 
might be v/orked f o r uranium as the main p r o d u c t , t h e c o s t i s l i k e l y 
t o be h i g h e r t h a n $3Ô/lb of U,Og. When r ecove red as a b y - p r o d u c t , 
a thousand t o n s of uranium might be produced a t a p r i c e of $ 1 0 - 1 5 / l b • 
U,Og and much l a r g e r q u a n t i t i e s a t a p r i c e of $15 -30 / l b 
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IV. PROCESSING OP UEMIUM FROM COPPER OHES, GOLD OHES, OIL SHALES, 
SANDS М Б LIGNITES 

a) Recovery of uranium as by-product from copper ore leaching 
solutions 

It is кпотта that copper ores тегу often contain small quantities 
of uranium. Its concentration varies and there exists no average valué 
acceptable for all types of copper ores all over the world. For example, 
in 1965 the U.S. Bureau of Mines made a aurvey of copper leach solution© 
at 14 large copper mines in the Western United States. This survey has 
shown that the! leaching solutions contain between 1 and 12 pp® U^Qg with 
an average content of about 4 ppm. Six of the mines however.» whose 
solution flow represented half of that sampled in. the survey, had a 
higher average grade of about 10 ррю XJ^Og. 

The recovery of uranium as by-product of copper leaching should 
involve both ion exchange and solvent extraction, techniques. The in-
vestigations made have shown that the uraniu® can be recovered on strong 
base anion exchange resins. Among the extractante, tertiary alkyl amines 
have been tested. At present the ion-exchange technique for the recovery 
of uranium from copper leaching solutions seems to be more valuable than 
the extraction process. In extraction processing the loadings are still 
low and solvent losses are rather excessive. These solvent losses make 
the extraction recovery of uranium more costly as compared to the ion 
exchange techniques. The economic evaluation indicates that the solvent 
losses alone would probably aaount to more than $1 per .pound U^q* % 
using a combination of the ion exchange and solvent extraction process 
however, it will be possible to recover annually large quantities of U^Og 
as a by-product of oopper leaching at a price of less than S10/lb U^Og. 

b) Reoovery of uranium as by-product from gold ores 

In Africa there are extensive low-grade deposits of uranium associ-
ated with gold and other elements. In gold-hearing ores uranium is present 
mainly as uraninite. The mean uranium content of these ores is not high 
but as the uranium could be recovered during the gold extraction, all 
expenses of mining the ore are added to the cost of the gold. In this 
way, uranium can be recovered economically as a by-product of gold. 



Cyanide lime solutions from gold processing usually contain gold-
"bearing, slimes as well as not too small, quantities uraaiusu 9?h»ir.'... . 
filtration reduces th© amount of EgSO^ neeessary for treating the residue, 
in the uranium plant, eliminates the danger of generation of prussio. acid 
(HÖI) and removes salta of other metals (such as .cobalti^cyan'id®), that , 
might interfere with subsequent processing or which are also worth.re-: : 
covering» It is. considered that, the use of flotation to concentrate the 
uranium in:the slimes lowers the cost of its recovery but also lowers th© 
total amount of uranium recovered.». 

After filtration the residue is leached with diluted sulphuric acid. 
Иге iron present is oxidised by InGg and precipitated as ferric sulphate« 
The solution is. put through an ion exchange column, for adsorption of the 
contained uranium. 

At the panel on processing of low-grade uranium ores, held by the 
IAEA in Vienna in'I966, a method of producing .high-purity uranium at a 
South African gold mine was reported. In the so-called "Bufflsx" process, 
uranium is extracted by amine sulphates from the : sulphate solution:^ob-
tained by eluting the ion exchange columns with sulphuric acid« 

It has been calculated that th© recovery of uranium as a by-product 
of gold ores with an average uranium' content of G.02- »- 0,025$ is áus.t;- ' 
profitable from the economic point of view as the extraction of uranium 
from some ores with a mean uranium content of 0.2^., 

0) Uranium recovery as a by-product from monazite sand 

Monazit© sand is one of the most important sources of thorium and 
rare earths. Primarily composed;of rare earth phosphates, it contains -
along with numerous other minor constituents - varying amounts of thorium 
and uranium* The uranium is usually less than but sometimes the 
quantities found in monazit© sand may be substantially higher than in many 
commercial'uranium ores. Monaaite is widely disseminated as an accessory 
mineral in granites, gneisses, pegmatites and placer deposits» The best 
known deposite of monaaite are certain beach sands in Brazil and India, 
some deposits in Florida, Idaho and other parts of the USA, as well as 
in the United Arab Republic and other countries« 
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The chemical treatment of monazite aims at the decomposition of 

the metal phosphates found in it. Digestion with concentrated sulphuric-

acid for uranium recovery presents some difficulties. The monazite. can 

be decomposed by alkali fusion. In this case, howeverj the resulting 

melt is difficult to process« Treatment employing digestion of the monazite 

with concentrated sodium hydroxide solution has been developed in Prance 

and the USA. This sodium-hydroxide method, has been used on a large scale*., 

in Brazil and India. Its main steps are the following? l) Decomposition 

of metal phosphates with sodium hydroxide solution at high temperature; 

2) Filtration of the slurry to separate the hydroa-oxides residue con-

taining uranium, thorium and rare earths; 3) Dissolution of these residual 

oxides in acid and processing them to yield a thorium-uranium precipitate 

and a rare-earth precipitate; 4) Separation and purification of thorium 

and uranium from each other using solvent extraction techniques. 

In the UAR a method for recovering uranium from waste monazite 

sulphate solution left after the separation of thorium and rare earths 

has been developed. In this case uranium is being extracted by means of 

a mixed solution of mono- and di~2~ethylhexyl phosphoric acids in kerosene. 

It would be economically impracticable to process moaaaite for its 

uranium content alone, but if a satisfactory market exists for thorium and 

rare earths it should be entirely feasible to recover uranium as a valuable 

by-product from monazite sand at a price of less than $10/lb U^Og. 

d) Processing of oil shales for uranium 

The more uraniferous shales in Sweden contain about 0.02$ uranium. 

In the central part of the country the total deposits of uranium in the 

shales are nearly 1.3 million short tons ÏÏ^Og, Shale deposits are found 

in other countries too. For example, in the USA the so-o&lied Chattanooga 

shales form a uranium reserve which can be measured in millions of tons 

of U-jOg. -heir grade however is extremely low, averaging about 0.006$ 

U3°8* 

According to the.Swedish experience, the recovery of uranium from 

shales should be biased on leaching of unroasted shales. Nevertheless, 
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laboratory and pilot plant work.has shown the possibility of getting 
a 10-15$ higher yield 'of uranium when leaching roasted shale « The 
leaching medium could be a sulphuric acid solution with a suitable 
concentrations In the leaching of sha-le, uranium could be extracted 
from the leach liquor by selective adsorption as a negative uranyl 
sulphate complex with the aid of strong anion exchangers» Further 
elution of uranium from the ion exchanger could bo achieved using 
acidified a»monium nitrate solution, Further uranium is concentrated 
and sent to the refinery« 

In the USA another scheme has been developed for the reo ove,ту ..of... 
uranium as a by-product of. oil shale. Retorting Chattanooga shale at 
532 to 588 С removes about 10 gallons of oil per ton of shale. Boasting1 

О 
the shale in a fluidized bed at 532 С and subsequent' leaching with.2.to 
4$ sulphuric acid at room temperatures recovers 50~60$ of the uranium. 
The uranium is then recoverable on an ion-exchange resin, column. 

It has been calculated that uranium from shale sources in the USA 
might cost as much as |60/lb U^Og. This figure seems to be rather high» 
but at present good cost estimates cannot be made because of the absence 
of a larger-scale pilot plant production test. According to the Swedish, 
accounts, the economy of the Swedish uranium processing is much better. 
On the basis of one year of operation (testing period) the cost per 
kilogram of uranium in at full capacity (120 t U/year) at Ranstad 
was predicted to be $lQ-dl/lb U^Og not including amortization charges. 
At a future very large exploitation of • the BiHingen shale the total 
production cost (including amortization) is expected to vary between 
$12~l4/lb U^Og. Despite of this_calculation the shales are still one 
of the largest known sources of uranium which, under certain circumstances, 
could be turned into the production of large quantities of uranium. 

e) • Uranium recovery froro lignite 

The presence of uranium in lignites va,ries considerably from less 
than 0*01$ to as much as 0.05$ U^Og. In many countries like USA, Spain, 
Yugoslavia, Greece and others, there are such uraniferous lignite deposits 
and some attempts have been made to recover uranium from them« 
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In principle it should be concluded that the proper roasting of 
the lignite removes the organic fouling problems, reduces the volume 
of leaching solutions and usually provides equal or better acid-leaching 
efficiency with a lower acid requirement per pound of uranium recovered. 
The efficient leaching of uranium from lignite ash calls for. large 
quantities of sulphuric acid and results in a solution containing relati-
vely large concentrations of undesirable metal ions and salts» Uranium 
from these liquors could be recovered either by ion exchange or by 
extraction techniques. The high metal and sulphate concentrations how-
ever preclude direct ion-exchange treatment of acid liquors, although 
th i s ' technique could be applied a f t á r pretréatment. Solvent extraction 
methods apply directly and are generally preferred for uranium recovery 

. V 

from lignite leach liquor, The solvent extraction of uranium sulphuric 
acid leach liquor by amines has been intensively studied, the. principal 
advantages of the amines being their selectivity for uranium» 

If it were possible to use the lignite both as combustible for 
the production of electricity and as raw material for producing uranium, 
lower cost uranium recovery could be expected«, Up to now, however, there 
are no data available for the cost of uranium as a by-product of the 
production of electrical power« 



»• 13 -

V. HBCOVERY OP UHASIUM FROM SEA-WATE3 

Tremendous amounts of. uranium are concentrated in tbe oceans. 
Experts estimate the total uranium content of the seas as 4 ООО ООО ООО 
tons of 

This is a vast amount, which could satisfy шш.'а.адапхш 
requirements for a very long time to come. 

However, the content of uranium in sea-water is extremely s^ii 
and recovery of it entails many technical difficulties» 

It has been measured by three different methods that the -uranium 
concentration in sea-water is 3»34 jitg/litre. 'This concentration remains 
constant down to a depth of 400 There have been reports that the , 
concentration is slightly less off the coasts of Japan., bui further 
verification of this data is needed. Uranium is present in sea-water 
in the form of the very stable anion tricarbonato-uranyl complex 
u o 2 ( g ö 3 ) 3 ~ 4 . 

Since the amount of sea-water to be processed is enormous, the 
extracting agent must шее® the -following requirementss 

(a) It must operate at the normal pH of sea-water; 
(b) It must have a long service life and be highly stable; 

it must also resist chemical and biological action; 
(c) It must be inexpensive; 
(d) It iîiust have a high mixing capacity; 
(e) The rate of the extraction/adsorption process must be 

adequate; 
(f) It must be easy to recover the uranium from the extracting 

agent« 

As experiments, have shown, the best- adsorber is hydrous titanium 
oxide (compositions 60 wt.$ Ti0?, 35 wt.$ H?0 and 5 wtЛ> Na)* 

Figure 4 shows the layout of a plant for extracting uranium-, from 
sea-wáter. The project : of the plant was described in a paper by¿Sr. Keen, 

in 1968. 
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Its output is expected to be 841 toas of pure uranium per year. 
The overall cost of the plant will be £290 million sterling» A large 
proportion of this sum (£184 million) will be spent on constructing 
the dam and the inlet and outlet gates. 

On the basis of a plant working for 20 years and an adsorber with 
a life of 10 years, plus operational and other expenses, it has been 
calculated that the cost of extracting uranium from sea-water will be 
between £25 000 and £40 000 per ton® 



VI. FUTURE IAEA ASSISTANCE TO DEVELOPING COUNTRIES 

The Agency is conscious of the growing importance of estimation 
of reserves of nuclear materials, of extraction of them from ore, and 
of the subsequent processing and manufacturing steps in the fuel cycle. 

A. A continuous watch will be .maintained on reserves of nuclear ores. 
As regards technical aspects and geology, increased attention will be < 
paid to the following" activitiesr 

• i 

(a) The collection of data on world resources and reserves' 
and the granting of technical assistance to developing 
countries in connection with prospection' projects. 

(b) Compilation of information catalogues for nucle.ar reserves, 
showing location, characteristics and fissile material 
content. 

(c) The joint ENEA/lAEA Study Group on Uranium and Thorium 
Resources. Direct internal records will be maintained on 
reserves and on production capabilities. 

(d) Promoting instrument specification and calibration centres 
for uranium exploration, for example, aerial survey test 

'"'"' strips. 

(e) Outlining geologically favourable criteria and guidelines 
to assist in future uranium, exploration on worldwide basis. 

B. The Agency will pay special attention to the extraction of nuclear 
materials from ores and the fabrication and reprocessing of fissionable 
materials. A number of important problems relating to more economic 
methods of processing low-grade ores may be solved in the near future. 
The Agency will closely follow the progress made and stimulate work 
relating to such methods, because the supply of inexpensive fuels could 
be greatly increased by favourable developments and several developing 
countries possess large deposits of low-grade ores. 

The following activities are planned for the meantimes-

(a) A research programme on recovery of uranium as a by-product 
from phosphate rocks, and from, other promising minerals 
which are processed in bulko 
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(b) Technical meetings en processing of low-grade oresj 
new solvents for extraction; 
improved and advanced techniques of fuel fabrication. 

C. The Agency expects to make available more experts in the field of 
geology, processing of low-grade ores, fabrication of fuel elements, etc., 
e special ly to developing countries. Equipment may be sent in addition 
to experts, so that prospecting and analytical work can be carried out 
effectively. . ,, 

Б. The Agency hopes to promote the system of regional, training courses, 
where specialists from the developing countries can obtain the necessary 
training. Both IAJ3À staff members and experts from Member States may be 
engaged in these coursesо 

Et In I968 the developing countries possessed about 5Í0 of "the known 
world commercial resources of uranium, but their production of uranium 

concentrates was only about o£ world production«» It is to be expected 

that export of uranium concentrates from developing countries will increase 

until their production is more nearly in line with their reserves. The 

Agency can give developing countries assistance in obtaining and construct-

ing equipment and plants for ore extraction and the production of concen-

« 

trates, in cases where existing facilities, factories and installations 

in the area are inadequate or unsatisfactory. 
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TABLE I 

Principal Operations by Usual Method of Uranium Extraction 
and by Method of Underground Le aching 

Usual method of uranium, 
extraction 

Method of underground 
leaching 

1. peposit opening 1. Deposit opening 

с Preparation of levels and 
blocks 

' 2. Preparation of levels and 
blocks 

3. Block development •j _>0 Breaking of ores by explosions 

4» Ore excavation from blocks 4- Leaching of uranium from blocks 

5- Pilling of cavities.after 
excavation 

5 * Sorption of uranium from 
solution 

6. Vertical and horizontal under-
ground ore transportation 

1. Bunker loading and. unloading 

8» Transportation of ores to 
the factory 

9. Enrichment of ores 

10. Leaching of uranium ores at 
hydro-metallurgical factory 

lio Uranium sorption from pulp 
at-hydro-metallurgical 
factory 

12. Establishment of stock tails 

13. Transportation and stocking 
of tails 

14. Refinement of used solution 





INTERNATIONAL SUPPLY OP NUCLEAR MATERIALS THROUGH THE IAEA 

by ' 

Ole Pedersen 
Division of Nuclear Power and Reactors, IAEA 

1. The put-pose of the following remarks is to explain the Ageiicy1 s 
role in the international supply of source material and special 
fissionable; material-,' and the procedures followed, by. the Agency in 
supplying such material. In conclusion, some recent liberalization in 
the transfer of nuclear materials through the Agency is -described. 

THE AGENCY'S ROLE IM THE INTERNATIONAL SUPPLY OP NUCLEAR MATERIAL 

The AgencySsr- supply function 

2. The Agency's function in the international supply of nuclear 
material was a matter of very great interest when, the Agency's Statute 

N was being drafted. Evidence of this interest, is the fact that seven 
of the Statute* s 23 articles deal partially- or exclusively with this. , 
function. Its exact nature and extent, however, was not completely 
clarified when the Statute was drafted. Originally, the function was 
largely conceived to be that of a pool to receive military stocks of 
nuclear materials, It was also thought that the. Agency could act as a 
banker, lending some, of these materials out to assist in. the implementa-
tion, of. peaceful projects. 

3. These, ideas were almost abandoned, in the drafting stage of the 
Statute, and, instead, it was envisaged that the function of the Agency, 
should be that of a broker arranging'for transactions of nuclear 
material among its members. The Statute in its final text provides for 
all three functions: pool of fissionable material, banker, or broker. 



In fact, however, in almost all international transfers of nuclear 
material in which it has participated, the Agency has acted as an 
unpaid broker. In other words, it has acted as an intermediary for 
the supply of source and special fissionable material from one Member 
State to another, when requested to do so. 

4. The most important articles in the Statute dealing with the 
Agency's supply function are Article IX (Supplying of materials), 
XI (Agency projects), XII (Agency safeguards) and XIII (Reimbursement 
of Members). Under Article IX, Members may make special fissionable 
materials available to the Agency and the Agency may receive and 
allocate them to other Members. The Agency may take and maintain 
physical possession of these materials, but in practice no material 
has been physically handed over to it. Articles XI, XII and XIII 
indicate the procedure, as well as outlining the terms and conditions 
on г-îhich international transfer through the Agency can take place. 

5. As is to be expected, reactors and research work connected with 
them provide the main reasons for the supply of nuclear material 
through the Agency. For reactors built to supply power, to assist 
research, to provide training or to produce radioactive isotopes, 
substantial quantities are needed. (The general term "reactors" 
includes critical or subcritical- assemblies, usual1y for training or 
research.) The Agency can also, if required, undertake arrangements 
for the transfer of a reactor or assembly, as well as of the associated 
non-nuclear materials, equipment or services. In addition, nuclear 
materials can be- supplied for research projects, such as the accurate 
determination of nuclear data or the development of fuel elements. 
These projects usually call for minor quantities of material. 

Availability of materials through the Agency 

6. Four Member States of the Agency - France, the Union of Soviet 
Socialist Republics, the United Kingdom of Great Britain and Northern 
Ireland and the United States of America - have plants for enriching 
uranium. All transfers of enriched uranium from these countries are 
arranged through governmental channels, either directly between the 
exporting and importing States, or through the Agency, acting as an 
intermediary between the two States concerned. 
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1. In I95TS when the Agency's Statute entered into forcé, the Soviet 
Union, the United Kingdom and the United States offered under 
Article IX.A of the Statute-to make special fissionable material 
available.to the Agency in the form of uranium-235'contained in 
enriched uranium. Later the United States- also offered small- quantities 
of uraniuni-233 and plutonium. The quantities offered were as follows: 

Member Quantity 
(kg) 

Soviet Union 

United Kingdom 

United States 

>35, U contained in enriched uranium 
235 U contained' in enriched uranium 
235 U contained m enriched uranium 
233n 
23% - Fx 

C--<1 

20 

$070 

n к u» j 

It should be noted'that the enriched uranium offered is measured in 
quantities of the. isotope uranium-235' only. Since this isotope is 
contained in uranium, in various enrichments, the total quantity of 
material offered is undetermined but much larger. 

General supply agreements 

8. In order to determine the terms and conditions for the inter-
national transfer through the Agency of the material thus offered, the' 
Agency entered into a general supply agreement with each of the three 
Governments • on. II May 1959^* Éach Government offered to make the 
uranium available in any enrichment up to"2($, but both the-United . 
Kingdom and. the United States agreements further provide that the 
"parties may agree to a higher enrichment with respect to uranium to 
be used in reséarch reactors, material testing reactors.or for research, 
purposes"» 

9« The-, provisions in the agreements regarding prices are as follows: 
(a) Soviet Union; "The Government undertakes to base prices on 

a scale of charges corresponding to the lowest international 
. prices in effect at the time, of delivery for enriched 
uranium hexafluoride and for uranium compounds according to 
the percentage content of uranium-235*' 5 

1/ The texts of the agreements are reproduced in Agency document 
. . . IMPCIRC/5. 



(b) United Kingdom: "The material shall be supplied at a 
price and on conditions which are not less favourable 
than the most favourable price and conditions which the 
United Kingdom Atomic Energy Authority are offering or 
are prepared to offer, at the date of the contract in 

• question, to any other customer outside the United 
Kingdom for the supply of similar material"; and 

(c) United States? "The United States undertakes to make 
_special nuclear material available' to the Agency at the 
United States Atomic Energy Commission's published 
charges applicable to the' domestic United States 
distribution of such material in effect at the time 

10. In this connection it is to be noted that the United: States Atomic 
Energy Commission is able, under the Atomic Energy Act of 1954» to 
donate to the Agency every year up to US $50 ООО worth of special 
fissionable materials to assist and encourage research on peaceful 
uses'of atomic energy or for medical purposes. The United States has 
made these gifts to the Agency every year since i960 and they now 
total $^00 000 in value. The materials in question are not available 
for pov?er reactors and have been used mainly for fuel for research 
reactors, in plutonium-béryllium neutron sources and in fission 
counters for research projects. Small quantities have also been given 
for such research purposes as the determination of nuclear data. The 
charges for the fabrication of the material into the desired form and 
its transport to the place, of use are paid by the recipient Government. 

11. The duration of the general supply agreements differs. That with 
the Soviet Union "shall cease to have effect one year after the day of 
its denunciation by the Agency or.the Government"; that with the United 
Kingdom will remain in force "until the end of any calendar year after 
i960 in which notice of the. withdrawal of the offer /"of enriched 
uranium_7 bas been given"; and the agreement with the United States was 
concluded for a period of twenty years, which will end-on 10 May 1979« 

12. Under the general supply agreements the three Member States in 
question have undertaken to make materials available.to the Agency on 
request. However, further steps have to be taken to enable the Agency 
to supply the materials to other Member States. This procedure will 
now be described. 
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PROCEDURE POR SUPPLY" OP MATERIALS THROUGH THE AGENCY 

Requests 

13. The procedures which the Agency must follow in supplying special 
fissionable materials are outlined in Article XI of the Statute. Any 
Member or group of Members desiring to set up a project for a peaceful 
use of nuclear energy may request the Agency's assistance in securing 
such materials; such a, request must be accompanied by an explanation 
of the project and must be considered by the Agency's Board of 
Governors. Article XI.E lists certain matters to which the Board must 
give consideration before approving the project and the supply of the 
material; one'of these matters is "the special needs of the under-
developed areas of the world" (Article XI.E.6). 

1.4* The Agency's Secretariat prepares, a paper for the. Board's considera-
tion, containing an.analysis, of these factors. In addition, the 
Secretariat needs certain information in order to implement the approved 
supply of material. The presentation of the request to the Board and 
the subsequent implementation of the approved supply of material can be 
much expedited if all the necessary information is provided at the time 
of the initial request or at least at an early date thereafter. A list 

< of the information necessary is attached as. an Annex to this paper. 

15« The information required includes an exact description of the 
material needed, such as quantity, isotopic composition, purity and 
chemical and physical form. Acceptable variations should be given in 
case the exact type is not available. The proposed use should also'be 
described and the location of the research establishment or laboratory 
given. If health and safety standards to be applied vary .from those 
drawn up by the Agency, details should be provided. For reactor 
projects there should, in addition, be a description of the design of 
the reactor and of the associated facilities for use or storage of the 
supplied materials. Also, information about the funds and technical 
personnel available for the execution of the project should be given, 
and a safety and site evaluation, report should be made available. 
16. On the basis of the information provided by the requesting 
Government, the Agency1s Secretariat, analyses the request. The request 
and the results of the. Secretariat's analysis are presented as early as 
possible to the Board in a paper by the Director General. The Board's 
considerations, have usually been very brief, concluding with approval 
of the project and the supply of material. 



1?. The Board has in 1968 approved a simplified procedure for the 
supply of small quantities of nuclear materials for research and 
development or for use in neutron sources. Under this procedure the 
Agency's Director General is authorised to arrange for the supply of 
these materials under appropriate agreements without referring the 
requests to the Board. 

Choice_of supplier 

IS. As the Agency does not keep its own stocks of nuclear materials, 
a supplier of the material has to be selected. Ir, choosing the 
supplier, the wishes of the requesting Government are. taken into 
consideration in accordance with Article XI.G of the Statute. If the 
requesting Government does not express a preference, enquiries are 
addressed to Member States likely to have the material available. 

s 

However, the country supplying the. material and the cöunxry where it 
is processed into the required chemical and physical form need not 
necessarily be the same, and there have been a few cases of what may 
be termed "third country fuel services". 

Agreements 

19. Before material can be supplied, two agreements have to be con-
cluded. One of these is known as. a Project Agreement, to which, the 
recipient Government and the Agency are parties; it is required by 
Article -XI..F of the Statute, where most of the points to be covered 
are set forth. One of them is that "the project shall be subject to 
the safeguards provided for., in Article, XII, the relevant safeguards 
being specified in the agreement".. Safeguards are usually required 
in connection with reactor projects, whereas the quantities of 
materials supplied for research projects, are usually well, below 
those that can be exempted from safeguards. The main provisions of 
Project Agreements are standardized, being varied only to meet . 
particular circumstances. 

20. The other agreement is known as a Supply Agreement, in which the 
exact: type and quantity of material to be supplied, as well as the 
terms and conditions of supply, are specified. The supplying 
Government and the Agency must clearly be party to a Supply 
Agreement; on grounds of convenience the recipient Government 
becomes party as well. 



Terms and conditions 

21. The terms and conditions of supply to the recipient Government, 
including the price of the. material, are normally the same as those 
offered by the supplying Government. The Agency's intermediary 
services are thus provided free of charge. In exceptional cases, 

V 

the material itself has been provided free of charge by .the supplying 
Government; occasionally, also, small quantities for research have 
been lent to the requesting Government. 
22. By June 1969 some 65 transfers of special fissionable materials 
had taken place through the Agency. The supplying Governments were 
those of Prance, the Soviet Union, the United Kingdom arid the United 
States; the l6 recipients were Argentina, Austria, the. Democratic 
Republic of the Congo, Finland, Greece, India, Iran, Mexico, Norway, 
Pakistan, Philippines, Romania, Spain, Uruguay,' Viet-Nam and Yugoslavia. 
These transfers, about half of which vie re made as gifts, totalled 
approximately 34»5 kg of uranium-235 and 8ll g of plutonium; with the 
exception of 1.7 kg of uranium-235 for a natural uranium power reactor 
in Pakistan, all the materials so transferred were for research 

2/ reactor fuel or for other research purposes.--7 

•INCENTIVES FOR TRANSFER THROUGH THE AGENCY 

23. At present two incentives to transfers through the Agency can be 
definitely identified. One is the cost-free nature of the materials 

V 
annually made available by the United States;^ the other is that the 
transfer arrangements that the Agency is in a position to make, offer 
to some Member States opportunities of obtaining, special fissionable 
materials which would not otherwise be open to them. 
24. Nevertheless, the use made of the materials offered to the 
Agency more than ten years ago has not been very great, and more than 
5OOO kg of the turará urn-2 35 still remains available.^ This limited 
utilization of the material available may be partly connected with the 
fact that ten years have passed'since the Agency concluded its general 
supply agreements with the Soviet Union, the United Kingdom and the 
United States, and that in the meantime these major suppliers of 
special fissionable materials, particularly the United States, have 
developed and liberalized their bilateral supply policies. This 
liberalisation, includes the following? 

2/ A summary statement of transfers made through the Agency is to 
be found in the Agency document ISFClRC/40/Rev.o. 

3,/ See para. 10 above, 
4/ See paras 7 and 22 above. 
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(a) Duration of supply arrangements. The Agency has until 

recently only undertaken to supply enriched uranium for 

one reactor core loading at a time. Under bilateral 

agreements, however, supply arrangements normally cover 

longer periods; one supplier, for. example, is prepared 

to guarantee fuel supplies for the lifetime of nuclear 

power stations, (up to 30 years).; 

(b) Supply in advance of immediate needs. One supplier is 

ready to accept orders on a bilateral basis for advance 

delivery of enriched uranium and enrichment services 

covering estimated requirements for five years, and is 

prepared, on request, to consider even longer periods. 

This enables the user to protect himself against 

possible interruptions in supply and avoid the risk of 

having to; shut down his power station on account of a 

fuel shortage; 

(c) Toll enrichment. With this method of supply a user of 

enriched uranium provides natural uranium and pays a fee 

for its enrichment by a supplier of enriched uranium; and 

(d) Third country fuel services.^ .One supplier is to-day 

prepared to enter into arrangements for bilateral supply 

involving third country fuel services whenever a 

potential recipient so requests. 

25. This gradual liberalization of the conditions for supply of nuclear 

materials through bilateral channels now also largely applies to supply 

with the Agency as an intermediary. The French Government stated in 

June I969 that it would consider "any request which cannot be met from 
6/ 

the Agency's fund of special fissionable materials".In August 1969 

the Government of the United States of America stated that it "is fully 

prepared to consider requests for special fissionable material through 

the Agency for oower reactor projects under the same terms and 7 
conditions that are applicable to the supply of materials bilaterally".-

r2¡ See para. 18 above. 

§J See Agency document GC(XIIl)/419» page 2. 

2/ Ibid., see page 3» 
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In September 196.9 the Government of the Soviet Union-published 
"conditions for natural uranium enrichment in the USSR on behalf of 
non-nuclear States Par-ties to the "'Non-Proliferation. Treaty ".'..,' It 
is envisaged that such uranium enrichment operations will be carried 
out by the Soviet Union either on. a bilateral basis or through the 
IAEA." Prices are the lowest international prices in effect at the 
time 'of delivery. The Soviet Union is "prepared to enrich natural 
uranium for interested non-nuclear countries up to 2.5-5% in • 
uraniш-235"^ Finally, the United Kingdom Government indicated in. 
September 1969 that "the United Kingdom authorities envisage that 
arrangements made through the Agency could relate to the supply of 
power reactor fuel and to the supply of fuel or material on a long-
term basis .... If the UK were asked and were .able to supply 
through the Agency, it would propose commercial terms which would not 
differ from those applying to direct sale. The United Kingdom 
Government is of•'course ready to consider any requests for help in 
this matter which it may receive either through the Agency or directly 
from Member States."-

26. In-conclusion, it can be said that the nuclear material offered 
by the supplying States has so far been sufficient to meet demands and 
there is every reason to believe that additional quantities would be 
available should they be required. A routine procedure for dealing 
with requests for nuclear material has been well established. Full 
account is.taken of the fact .that timely supply, is of considerable 
importance for the efficient and economical operation of,the instal-
lations for which the material is needed. Thus, the Agency is in a 
good position to deal with future requests. 

2/ 

8/ See Agency document GC(XIIl)/419/Add.l, pages 1-4. 
2/ Ibid., see pages 4-5* 



ANNEX 

INFORMATION REQUIRED IN. CONNECTION 'WITH REQUESTS FOR NUCLEAR MATERIALS 

1. Exact description of material requested, including quantity, isotopic 
composition, required purity, chemical, and physical form (please 
indicate all types and forms of materials that could be .used, stating 
preference,, to permit expeditious selection of a supplier). 

2. Description of the proposed use of the material, indicating available 
equipment and facilities, in sufficient detail to support the require-
ment for the requested amount and form of the material. 

3. Laboratory or research establishment at which material is to be used. 
4. State the preferred source of supply, if any, or indicate whether the 

Agency should select the supplier or assist the requesting Government 
in selecting one. 

5. State any arrangements regarding the processing or delivery of the 
requested material which the requesting Government has made prior to 
the request or intends to make subsequently with other governmental • 
or commercial organizations. 

6. Date by which the material is required« 
7« Is it desired to purchase or lease the material,. or should arrange-

ments be attempted to receive it as a gift? 
8. State whether the Agency's safety standards- will be applied. If not, 

provide copies of the specific safety standards proposed to be applied 
in order that the Agency may determine that those standards are consis-
tent with the Agency's and equally effective, (it will suffice to cite 
by reference any standards that have previously been evaluated by the 
Agency.) 
For reactor projects the following additional information should be 

gixfen : 
9« Description of the design and location of the reactor and of any assoc-

iated facilities in which the supplied, material is 'to"be -'used or stored. 
10. Funds and technical personnel available to assure the- execution of the 

project. 
11. An up-to-date siting and safety evaluation report for the reactor. 

^J Defined in Agency document INFCIRC/18, para. 2. The following standards 
have been promulgated to date: 
Basic Safety Standards for Radiation Protection (Safety Series No. 9) 
Regulations for Safe Transport of Radioactive Materials, 1964 revised 
edition (Safety Series No. 6) 

Safe Handling of Radioisotopes (Safety Series No. l) 
Basic Requirements for Personnel Monitoring (Safety Series No. 14) 
Provisions of Radiological Protective Services (Safety Series No. 13) 
The Management of Radioactive Waste Produced by. Radioisotope' Users 

(Safety Series No. 12) 
Code of Practice for the Safe Operation of Nuclear Power Plants 
.(Safety Series No. 31) 

Code of Practice for the Safe Operation of Critical Assemblies and 
Research Reactors 
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THE NUCLEAR FUEL CYCLE IN THE UNITED KINGDOM 

INTRODUCTION 

The pürpose of this lecture is to describe the fuel cycle services which 
have been established by the UKAEA aod' which are currently being extended, to ; 
support the United'Kingdom's programme of nuclear power plant installation and 
to provide capacity for the export, of services to countries whose nuclear power 
programmes do not yet provide an economic justification for indigenous fuel 
manufacturing and reprocessing plants. In describing these services reactor, 
designs which the Authority's fuel cycle services are intended to support wiil 
be identified. Reference will also.be made to the economic benefits which can 
accrue from the scale of fuel cycle, service activities in the United Kingdom 
and the scope for optimisation of plant operation to maximize these benefits. 

Fuel cycle services also include the study and specification of in-cpre 
fuel management schemes, and the provision of fuel performance guarantees. A 
discussion of these aspects of fuel cycle services, which can be of major 
importance in the early years of reactor operationf is included in the latter 
part of the lecture, 

REACTOR DESIGNS AND THE UK NUCLEAR POWER PROGRAMME 

To appreciate the extent of the UKAEA's fuel cycle services it is desirable 
to consider briefly the range of reactor types, fuel specifications and instal-
lation programmes for which fuel cycle services are required. 

For practical purposes we may regard the Calder and Chapelcross natural 
uranium metal fuelled, gas cooled reactors, as the starting point of the civil 
nuclear power programme in the United Kingdom. The reactors - 8 in total - at . 
these two sites were commissioned over the period 1956 to 1959 and were the 
forerunners of the 9 twin reactor magnox stations ordered by the Generating 
Boards; the first of which - BradweTl was commissioned in 1962 and the final • 
station - Wylfa will be'commissioned later this year. The development of the 
magnox system over this period has seen reactor output increase from 1 AO MWE 
at Berkeley to 590 MWE at Wylfa, with increases in coolant gas outlet tempera-, 
ture from 345°C to 410°C and increases in thermal efficiency from 25$ to %%. 
The completion of this programme of reactor installation, referred to as the 
first UK nuclear power programme/ wilГ give a total generating capacity of 
4800 MWE. A further two magnox reactors were built, one in Italy and one in 
Japan - to give a total magnox reactor installation of over 5000 MWE, with an 
annual re~fueliing requirement of approximately 1è00 tes ,U. 

To develop the gas-cooled reactor concept_further it was necessary to 
overcome the fuel temperature limit associated with metallic uranium clad in 
magnesium alloy (magnox); this was achieved with the U02 fueT and stainless 
steel cladding in the AGR - the prototype of which was commissioned by the 
Authority in i960. The successful operation of this prototype and the com-
petitive tender produced by APC in 1964 for Dungeness 'В' led to the definition 
of the second UK nuclear power programme of a further 8000 MWE to be installed 
by 1975. Tenders for later AGR stations in this programme i.e. Hinkley 'B', v 
Hunterston * В ? and Hartlepool have confirmed the increasing competitiveness 
of the AGR under United Kingdom conditions. Construction is now in progress 
at Dungeness 'B', Hinkley Hunterston 'B' and Hartlepool, the total capacity 
of these stations being nearly 5000 MWE, Two further stations, at Heysham and 
Sizewell, are expected, to complete the second nuclear power programme of" 



8000 MWE of AGR's. This programme will require s total fuel manufacture of 
I3OO te U for initial charges and about 300 te U p.a. for replacement fuel. 

Despite confidence in the performance and economics of the AGR system it 
is realised that even further developments of the gas-cooled thermal reactor 
concept axe possible provided that the present limits on AGR fuel rating and 
fuel burn-up can be overcome. These limits зге set by the rate at which gaseous 
fission products are released' from the U0 2 fuel, pellet, and the properties of the 
stainless steel fuel cladding at elevated temperatures in a C0 2 atmosphere. The 
need to overcome .these limits has stimulated interest in the development of the 
high temperature gas-cooled reactor or HIR. This design incorporates a U0 2 
coated particle fuel i.e. fuel in the form of slightly enriched uranium particles, 
individually coated in carbon and silicon carbide and packed into graphite tubes 
or "pins" which are cooled by helium. This concept is now under intensive study 
in the UK. it is potentially capable of increasing fuel ratings from 13 MW/te U 
currently.attainable with the AGR to 70 MW/te U with a corresponding increase in 
fuel burn-up from 18,000 MftD/te to 60,000 MWD/te, and with an increase in coolant 
gas outlet temperature from fc:50°C to 720°C. 

During the early 1960's while the advanced gas-cooled reactor (AGR) was 
being developed the Authority.. wçre. also designing and building the steam genera-
ting heavy water reactor (SGHWR)y This design is characterised by a U02 pellet 
•fuel clad in zircaloy 2, by light water .cooling, and heavy water moderation. , 
The first reactor of this type with an output of 100 MWE is now in its second 
year of operation at the Authority's Winfrith site. This design offers competi-
tive generating costs for outputs below the 600 MWE level and would therefore 
be particularly suitable for installation in generating networks which "could 
not absorb a 600 MWE unit. 

The rate of installation of nuclear plant in. the UK after 1975 is difficult 
to predict but it is expected that the nuclear component of the total power 
programme will gradually .increase. A reasonably conservative extrapolation 
beyond 1975 would indicate an average nuclear installation of 2500 MWE to 
3000 MWE per year in the period' up. to 1У80 for thermal reactors alone. These 
could be either AGR's, KTR's or GGHWR's. 

. . . A further line of Authority development, work has been directed towards 
the sodium-cooled fast breeder reactor. This concept which is designed to 
operate with plutonium fuel produced by UK thermal reactors.has been the. subject 
of intensive development since the late 195Q'.s. A sodium-cooled fast reactor of 
U MWE capacity has been operating at Doynreay for the past nine years. The 
satisfactory experience gained с.тг this period has given sufficient confidence 
in the system to justify the construction of a 250 MWE prototype commercial fast 

, reactor which is due to be in operation in 1^72. The first commercial fast, 
breeder of about 650 MWE should be ordered at about this time as the forerunner 
to a fast reactor programme, limited only by the availability of plutonium. 

By 1980 the total nuclear capacity in the UK is expected to be nearly 
30,000 MWE* The build up of this capacity is indicated at Figure 1. 

In summary the reactor types and fuel specifications for which fuel cycle 
services will be required in the United Kingdom are characterised by the follow-
ing principal features; 

2 



TABLE 1 

UK Reactor Characteristics 

Resctor 
Type Fue i Fuel 

C ladd ing Coolant 
Fuel . 

Ha t ing 
MW(T) / (h .a . } 

Cooiant . , 
O u t l e t 

Temp °C. 

Enrichment 
I n i t i a l / F e e d 

Thermal 
E f f i c i e n c y $ 

Magnox Uranium 
m e t a l 

Magnox COa ' 2 -2 t o }-Z 345 t o 410 0-71$ U235 25 t o 34 

AGB ÜOj pe l leí S t a i n l e s s 
a t e e l 

CO, 13 650 1-5/2-355 U235 42 

HTR Юг p a r t i c l e Graph i t e He up t o 70 720 1-8/5'-4% U235 42« 5 

SGHWR Ш г p e l l e t Z l r c s l o y 2 H 20 18 27Ö 1 - 2 / 2 - 1 $ игз5 31 

e ra UO^/PuOj 
p e l l e t 

S t a i n l e s s 
s t e e l 

Na 210 620 44 

The requirements for uranium ore concentrate} fuel fabrication and separa-
tive work capacity to support the operation of each type of reactor referred to 
in Table 1 is given in Table 2 as-followss 

TABLE 2' 

Fuel Requirements per 1000 MWE Capacity 

I n i t i a l Charges Annual R e f u e l l i n g Bate a t 75JÍ 
Load Fac to r 

Reactor 
Type Na tu ra l 

Uranium 
Equ i va len t 

t e U 

Fabr i ca ted 
Fuel 
t e U 

Separa t i ve 
Work 

t e 

N a t u r a l 
Uranium 

Equ i va len t 
. t e « 

F a b r i c a t e d 
Fuel 
t e U 

S e p a r a t i v e 
Work 

t a 

Megnox (O ldbu ry ) 973 973 0 250 250 0 

AGfi ( H i n k l e y ' B ' ) 423 163 208 1 « 36 93 

НТЙ 129 • 41 -2 74 112 1 Ь 2 107 

SGH»R 363 185 130 160 43 103 

cm Deple ted 
Uranium 

75; • 
( t e H.A..) 

0 Dep le ted 
Uranium 

35 
( t e H . A . ) 

0 

THE UK FUEL CYCLE FLOW SHEET 

The fuel cycle flow sheet is shown in the appended block diagram ("The fuel 
services of the UKAEA") with the boundary between functions carried out at each, 
of.the three Authority sites concerned with fuel manufacture and reprocessing 
indicated in heavy black type. The broad division of these functions is: 

Production of uranium fuel elements at Springfieldsç 
Production of enriched uranium at Capenhurst; 
Extraction of uranium and plutonium from.irradiated fuel and the 
production of plutonium-beäring fuel elements at Windscale. 

.3 



This flow sheet has been built up over the past 20 years; although in 
more recent years the need to produce fuel for civil power reactors in strict 
competition with other fuels has provided the most pressing incentive to 
optimise all of the separate but related processes to minimise fuel cycle costs. 
The volume of production planned for the period 1970/1980 is indicated at 
Figure 2. 

Returning to the block diagram of the fuel cycle flowsheet a closer examina-
tion of the activities and scale of operation at the three Authority sites can 
now be made. 

(i} Sprinqfields 

The UK usage of uranium ore concentrate fUOC) and hence the 
quantity of this material being processed at Springfields has now 
reached 2000 te U per annum and by 1975 will be approximately 
3500 te U per annum. By 1980 the UOC requirement will be in the 
range 4000 to 5000 te U per annum depending on the design of advanced 
thermal reactors installed during the late 197Q"s. 

From 1970 onwards the magnox reactors will give rise to a con-
stant UOC requirement of '1600 te U per annum, with the balance of 
the UK requirement being used to feed'to the U235 enrichment process 
as a preliminary step to the manufacture of oxide fuel for advanced 
thermal reactors. 

The early stages in the conversion of UOC to nuclear fuel i.e. 
the conversion of UOC to UF¿ via uranyl nitrate, U03 and U02 is 
common to all thermal reactor fuel designs. At the UF¿ stage the 
flowsheet divides into two streams. The magnox requirement is 
reduced from UF^ . to, metal which then proceeds to fuel rod production 
at the rate of 160,000 fuel rods per annum in the 1970's. The 
remaining UF¿ is converted to UF6 i.e. the feed material for the 
U235 enrichment plant» 

The UF6 output of the enrichment plant is converted to U02 powder 
with a specification suitable for 1J02 pellet production (for AGR and 
SGHWR fuel) or for carbon coated U02 particle production (for HTR 
fuel). The scale of U02 pellet manufacture will fluctuate in the 
period 1970-1975 because of the requirement to provide initial fuel 
charges. The subsequent equilibrium fuel requirements for the 
3000 MWE.of AGR planned for 1975 will be approximately 300 tes U 
per annum which is equivalent to 65,000 fuel element assemblies or 
230,000 fuel pins per annum. For the period from 1975 to 1980 the 
total tonnage of oxide fuel manufacture will depend to a gréât extent 
on the type of thermal reactor that is built in that period. 

A'detailed description of the production processes at Springfields 
was given in the previous Survey Course in September 1966 and will not 
therefore be repeated here. 

(i i) Capenhurst 

Enriched uranium requirements in the United Kingdom will rise 
from 300 te separative work (SW) per year in 1970 to some 800 tes {SW) 
in 1975 and to around 2000 tes (SW) per year by 1980. To begin to 
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meet this requirement the Capenhurst diffusion plant is being, modified 
and expanded to provide low enrichment for'AGR's up to 197Л. 

The choice of route for further expansion of capacity will lie 
between the.diffusion and centrifuge processes. Development of the 
centrifuge process has achieved a considerable measure of success, 
if, as we hope, this process can be fully .developed it will'be the 
preferred.route for meeting the United Kingdom's enrichment,require- . 
ments beyond that covered by the current diffusion plant extension 
programme. .'Attractions of the centrifuge as.compared with'the 
diffusion process are that its power consumption is considerably . 
less and it could be economic on a smaller scale of operation. •.">,';' 

(iii) Windscale 

At.Windscale irradiated magnox fuel is stripped of its canning 
material and then fed to the primary separation plant at a current 
rate of some 1600 te U/year„ This plant is also capable of process-
ing irradiated oxide fuel after pre-treatment in the "head .end" 
facility to leach out the uranium with nitric acid. 

During the early 1.9701s the throughput of oxide fuel .will build 
up to 300 tes U per annum to give a total uranium throughput (magnox 
plus U02) of about 2000 te U per annum by 1975. Thereafter the 
throughput -will depend on the choice of reactors to be installed 
after 1975. 

The uranium recovered from the separation process is available 
for recycling to Springfields where it can re-enter the fuel fabrica-
tion flowsheet with a subsequent saving in uranium ore concentrate, 
together with a saving in separative work if its U235 enrichment is 
greater than that of natural uranium. 

Plutonium is retained at Windscale in anticipation of the civil 
fast reactor programme due to commence in the late 1970rs. Currently 

, the Windscale PU02/U02 fuel manufacturing facilities are being used 
for the manufacture of fuel for the' 250 MWE prototype fast reactor-
now under construction at. Dounreay« 

ECONOMIES OF SCALE IN THE UK FUEL CYCLE FLOWSHEET 

. An indication of the contribution which each'of the three major sections ..of 
the flowsheet i.e. fuel fabrication, enrichment and reprocessing, makes to tfré ' . 
fuel cycle cost for three designs of UK gas-cooled reactors is given in the 
following table (reference 1): 
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TABLE 3 

Fuel Cycle Cost Components 

Cost Item Maqnox 
d/kWh 

AGR 
(Hinkley 'B!) 

4'kWh 

HTR 
d/kWh 

Fuel fabrication cost 

Net cost of uranium and 
separative work 

Fuel reprocessing cost 

Plutonium 

TOTAL 

0-096 

0-106 

0-030 

-0-059 

0-042 

0-105 

0-009 

-0-016 

0-035 

0-083 

0-007 

-0-011 

Fuel fabrication cost 

Net cost of uranium and 
separative work 

Fuel reprocessing cost 

Plutonium 

TOTAL I 0-173 0-14.0 0-1U 

The fuel cycle costs given in this table have been calculated with the following 
ground rules: 

75?. load factor 

8$£ interest rate 

20 years amortization 

Toll enrichment at the current US ¡îrice of $26/kg SW, 
plus additions for transport to the UK 

UOC at $8 per lb 

£3-5/g fissile plutonium credit (an illustrative figure) 

The fuel cycle cost figures given above can be taken as typical of those 
which apply under UK conditions for the magnox and AGR systems. The HTR figures 
can be taken to represent a development target. In each case achievement of the 
levels of costs quoted depends inter alia on the volume of production indicated 
in Figure 2. The extent to which fuel cycle costs are dependent on throughput 
is of fundamental importance in the economics of nuclear power. The relation-
ship between cost and throughput changes at different stages of the flowsheet 
with changes in the amount of capital investment per unit of production capacity. 
This is well illustrated in the case of the AGS uranium oxide fuel cycle as 
follows: 

(i) AGR Fuel Fabrication (from UF¿ to finished fuel assemblies! 

The fuel fabrication process, which incidentally contributes 
about 30$ of the AGR fuel cycle cost, requires substantially less 
capital investment than the enrichment and reprocessing plants and 
thus most of the economies of scale can be attained at a relatively 
low throughput of the order of 250 te U per annum. Nevertheless a 
plant of this capacity would represent a capital investment of about 
£1|M, even when built at an established site such as Spring fieIds 
which already contains all of the services and support facilities 
previously provided in aid of magnox production» A throughput of 
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250 te U per annum is sufficient to provide replacement fuel for some 
6,500 MWE AGR's. The cost of fuel fabrication would rise rapidly'fd'r 
lower levels of production. For example a 50% reduction in plant 
capacity would increase the unit cost of production by 30^and hence 
increase the total AGR fuel cycle cost by about 10$. 

(ii) Uranium and Separative Work for AGR's 

The cost of enriched uranium is the most expensive part of the . 
fuel cycle both vin terms of capital employed and in its contribution 
of 70% to the total fuel cycle cost. This statement applies to the 
existing diffusion process an 1 to the centrifuge process which may 
well be adopted, in Europe to meet the expanding demand for enriched 
uranium from the mid 1970's onwards. The UKAEA1s diffusion plant^ 
which has been in operation since the early 1950's, is being modernised 
and extended at a capital cost of £1ЛМ to provide a capacity of 300 tes 
SW. per annum by the early 1970's for AGR fuel manufacture. Further 
extensions, to match an expanding nuclear power programme, will be 
required up to about 1000 tes SW per annum, before the full economic 
benefit of scale can be attained. A diffusion plant of this capacity 
would be sufficient to support some 10,000 MWE.of low-enriched thermal 
reactors. ' •,.'••"•• 

(iii) Reprocessing of Irradiated Fuel 

This is the section of the AGR fuel cycle flowsheet which benefits 
most directly from the earlier magnox programme. The primary separa-
tion plant built at a cost of some. £13M provides a common route for 
both magnox and AGR fuel with an annual capacity approaching 2000 te U 
per annym. The combined reprocessing required for magnox and AGR's 
will reach this level in the mid 1970 !.s so that irradiated AGR fuel 
arising -at the rate of about 300 tes U-per.-, ¿nnum will gain the economic 
benefit of a plant operating at more than six times this rate. It is 
this scale of operation, which is necessary to service some 13,000 MVÍE 
of magnox plus AGR's which enables the cost of x-eprocessxng for the 
AGR to be brought down to approximately 6% of the total fuel cycle 
cost. 

In operating the fuel cycle flowsheet and iri expanding its capacity to keep 
pace with a growing nuclear power programme two aspects of economic optimization 
arise:. 

First there is the problem of operating existing plant in such a way 
that production costs are minimized. This includest the optimum 
use of uranium taking into account the price of uranium ore concen-
trate and the availability or uranium from the reprocessing plants 
and the scheduling of materials through the flowsheet in such a way 
that in-process stocks of fissile material are kept to a minimum. 

Secondly, there is the problem of planning the optimum size and timing 
of plant extensions to meet an expanding power programme. Not only 
should this optimization take into account the performance and;'cost 
characteristics of future process plant but it must also anticipate 
the ultimate leyel of demand for particular processes (e.g. the low 
enrichment diffusion process) as the fast reactor replaces the thermal 
reactor as the preferred source of nuclear power. 
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The way in which these problems are being solved in the United Kingdom has 
been reported in detail in references (2) and (3). 

FUEL MANAGEMENT IN'THERMAL REACTORS 

In addition to the provision of enrichment, fuel fabrication and fuel 
reprocessing, a comprehensive fuel cycle service also includes 'in-core' fuel 
management and fuel performance guarantees. Discussion of these topics will 
be related to thermal reactors to keep it relevant to reactor systems currently 
available for power generating utilities. 

The objective of in-core fuel management is to maintain the thermal output 
of the reactor at some pre-determined level and to achieve this at the lowest 
possible fuel cost consistent with any restraints imposed by the design of 
reactor and fuel. Specifically, the choice of fuel management scheme adopted 
for a particular reactor will be influenced by the availability of an on-load 
refuelling capability and the physical endurance of the fuel elements in the 
reactor environment. To meet the objective the rate and sequence of refuelling 
the reactor must be such that it compensates for the decline in the reactivity 
of the core which occurs with irradiation. 

Broadly there are two strategies which can be adopted to offset the loss 
of core reactivity which occurs with irradiation, namely periodic batch loading 
and a 'just critical' scheme. In the former case the initial reactor charge 
and subsequent reload batches are provided at a U235 enrichment level such that, 
excess reactivity over that needed for immediate operation is supplied to the 
reactor core. It follows that this procedure necessitates a mechanism for 
controlling the neutron imbalance which occurs immediately following the loading 
of fresh fuel. The use of burnable poisons or neutron absorbing rods are effec-
tive methods of control; each of these methods however results in neutrons being 
absorbed non-productively and therefore they do not contribute to the economy of 
the fuel cycle. For liquid moderated reactors the perralty resulting from excess 
neutron absorption can be. reduced by adjusting the properties of the moderator 
during core life so that some of the excess neutrons can be absorbed in U238 
and ultimately contribute to the fuel cycle economy. 

The alternative 'just critical' scheme, arid that to be used for AGR's in 
the United Kingdom - which have an on load refuelling capability - is to use a 
semi-continuous refuelling scheme. Here the aim is to match the high neutron 
production from fresh fuel and fuel of low burnup against the lower production 
of neutrons from highly irradiated fuel so that a constant or near constant 
core reactivity level is maintained. As the name of the scheme implies the 
reactor is fuelled at the start of life with fuel just sufficiently enriched 
to allow operation at design power with a reactivity margin to override xenon 
and temperature effects. 

In order to achieve a good radial form factor i.e. a good peak to radial 
average power ratio the core is divided into two radial zones, the flattened 
and the unflattened zone. For both initial fuel and replacement fuel the enrich-
ment of the flattened inner zone is lower than for the unflattened outer zone 
because the radial neutron flux leakage from the reactor is supported only by 
the outer zone. 

Replacement fuel of a U235 enrichment higher than that of the initial fuel 
charge, and consistent with the target irradiation, is fed, semi-continuously to 
each region of the reactor, to compensate for burn up at a rate proportional to 
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the local fuel rating. Thus an equilibrium st'atevis attained in which each 
region of the reactor, contains fuel the- irradiation Of which covers the range 
zero to the: predetermined target value. Therefore at'equilibrium the reactivity 
properties of each region of the core 'are relatively unchanging with time. A 
625 MWE AGR will require a -replacement rate of about 90 fuel stringers per full 
power year to maintain this fuel management scheme. 

It is apparent therefore that the 'just critical' fuel management scheme 
provides the minimum investment of U235 in the reactor core and-takes advantage 
of an on-load refuelling capability to eliminate down-time for periodic batch 
refuelling. 

FUEL GUARANTEES 

A final aspect of fuel cycle services concerns the subject of fuel perfor-
mance guarantees. While projections of fuel performance and fuel cycle costs 
are of interest to utilities in their planning of installation programmes the 
extent to which these projections are backed by guarantees becomes a matter of 
vital importance in the consideration of tenders and in the operation of nuclear 
power plant. 

While there are a number of possible forms of fuel guarantee they can be 
reduced to four main types: 

(i) A good workmanship guarantee in which the fuel supplier guarantees 
that material and workmanship will meet an agreed specification» 

. Failure'to meet the agreed specification will be rectified at the. 
expense of the fuel supplier; if necessary by free replacement . 
of defective fuel elements. This guarantee is usually the minimum 
required by a reactor operator; The utility effectively tajees 
full responsibility for the endurance, heat transfer and ne;utronic 
properties Of the fuel and for the fuel management scheme. 

A metallurgical endurance guarantee that the fuel will achieve a 
specific endurance level under stated operation conditions in addition 
to meeting an agreed materials and workmanship specification. The 
penalty for failure to achieve the guaranteed endurance is usually 
expressed in terms of the fuel fabrication price and the fractional 
amount by which the achieved fuel endurance is less than that . 
guaranteedi i.e. 

P F (1 - I/lo) W 

where P = the penalty 
F = fabrication price per unit fuel Weight 
I .= achieved irradiation 
Io = guaranteed irradiation 
W = weight of fuel liable for penalty 

In this case the responsibility for fuel endurance and heat transfer 
performance is 'transferred to the supplier With the utility retaining 
responsibility.fôï rieutronic performance and -fuel management. 
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(iH) A burn up .guarantee i.e. a guarantee that the fu.el will achieve a 
specified irradiation level under stated operating conditions as for 
the endurance guarantee. The difference from the endurance guarantee 
in the case of enriched;uranium reactors is that the,fuel supplier 
now has the additional responsibility of specifying the enrichment 
level of the fuel and the fuel management scheme- such that the 
guaranteed irradiation level will be achieved. The penalty for 
failure to achieve the guaranteed irradiation is usually expressed 
in terms of the formula already quoted for the endurance guarantee 
multiplied by a factor ®B' greater than unity, where В x P cannot 
exceed the total price of fuel including enrichment. The value of 
fB' depends on the degree of compensation which the utility requires 
and the fuel supplier agrees to give. 

(iv) A fuel cycle cost guarantee in which the total fuel component of the 
cost of heat from the core is guaranteed. The penalty for failure to 
achieve the guaranteed cost is full compensation to the utility so 
that expenditure by the utility does not exceed that, which has been 

, guaranteed. In this case the supplier takes responsibility for all 
aspects of fuel performance covered by the 'burn up' guarantee and 
in addition responsibility for the fissile material content of 
irradiated fuel. However the most important difference from the 
burn up guarantee is that the utility obtains 100$,.compensation for 
any shortfall in fuel performance. 

As the fuel suppliers responsibility.is increased from one form of guarantee 
to the next he will seek to protect his interests by insisting upon an increased 
degree of control over the operation of the fuel management scheme *nd by adjust-
ing the price of fuel cycle services to reflect his increasing liability. Thus 
the optimum choice of fuel guarantee for a particular utility will depend on 
quite complex interactions involving the utility's technical expertise to 
participate in ¡fuel..design and fuel management, their desire to minimise the 
cost of fuel cycle services and the degree of protection they require against 
the adverse financial consequences of a, shortfall in fuel performance from 
design levels. 

CONCLUSIONS 

The account of the UK reactor development and installation programme has 
demonstrated the range of fuel specifications and the volume of production for 
which provision has to be made in the UK's fuel cycle services. The fuel cycle 
flowsheet, and the way in which the main activities of the three Authority 
sites at Springfields, Capenhurst and Windscale are interrelated, has been 
described. 

Attention has been drawn to the economic advantages of large scale operating 
particularly in the case of U235 enrichment and irradiated fuel reprocessing, and 
to the importance of optimising plant operation to minimise product costs, 

The objectives and principles of in-core fuel management, which forms an 
essential feature of a comprehensive fuel, cycle service, have been described. 
Finally, forms of fuel performance guarantee which give a degree of protection 
to utilities for deficiencies which may appear in fuel cycle services are 
expJsined. 
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ÜS FUEL SUPPLY POLICIES 

Thank you Mr. Chairman, Ladies and Gentlemen s 

I am pleased' to have the opportunity to discuss with you today the US 
policies for the supply of enriched uranium fuel for power reactors* 
This is a subject with which I have, been closely associated for the 
past several years, particularly in the context of contracting with 
overseas organizations for the supply of enriched uranium or uranium 
enriching services. 

The thrust of my remarks today will be directed principally to the 
latter type of arrangements - supply of uranium enriching services or 
toll enrichment as it is more commonly referred to - since this 
constitutes the US Commission's preferred mode of distribution of 
enriched uranium. Even though toll enrichment is a relatively new 
mechanism for the distribution of US enriched uranium, having only 
become available at the beginning of this year, the fundamental supply 
principles of the US Atomic Energy Commission have remained -unchanged. 
In particular, I would like to call your attention to the two basic 
principles which have served as the foundation for the US supply policy, 
dating from President Eisenhower's supply policy enunciation of almost 
thirteen years ago. First, there is the assurance of long term 
availability of enriched uranium for periods of time equivalent to 
the reasonable economic life of the facilities supplied, and second, 
the principle of nondiscriminatory terms and conditions which are 
as nearly as possible identical to those applicable to US customers 
of enriched uranium. 

These principles were reaffirmed by the late Commissioner Robert E0 
Wilson in a speech in 1961, at which time he announced new and important 
details of the policy application. The Commissioner, at that time, 
described the approach the USAEC was prepared to take in contracting 
for the supply of enriched uranium for fueling power plants. These 
principles and contracting practices have been reaffirmed on many 
occasions in the intervening years. I only mention these historical 



highlights for purposes of emphasizing tue stability of the basic US 
fuel supply policies in the past and that while these policies and 
practices have been progressively elaborated over the years, they 
remain generally applicable to the new means of -supply - toll enrichment. 

Before describing in ücroe o.'rfcs.il the toll «snr ichment arrangements, i t 
may be helpful to discuss briefly the prerequisite step to undertaking 
toll enrichment supply contracts. The first step in the procurement 
of enriched ui-cnium from the United States is the establishment of 
an appropriate ijitergovelement agreement, - known as an Agreement for 
Cooperation, between the US' Government and the other government or 
with an international organisation of which it is a member«' These . 
Agreements, which provide in general tersas for the long-term fue l 
requirements of the other country's nuclear power programme, run for 
a fixed period, which may Ъе as long aa thirty years. 

.¡he Agreement specifies a ceiling quantity of enriched uranium which 

•лау be supplied by the US to the other Party under the Agreement. This 
->3'il ing ye present s the amount of enriched tiraj'iuia estimated to be 
required during the term of the'Agreement "by the power reactors which 
the other country intends to star-v budiling during the next f i v e years 
от so. This means that a country may make firm plans based on assured 
a.vailability cf enriched uranium not only for a single project which 
has been d e f i n i t e l y decided upon but for an entire "programme of 
projected nuclear plant construction for as long as f i v e years in the 
future® This iz "vrcr.t ar. f .j.r in advance of i n i t i a t i o n of construction 
for which Realistic plana are possible* At periodic intervals 
these' Agreements -say *bs a-uenled to take into account newly planned 
projects, and to extend their teros to cover the long term requirements 
of these and existing projects» 

xhe Agreements constitute an allocation by the USAEC of the necessary 
•mount of d i f fus ion 'plant'capacity to s a t i s f y the enriched uranium 
requirements of the Agreements. If the schedule of reactor plant 
construction on which:tfieeë allocations are based is not maintained and 
the corresponding contracts are not executed,"the' a l locat ions may be 
reduced accordingly»''"•' This approach avoids the situation where an 
allocation might be in effect for as long as 30 years for a reactor 
which in fact was not constructed. It thus protects the in teres t s 
of ..supplier and consumer alike by helping to insure f u l l u t i l i z a t i o n 
of diffusion plant facilities. 
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After having in effect an appropriate Agreement for Cooperation, the 

USAEC may undertake definitive supply contracts for specific reactors 

or groups of reactors, The negotiation of such contracts have in 

many instances in the past proceeded in parallel with the negotiation 

of the Agreement for Cooperation, "but the actual execration of the 

contracts should await the intergovernmental Agreement coming into force« 

Oar current terms and conditions for supply contracts have evolved from 

arrangements initiated in the early i960's for long-term enriched uranium 

sale contracts for fuelirg-power reactors. Under these arrangements 

the Commission supplied enriched uranium derived from its own uranium 

feed stocks» However, consistent with general AEG policy and the 

expressed wishes of industry in the US and abroad, it was the Commission's 

intent to be in a position tiltimately to transfer to private industry 

the head-in portion of the fuel cycle , i * e », procurement of U^Og and its 

conversion to UFg. as had. been earlier accomplished;for the processing of 

the enriched uranium. 

This development became possible in 1964 with passage of the Private : 

Ownership legislation which, among other things authorized the AEG, to 

provide toll enrichment services. Since this development we have 

included provisions in our Agreements for Cooperation which establish 

toll enrichment as the principal means for distribution of power-reactor 

fuel. Direct sales of enriched uranium could continue to be employed 

upon mutual agreement. Ï will have more to say later about the 

circumstances under which we visualise uranium sale transactions might occur« 

The Private Ownership Act not only authorized the AEC to provide toll 

enriching services beginning January 1, 1969$ it also required the 

Commission to develop criteria for such services. The criteria were 

to set forth the terms and conditions under which toll enriching services 

would be available. As most of you probably know, the Commission, after 

inviting and receiving extensive comments from domestic and overseas 

organizations, proposed criteria to our Congressional Joint Committee 

on Atomic Energy in the summer óf 1966. The Committee then conducted 

open hearings on.the matter, with the result that the initially proposed 

criteria were modified somewhat and were adopted and published in US 

Federal Register in December 1966» (Ref.5) 
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The criteria established the principal features to be covered in the 

actual toll enrichment contracts. There remained only two missing 

elements of the toll enrichment picture - the actual unit charge for 

such services and the establishment of the operating mode of our 

uranium enriching plants. In establishing the mode of operation 

one fixes the U-235 content of the depleted uranium stream discharged 

from the gaseous diffusion plants - more commonly known as the "tails" 

material. Once the tails assay was fixed the schedule of enriching 

services could be developed. This schedule permits one to calculate 

the amount of feed material required for producing a desired quantity 

of enriched uranium of a specific assay and the. quantity of enriching '' 

services required to produce this enriched product. The amount of 

enriching services, which is reported in kilogram units of separative 

work, will, of course, vary depending cn the quality of the feed 

material used. Both the actual unit charge for such services and 

the schedule of enriching services requirements were published in 196?. 
i • i 

Enriching services may be obtained from the United States under two 

general types of contracts, (ñef.4) The first - referred to as a 

firm quantities contract - involves the parties undertaking a commitment 

from the outset to the supply: of a specific quantity of enriching 

services over a defined period of time. It is expected that this type 

of contract would have appeal primarily to those desiring relatively 

short-terra arrangements with the assays and quantities of fuel required 

being well defined at the-time the contract is undertaken. 

The second type of contractual arrangement available, and probably 

the one which will be most .frequently employed abroad, is the requirements-

type contract. Under this contract, the US is obligated to supply the 

enriching services necessary to produce the enriched product needed 

for a specified reactor or group of reactors during the term of the 

contract, which, may be as long as 30 years. The user is not required 

to purchase a fixed amount of enriching services over the total contract 

period. In this way, the operator of a nuclear power station is relieved of 

the need to purchase fixed amounts of toll enriching services fi'om the 

Atomic Energy Commission which may not conform with his actual needs. 

This approach has a high degree of flexibility for: the customer with 
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with no potential financial implications in the event his fuel need' 
projections must be modified due, for example, to fuel design changes 
and unscheduled plant, stoppages. The requirements-type contract, 
therefore, provides the reactor operator the opportunity to obtain 
long-term contractual assurances of fuel supply without the disadvantage 
of having to assume an obligation for purchasing a specific amount of 
enriching services over the ter® of the contract. 

One of the first elements of toll enrichment arrangements to receive 
c/areful consideration by a potential customer is that dealing with 
the charges for these services. Under toll enrichment the USAEC 
continues its long standing policy of identical nondiscriminatory 
charges for both domestic and overseas customers. Moreover, these 
contracts contain a rather unique feature - a guaranteed ceiling charge 
of $30 per kilogram of separative work, for the entire term of the 
contractj subject only to adjustment based on established indices 
applicable to labor and power costs. It should be emphasised that 
this ceiling establishes the maximum amount which may be charged under 
the contract and is not directly related to the actual charge which 
may be made for separative work. Possible adjustments to the ceiling 
in accordance with the formula prescribed in the contract become 
important, therefore, only if and when it is deemed necessary to 
increase the actual charge in excess of the $30 per kilogram. 

The Commission's current actual charge for toll enrichment services 
was announced in September 1967, after extensive study of the matter. 
(Ref.9) This charge of $2o per unit of separative work is based 
on an average of the estimated diffusion plant costs for the ten year 
period through mid-1975« view of the manner ,in which the various 
cost components of this charge, including a contingency factor, were, 
developed, v?e are optimistic that the §26 charge will remain stable 
over many years. 

As has been our practice prior to this year tinder enriched sale 
arrangements, deliveries by the Atomic Energy Commission of enriched 
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uranium produced under toll enriching contracts will be in the form of 
uranium hexafluoride"conforming to the Commission's established 
specifications,. Similarly, feed material delivered to the Commission 
under these contracts will also be in the form of uranium hexafluoride 
meeting established specifications. It is left to the discretion of 
the customer as to bow the material is converted from other forms to 
uranium hexafluoride. The uranium feed material will normally have 
to be delivered to the Commission at least $Ю days prior to delivery 
of the enriched uranium. Any changes in the Commission's unit charge 
for separative work, in the standard table of enriching services or 
in the tiranium hexafluoride specifications, shall require at least 
180 days' prior notice to the .customer. 

The toll enrichment contracts provide the customer the option of 
requesting the delivery, at his expense, of the deplated uranium "tails" 
resulting from the production of his enriched uranium product. This 
expense includes a nominal AEC withdrawal and handling charge, as well 
as container and shipping costs. The assay of any returned material 
will be determined by the AEC. In exercising this option the customer 
should advise the AEC by no later than the date he delivers his 
feed material for each supply transaction. 

The contracts contain provisions which permit termination in whole or 
in part by the customer. It is not necessary to specify a reason for 
termination., If the AEC is given advance notice of at least three 
and one-half years, the customer is not liable for any potential 
financial penalty as a result of the termination. This feature 
affords the users of US enriched uranium abundant flexibility in managing 
their fuel cycles. If the contract should be terminated with less than 
three and one-half years ' advance notice to the AEC, there may be a charge 
to the customer equivalent to the costs incurred by the AEC due to 
the termination, but not to exceed a contractually defined ceiling amount. 
This ceiling amount varies depending upon the period of notice actually 
given.- The approximate amount of the termination charge will be provided 
to the customer upon request before notice of termination is given. 



The contracts may be terminated by the Commission if commercial 

enriching services in the US become available to the customer for 

the remaining term of the contract on a reasonable and nondiscriminatory 

basis and at reasonable, nondiscriminatory charges within the ceiling 

charge under the AEC contract. As mentioned earlier, all AEC contracts 

with overseas customers are negotiated pursuant to Agreements for 

Cooperation and they, therefore, remain in effect only so long as 

the Agreement for Cooperation remains in effect. 

As you perhaps know, the US Government has under study the feasibility 

and desirability of private ownership of diffusion plants in the United 

States. The Congressional Joint Committee on Atomic Enèrgy has held 

hearings this summer on this subject, with testimony being provided 

by both governmental and industry representatives. This is a very 

complex question involving not only economic considerations but matters 

of national security, classification of technology, national economic 

and financial interests, and the prospects for establishment of 

effective competition in a private enriching industry; 

The important consideration for an overseas user ̂  Of US enriched uranium 

is that regardless of what conclusions ultimately develop on this complex 

subject, they will in no way jeopardize fulfillment of the United States* 

obligations to supply enriched uranium and enriching services on a 

nondiscriminatory basis and at reasonable charges. In considering any 

changes in the mode and nature of the diffusion plant operation, the US 

Government could not tolerate an arrangement which would not provide 

to the electrical generating industry in the US and abroad absolute 

assurances that the supply commitments of the USAEC would be honored 

on reasonable economic terms. 

With the advent of private ownership in the United States, it is now 

possible for private firms or individuals in the US to secure toll 

enriching services from the AEC and export the resulting enriched 

uranium tinder appropriate AEG licensing arrangements. Private groups 

in the US may contract with either the cooperating government or with 

private groups in the other country who have been authorized by their 

government to contract for the material. This provides opportunities 





8 -

for a variety.of fuel cycle arrangements with and between private 
firms. As part of the export licensing procedure, the US Government 
and the government of the cooperating country exercise their 
responsibility to. determine that the special rmclear material trans-
action falls within the scope of the Agreement for Cooperation. 

Within the past year the USAEC issued a statement concerning policies 
relevant to the supply of enriched uranium or uranium enriching services, 
(Ref. 12) This statement represents reaffirmation and elaboration on 
a statement of supply policies the Commission made at the time it 
proposed toll enriching criteria to the Joint Committee. These 
policies have often been referred to' as the "Post-68" policies. While 
it would probably be useful for you to review the entire statement of 
policies, there are several which I feel would be of greatest interest 
to those abroad, that I would like particularly to call to your attention. 

1. The feed component of the AEC enriched, uranium pricing schedule 
will remain at $3 per pound U^Og through at least June 30, 1973» 

2. Consistent with my earlier statements, the Commission does 
not propose to undertake any new long-term sale contracts for the supply 
of enriched uranium; toll enriching is expected to be the mode for 
obtaining fuel. The Commission would be prepared for the foreseeable 
future to enter into sale contracts for uranium on a single transaction 
basis if circumstances warrant such a course of action. An example of 
such circumstances would be cases in which the customer, for a variety 
of reasons, may be unable to deliver his feed material on a timely 
basis under his toll enrichment contract, thereby necessitating alternate 
arrangements to preclude any possibility of suffering down time for 
his power plant due to unavailability of enriched uranitm fuel. ' Even 
in these cases the Commission would like to preserve as much of the toll 
enriching approach as possible and would, therefore prefer, time 
permitting, to sell natural uranium for processing through the commercial 
converter to be used as feed for the diffusion plant under the normal 
provisions of the customer's toll enrichment contract» 
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3* The AEC has offered to supply feed material to a toll 
enrichment customer if he advises that natural uranium is not 
reasonably available to him on the commercial market. The AEC would 
charge for such material either at its cost of acquisition or the US< 
market price plus a reasonable charge for procurement and handling. 

Last November at the ЛЕС»s Enrichment Services Seminar in Oak Ridge, 
Commissioner Johnson announced that the Commission is prepared to 
supply requirements for enrichment services foi* periods as long as 
five years in advance of actual needs, (Ref.2) . He further stated 
that the Commission would, be glad to consider proposals for inventories 
covering even longer periods than five years. This policy permits 
those who already have a long-term contractual assurance of supply 
to maintain on hand continuously an inventory of fuel which in the 
extremely unlikely event of interrupted supply due to emergency 
conditions should permit time for development of an alternate source 
of supply or resumption of normal arrangements without risk of being 
in short supply. 

This policy was adopted principally in response to expressions of 
interest by overseas users. However, to date it has not been requested 
for any of our toll enrichment contracts. 

In conclusion I would like to make an observation or so concerning 
our experience in reducing to practice the supply policies I have 
been describing. There are now outside the US some 30 nuclear power 
plants in operation, under construction,, or announced which will rely-
on obtaining fuel pursuant to these US supply policies. Some 33 US r 
Agreements for Cooperation currently provide for the supply of 
approximately 530,000 kilograms of U~235. Most of this material, in 
fact about 95$ of it, is provided for in our so-called power Agreements 
covering the fuel needs of approximately 34,000 MWe of installed, 
capacity outside the US. 
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Toll enrichment has only Ъееп available since January of this year? 
but we hâve executed 17 toll enrichment contracts with overseas, 
organisations» Three are of the firm quantities variety and the 
remainder are of the requirements type. The terms of these contracts 
vary from about three to thirty years,, and both private and governmental 
organizations are signatories of the contracts. Thus, the acceptability, 
of contracts of this, type and . the procedures for their negotiation have 
been established by practical experience. 
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I. . * INTRODUCTION. 

The forecasts for.the growth of world nuclear capacity which is 
expected to reach 30,000 MW in 1970, 110,000 MW in 1975 and more than 

* 

300,000 MW by 1980 , have been accompanied by a series- of economic analyses 
whose number and variety are probably unparalleled in the history of any 
other industry. 

The methods used in these analyses must, however, be judged not only on. 
the basis of their theoretical validity, but also in terms of their practical 
applicability to concrete situations. 

With this purpose in mind, a brief review of the general criteria for 
economic selection of investment projects, of their application.to the 
analysis of nuclear power and of some points of special importance for 
developing countries will be carried out. Since à review of this kind would 
remain a somewhat abstract exercise, ,an attempt has been made to flesh out 
the theoretical considerations by concrete figures based on the latest 
information available, and simplified generating costs comparisons have been 
added in an annex. 

The very purpose of the paper would be defeated if these figures, were, 
taken as more than illustrative values whose relevance to each case can only 
be ascertained by detailed economic analyses taking full account„of the 
relevant bids as well as of the specific technical and economic features of 
the power system and. of the country involved. 

*See Table I. 
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II- SUMMARY REVIEW OF CRITERIA 

The criteria which have been applied for the economic selection and for 
the priority ranking of alternative power projects, each involving two series 
of benefits and costs distributed over time, can be broadly summarized under 
the following headings s 

(a) Criteria based on present worth value of net benefits. These 
require the use of a rate of discounting j such that a cost or a 
benefit having a value С and occurring at time t has a present 

-it * 
worth value of Ce at time о • Under this criterion power 
projects are ranked by decreasing values of s 

L . . • . . 
;/~B(t) - C(t)_7 e dt 

where B(t) and C(t) represent the times streams of benefits and 
costs, L the life of the project and j the continuous discount 
rate which is assumed to remain constant. 

A variation of this criterion consists in using the ratio of 
discounted benefits to discount costs rather than their difference. 
The ranking criterion then becomes ? 

L r •• 

V о-
B(t) 'e^dt 

C(t) e"jtdt 

*For the sake of generality and compactness continuous compounding at a 
constant rate has been assumed. This has the further advantage of easily 
adapting'to problems where future fuel costs are expected to vary as a 
continuous function of time or to cases involving continuous progress pay-
ments on construction. The .usual.annual discount rate i is connected to д i r ' 
by the relation 1 + i = e° and .|he familiar.formulae of compound interest 
are., then obtained by replacing e^ by (l i) and integrals by sums. Thus, 
for instance, if the planning horizon were divided in L discreet periods, 
the criterion of the present worth value of net benefits would take the more 
familiar form of s 

К = L 
f ¿ X Т^—rvK т г т г у 

к = 1 
where В̂ . and С.̂  are the benefits and costs occurring in period K. 
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(b) The criteria based, on yield which avoid the use of any external 
rate of discount Ъу ranking projects according to the value of 
their yield or rate of return r obtained from the equation s 

/~B(t) - С(t)_j e rtdt = 0 W 0 

(c) The criteria based on pay out or-capital recovery time which rank 
projects by the times required to recover costs from accumulating 
benefits. This recovery time T is given by the equation s 

чУо 
,T 
/B(t) - C(t)_7dt = 0 

The criteria have been deliberately presented in the most abstract 
and general form. They can, however,, be reduced, to more familiar 
terms when certain simplifying assumptions are..,mad.e. 

Thus, for instance, if equal benefits are expected from two 
power projects the criterion of maximum net benefits can be 
replaced by that of minimum total discounted costs С s 

С = f C(t)e-^dt 

or of unit generating costs g 

( c(t), 
S = j f \ 

-jt 

/-L 
E(t)e~^dt 

where E(t) represents the expected energy output as a function of 
time. _ 

Under the same assumption of equality of services rendered, the 
yield and time of recovery criteria can be expressed in terms of 
costs alone, either by comparing cost functions of alternative 
projects against that of a basic reference programme providing 
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' r the same benefits, or by.breaking up the cost'function of each 

project into an investment and. operating component and determining 

the yield or the recovery time of the additibna;l investment 

required by the capital intensive alternative. 

* - -

An abundant literature has been devoted to the respective merits 

of these criteria leading to the general conclusion that the 

present worth approach offers probably the greatest advantage in 

all cases provided that a discount rate can be realistically 

ascertained.' 

It should be added that the abstract and condensed form of the 

cost function (which, in fact, is made up of an irregular series 

of expenditures for construction, fuelling,, operation and 

maintenance) is not, altogether an. unmitigated evil.. It offers the 

advantage of emphasizing the absence of a real line of demarcation 

between capital investment and fuel expenditures in the case of 

nuclear power plants. Considering the irregular nature of the 

"pattern of expenditures for nuclear fuel,.the heavy capital outlay 

for the first core, the residual value of the last charge, it 

seems that the usual division between capital and fuel cost 

components no longer reflects a substantial difference as in the 

case of conventional plants, although accounting and tax consider-

ations may still warrant its retention iri numerous instances. This 

point is further reinforced by the commercial development witnessed 

in several major countries where both reactor construction and 

fuel supply tend to be.concentrated in the hands of the same 

companies so that the potential customer is actually offered an 

energy supply contract covering both capital and fuel cost items. 

IIÏ. 'APPLICATION ÓÉ ECONOMIC CRITERIA ТО ШCLEAR POWER PLAUTS 

The application of theoretical criteria to concrète situations gives 
rise to problems which may be classified under two headings s 

*See, for instance, references/~1_7 and/~2J for a general survey. 
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.1. Problems arising-from the accurate estimation of the costs and 

benefit streams, .or, to put it more precisely, from the substantial1 

margins of uncertainty still affecting such májor basic data as, 

for instance, construction costs, fuel costs and future utilization 

of the power plants involved. 

2. Problems of methodology arising.from the frequent necessity of 

expanding the scope analysis from the individual power station to 

the electric system where it will operate and to the programme of 

which it is a part. 

Neither category of problem is new nor specific to nuclear power 

stations. ¥ide fuel cost variations arise for; coal or oil-fired stations over 

their,lives and' the economic analysis of alternative hydro projects almost 

always implies the.necessity of system costing. Yet the very speed with which 

nuclear technology has grown and the success it has achieved have placed 

nuclear power plants in a somewhat special position. A brief review of the 

above-mentioned difficulties, of the methods used to overcome them and of the 

validrty. of simplifying approximations with special regard to nuclear stations 

is therefore of some interest. 

(a) Problems connected with estimating basic cost and performance data 

* 
Capital Costs . 

The wide fluctuations in the bids for nuclear power plants which 

have been recorded in the last five years are likely to be damped 

by- the more even distribution of orders over time and by a wider 

range of potential suppliers coming into the picture. Furthermore, 

the successful overcoming of the teething troubles encountered with, 

the first few plants of a given type will permit a shading of the 

estimated additional margins which have, no, doubt, been incorporated 

in the latest bids as a result of the problems encountered in 

several of the early low-cost contracts. 

• , In this connection it should be pointed out that the effects of 

standardization of size; and components and of repeated construction . 

of similar units has hardly had any time to make itself felt up to 

*Throughout this paper, projections of future costs are based on constant 
1968 prices. -
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the. present time bath ./because of the rapidity with which designs 
were improved ahd' the• lag of adequately-sized facilities for the 
production of major'elements of nuclear power systems such, for 
instance, as reactor pressure vessels. This phenomenon was 
clearly evident in the case of light water reactors in the USA 
where the sudden surge of orders in -1967 and 1968 caused severe 
pressure on existing manufacturers installations. 

There is no question, however, that the latest figures represent 
very conservative estimates translated into bids in a seller's 
market and that the production costs savings: inherent in the 
repetitive production of any industrial equipment and sometimes 
summarized in the concept of the learning curve will make them-
selves felt starting from the beginning, of the next decade after 
a large number of stations ordered in the 1966 - 1967 period have 
been successfully commissioned. 

It is' therefore reasonable' to expect that' the latest level of 
relatively high capital costs will continue to prevail only for 
a period of two to three years, and that starting in 1971 - 1972 
estimates of. investment costs for.nuclear power plants, subject 
to correction for general inflationary factors, will start 
decreasing again. The cumulative effect of these decreases for 
stations ordered by 1975 - 1976 to be commissioned by Í98O is 
estimated to be 15 f° of 25 fc Of present levels. 

Table II gives an illustrative example of the total unit capital 
costs representative of the conditions prevailing for stations 
ordered in I969 - 1971 for operation by 1975? and those expected 
to obtain for plants ordered in 1975 ^от operations in 1980. It 
can be viewed only as a very rough guide line for general economic 
analysis, and depends on the expected savings arising from the 
learning curve. These point towards a target of 15О dollars 
per kW for a 500 MWe plant built in the middle 70'si 

Similar targets would appear possible for the advanced gas reactor 
produced by the United Kingdom and a somewhat higher figure of 
200/kW e for the heavy water systems essentially because of the 
heavy water inventory. 



Another important aspect of investment costs is the sensitivity of • 
units capital cost to size increases to which reference has already 
•been made. Table .III shows the variation of cost with size of 
light water reactors for which detailed estimates are.available and 
of oil-fired stations. It will be seen that ' the. capital cost 
differential is halved from $ 50 to $ 25 as the size of the plant 
doubles from 500 to 1000 MWe. Similar decreases wçuld apply to 
the heavy water and AGE systems. 
As the preceding, considerations have indicated, there may; be wide 
oscillations of.cost, estimates in, the initial phases of the 
.commercial introduction,of a proven nuclear power reactor, line. 
Precise estimates of capital costs of the first large advanced 
converters and of breeders are therefore not possible at this 
stage, but the ultimate objectives for both categories appear to be 
similar to the investment costs of light water-enriched uranium 
plants of the next decade. 

Fuel Costs 
In the 6ase of fuel costs, even greater strides forward have been 
made in removing initial Uncertainties than in that of capital 
costs, and the promise, not only of stable, but even substantially 
lower fuel cycle costs, emerges from an analysis of the expected 
.trends of the major relevant components.. 

With regard to uranium resources, the present estimates of about ' 
700,000 tons of uranium recoverable at less than $10 per lb of 
U-308 and an additional 700}000 tons at less than'$ 15 per lb of 
U-308 are considered to be minimal figures likely to increase 
rapidly with the results of'the intensive prospecting campaigns, 
which have now been launched. These estimates should therefore be' 
interpreted with the qualification that, not only will resources, 
increase, in the low cost range, but that they may well jump by an 
order of magnitude in the 10 - 15 $ per pound of U-308 cost 
recovery regions. A $ 7 - 8 price per lb of U-308' for the period 
1970 -I98O followed by a slow rise towards $ 14/ГЬ by the end of 
.the .century appears to be. a most, likely hypothesis. 



With, regard to enrichment,, the most recent information from the 
USA indicates, not only adequate capacity well into the 1970's, 
hut assured stability of separative work costs, even in the case 
of new diffusion plants. The announcement by two other countries 
to make diffusion services available to third-parties have some-
what Widened the source of supply. The present charge of $ 26 
per kg of separative work, therefore, appears to be a ceiling for 
US costs and a target for other countries. 

Fuel fabrication will reap.the benefits of large outputs of 
standard elements, and the present costs, especially for light 
water reactors, offer substantial room for compression. Detailed 
studies indicate that present figures of approximately $ 75 per 
kg of fabricated BWE fuel will be cut in half by 1980 to about 
$ 36/kg, and then decrease slowly to $ 31 by the end of the 
century. For heavy water reactors present fabrication costs of 
about $ 25 per kg are estimated to go down to $ 20 per kg before 
I98O. 

Savings of scale will apply to reprocessing costs which is 
estimated to decrease for light water reactor fuels from 
$ 31.50/kg at present to $ 15/kg ЪУ 1985 and to a range of 
$ 10 - 13/kg by 1995- . • 
Finally, the intensive efforts to develop commercial types of 
plutonium-fuelled fast breeders and the likely expansion of 
demand for plutonium as fuel for breeders in which its value is 
comparatively higher than that of fully enriched uranium point 
to a rise of fissile plutonium value from its present level which 
is based' essentially on its potential merits as a substitute for 
U-235 in thermal reactors. Although the plutonium market will be 
subject to intermediate variations of substantial magnitude, an 
average value of $ 8 per gr fissile by 1980 is expected to rise 
to $ 14 per gr by 1990 and possibly to $ 16 by the year 2000. 

The combined impact of these developments have been summarized 
in Table IV which indicates that light water reactor fuel cycle 
costs for the period 1975 - 1995 will not exceed 1.4 mill/kWh 



while heavy water reactor fuel costs will go down from 
0.7.mill/kWh to less than 0.5 mill/kWh during the same period. 
The fuel costs of AGR reactors will depend on the achievement 
of-competitive separative work costs in Europe, hut over the 
long term there is no reason to assume that they should depart 
from the range projected for light water plants. 

Finally while projections for the fuel cycle costs of advanced 
converters and for breeders are unavoidably less precise than 
those for proven reactors, the indicated ranges are of the 
order of 1 mill/kWh for the former and about 0.5 mill/kWh. for 
the latter. 

Problems connected with the scope of the Economic analysis 

If power plants were expected to perform identical services in the 
system in which they would operate, a simple cost comparison would 
permit an economic choice between alternatives.' In fact, however, 
the 'services will be different since'differences in unit fuel 
costs will result in different utilizations of the stations 
compared and, consequently, lead to different patterns of energy 
production by the other plants of the system. • 

In spite of a great variety of approaches, С4_7? Z ~ 5 _ 7 ' ? 
the methods developed to: take account of such system effects fall 
into two main categories s 

1. General or global methods designed to evaluate the costs of 
alternative power : programmes involving several series of 
stations of different-types, either by analytical programming 
or through simulation. 1 ' 

2. Individual or marginal methods designed to compare two specific 
power plants taking into account their future operation within 
a general pattern of future system development which has 
already been approximately determined. 

At first sight the second category of methods appears to contain 
some element of circular reasoning since the "general pattern of 
system development" required for the analysis is actually nothing 
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else than the solution of the general power planning problem and 
if this solution is available, there would seem to be little point 
in individual comparisons. However, the problem of global power 
planning is so complex as to defy any attempt at achieving a full 
and detailed solution. The best that can be hoped.for the time 
being is to obtain an approximate picture of the quantities of 
power plants of different types to be installed during the 
planning period and of their energy productions which will permit 
to meet future demand at a minimum cost. Because of the simplify-
ing assumptions required to make the question amenable to analysis 
or simulation, and of the large amount of estimates about future 
data, the results of this first study will- necessarily be very 
approximate and indeed in some cases insufficient to justify 
individual plant selection. They will, however, form a useful 
background against which the future utilization of an individual 
power plant with specific characteristics as t.o location, costs 
and performance can be evaluated in detail. 

The results of individual comparisons between specific projects 
may in turn lead, to ̂ changes in the initial general solution. 
Ideally, this process of iteration would, provided it converges, 
lead' to ä final solution. In practice, however, it is likely to 
be restricted to a few steps. 

Although the logical necessity for such methods is unquestionable, 
it may be of some interest to ascertain the discrepancy between 
simple estimates based on quick calculations and the results of 
system cost analysis. 

Some simplified theoretical models have suggested that in the 
case of the comparison of nuclear power plants, either between 
themselves or with conventional fuel stations, errors of less than 
10 fc were caused by disregarding the system effect in cases 
involving a predominantly thermal system. A confirmation can be 
found in a much more precise analysis of system cost effects 
carried out by the' United Kingdom Central Electricity Generating 
Board for the Dungeriess В station through simulation of the 
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operation of the stations involved, in the comparison, within an 
electric grid whose future plant composition and characteristics 
had been approximately determined Ъу global analysis. The 
results are summarized in the following Table, taken from the 
CEGB report.- - In this case system cost corrections were introduced 
both for the nuclear plant and the coal station with which it was 
being compared, taking into account that the average life time 
utilization factors of the two stations would be 75 Í0 and 38 $ 
respectively, and that energy production by other plants in the 
. system would, therefore, be different in the two cases, » 

i -Generating Costs - Lifetime Comparison 

1. Station Cottam Dungeness В 
2. Fuel Coal Nuclear 
3« Fuel cost' d/therm 3.8 1.1 
4. Thermal-efficiency <?» 37 41-5 
5. Assumed life years 30 20 
.6. Capital cost £/kW 43 92 
7- Annual capital 

charges, -fuel and 
other costs when" 
operating in merit-
order £/k¥p.a. . IO.7 I2.5 

8. Effect on operating 
cost of remaining 
plant on system £/k¥p.a. -1-7 ' -4.7 

9. . Effective average 
annual cost to 

. the,system £/k¥p.a. 9.O " 7-8 

10. Load factor. 
(average over 
life) io г 38 75 
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It will be seen from the above Table that the difference of 
effective annual cost tc the system of the two alternatives 
expressed in £ per kW per year was equal to 9 - 7-8 = 1.2. It is 
interesting to compare this result with that of a crude estimate 
based on the wrong, but convenient assumption., that the coal 
station wi.ll--have the .same load factor, as the nuclear station 
throughout its lifein this case, 75 The annual, c'cst for the 
coal plant would then become 13.8 £/kW/year and the difference in 
favour of the nuclear station would.be equal to 
Д3.8 - 12.5 = 1.3 £/k¥/year,, a difference of less than 8 $ 
which cannot be considered significant in the light of '¡he 

uncertainties on basic input: data. . .It should not, however, be 

concluded that global system analyses offer more theoretical than 

practical advantages. To begin-with, the power system in point 

was almost entirely composed of thermal stations. Furthermore, 

the comparison involved two stations "both' initially intended for 

base load duty. They are extremely useful instruments for 

sensitivity analysis of different assumptions on future.construc-

tion and fuel costs and in the evaluation of nuclear power pro-

grammes involving different reactor types. 

System analysis serves, indeed, another purpose in the case of 

nuclear power plants by tracing the interdependence between the 

costs' of present and future nuclear stations which arises through 

the production of plutonium. The possibility of plutonium . 

recycling in thermal reactors and the even more attractive prospect 

.of using it as the fuel for future fast breeders open a wide range 

of possible values for this material, and consequently affects the 

estimated fuel costs of present station's. Estimates' of plutonium 

values on the basis of comparison of its fissile propertied with 

those of highly enriched uranium in the thermal and fast neutron, 

.-spectra may give some reference points for a minimum and.: maximum, 

but are obviously insufficient for a full analysis. 

An approach offering a more comprehensive answer consists in treat-

ing plutonium as an intermediate product within the developing 

power system.. The pattern of the expansion of the system 



is then projected on the basis of a variety of assumptions about 
the technical availability and costs of different large types of 
power-plants, treating the quantities.of plutonium produced by 
thermal, reactors not as credits debited from their fuel costs, but 
as a constraint on the future programme of breeders construction 

. and seeking through analytical or empirical procedures the 
system development•plan with minimal total present worth cost. 
Once this optimal or near optimal system has been defined the 
value of plutonium at a given time can be determined by investigat-
ing the consequences of withdrawing a.given amount of plutonium 

^from the system at a specific time. Such withdrawal results in -a 
tightening of the plutonium constraints and a shift of the optimal 
system "structure to a slightly different pattern with a higher 
total cost. The difference between the total system costs of the 
two optimal patterns is a measure of the value to the system of 
the quantity of plutonium withdrawn at that particular time. 

Clearly this Approach will yield a series of values which, at a 
given time, will differ from system to system, and consequently it 
cannot truly forecast what price levels might be established for 
plutonium if it entered international trade. It does, however, 
provide an. interesting, and important approach to costs and benefit 
analysis of breeder development for countries with" large nuclear 
power programmes. 

The.system approach can be expanded even further to,embrace 
comparative analyses of entire nuclear power development programmes 
by attempting to take into account the costs of the development 
effort as well as of all the auxiliary facilities .for. nuclear 
material production, fuel fabrication reprocessing and enrichment 
which such programmes would require J_ 9_J•> Indirect effects such 
as retention of trained man power, security of-fuel supply, pollu-
tion, can be and have also been considered in preliminary studies 
in some countries £~10_/» 
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The fact remains,' however, that such extensions are based on 

extremely"difficult projections of future technological and cost data, 

while basic performance and economic characteristics of even present 

reactor types are open to margins of uncertainties substantially out-

weighing the discrepancies which.arise from methodological simplifica-

tions. This is particularly true for countries about to initiate a 

nuclear power programme. 

IV. SEUB-T-ToM PROBLEMS OF Sjr¿iiIAL ¿OOHOMIG . ÍMPuRTáSCIl; 

The tools of economic analysis which have been briefly described in the 

previous section are, of course, of interest to developing countries in an 

economic api.roach to their first nuclear power station. Yet, in the near term 

future at least, theoretical refinements are in their case overshadowed by some 

practical considerations to which attention has been or should be focused. With-

out in any way claiming to present an exhaustive list of the topics of particular 

relevance, to an economic analysis of a first nuclear power station, the following 

points may be mentioned s ..-.." . . , . 

(a) The necessity of actual'̂ tenders for the power station considered 

before any realistic determination óf the capital and fuel cost can 

be. made. '• 

(b) The usefulness of detailed sensitivity analyses of fuel cycle costs 

. for the different systems offered, even in the case where guaranteed 

terms of fuel supply are offered by the reáctor manufacturer. 

(сУ The choice of a realistic discount rate or rates reflecting, as 
accurately as possible, the scarcity of domestic.and foreign exchange 
resources. While this is easier said than done, the point remains of 
essential importance. Thus, for instance, if á country were to use 
thr-- average rate of interest on foreign loans whose total amount is 
in fact limited, in assessing different alternatives it .would 
obviously understate its actual capital shortage. Indeed, a wrong 
selection of the discount rate would lead to distortions in 
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assessing the importance of economic charges remote in the.future and 

hinder a proper analysis of the extremely significant'question of 

terms of financing. 

(d) The importance of financing terms. For a variety of reasons, which 

may, perhaps, he of a short-term nature, international bids for 

nuclear power plants have almost always been, accompanied with offers 

of loans which would not have been made available for conventional 

alternatives and which often provide for interest rates substantially 

lower than the discounting rates applicable to investment selection 

in the country concerned. Under such conditions, those loans may 

represent a substantial benefit to the developing countries and it is 

therefore, not surprising that they have probably been the major 

factor 'in nuclear power decisions. A quantitative assessment of the 

advantages involved is, therefore, very useful. 

Assume, for instance, that in a country using a general.rate of 

discount i for its economic analysis, a bid for a nuclear power plant 

is coupled with a proposal of a loan at an interest rate r smaller 

than i, the loan to be repaid over a period of n years.and extending . 

to a fraction f of the total construction cost of the-station. Appli-

cation of a simple present worth algebra shows that a loan-of this 

kind is'equivalent to a reduction of thé fraction of construction 

costs to which it applies by a factor of s 

1 - r 1 - (.1 + i)"n 

r i . — -f : 
i n l 

if it is repayable in equal instalments with decreasing interest 

charges on the balance, and of s 

£ • 1 - (1 + i)"n 

1 1 - (1 + r)"n 

if the interest and repayment charges are scheduled so as to add 

up to a constant annual value. Z~H_7= 
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Suppose, for instance, that 75. Ъ "the construction cost of a given 
reactor is to be covered by a loan at 5 л repayable in equal instal-
ments in 20 years, while the rate of present worth discount used by 
the country is 10 the reduction factor would' be equal to 72 $ and 
total" construction cost would be reduced to 7S-5 % of i"ts original 
value. A' deferred capital repayment- would, of course, further 
decrease thr actual cost. Clearly variations of this kind are at 
least -as significant as those which may arise from approximation in 
economic analyses. 

(e) An evaluation of the additional cost which might arise from delays 
in construction time or unexpected unavailability during the initial 

. years. These factors are usually grossly under-estimated in general 
economic calculations. Yet, especially in the case of developing 
countries where a new station may represent a large fraction of total 
installed capacity, it should bfe clear that delays in commissioning 
or periods of unavailability in the initial year imply economic 
penalties much higher than a simple increase for interest during 
construction. The failure of a station to be available at a time for 
which it was planned has two consequences g 

. 1. Iroduction of the electrical energy by the existing plants and 
possibly by reserve plants resulting in a much higher total 
system fuel cost than would have been the case if the new station 
had be- n available. 

2. Decreased reliability of the whole system and possible power 
failures. 

- An accurate assessment of the additional costs involved would 
necessarily require system analyses.;, but an order of;magnitude is 
illustrated by the following schematic example s if the commissioning 
of a nuclear power reactor of 200 Щ costing 200 dollars per kW 
installed and having a fuel cost of 2 mills per kWh is delayed by one 
year in a system where the average fuel cost is of the order of 
,5 mills per kWh,.the additional fuel bill caused by the delay could 



Ъе of the order of 4,200,000 dollars or more than 10 fe of the construc-
tion cost of the station./;.. If the cost of decreased reliability is 

' ' added, it is easy to see that penalties of up to 20 fo could easily 
result'. ' 

(f) Evaluation of the- economic advantages of. anticipating the growth of. 
power demand by the construction of a. nuclear power plant of a size, 
larger than the normal system.expansion would justify. 

The possible savings' arise from two, sources % 

1. Lower unit construction costs as a result of savings of scale 
which may be particularly significant in the 150 - 300 MW.region 
which is of relevance to many small systems. 

2. Savings in total system fuel costs during an initial period which 
may be quite significant in electric grids with many low efficiency 
thermal stations. 

These savings must, however, be weighed against the decrease in 
system reliability whose importance has been stressed in the previous 
section. 

V. CONCLUSIONS 

The rates of expansion of nuclear capacity and of the supporting industrial 
infrastructure, the development of new reactor types whose large scale appearance 
will affect the fuel costs of ^resent nuclear stations, the. intricacy and flexib-
ility of nuclear fuel cycles, combine to make the cost analysis of nuclear poorer 
plants substantially more complex than that of conventional stations. 

To deal with this increased complexity, economic analysis provides a 
variety of tools ranging from simple techniques of cost discounting to system 
simulation methods and to linear, non-linear and dynamic programming. There is, 
however, an unfortunate inverse relationship between the theoretical validity of 
a method and the reliability of the basic data required for its application« 
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• The simultaneous use of general programming approaches and of detailed 
individual cost analyses to which the major nuclear countries have constantly 
resorted is? therefore, not an accidental phenomenon, but the result of unavoid-
able compromise. The question about the terms of the optimal compromise and the 
relative weight to be.given to comprehensive and to'limited analyses in actual 
decision making can only be answered separately for each particular case in the 
light of its technical and economic environment. 
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А Ш Ш . I 

Competitive Position'of Nuclear and Oil-Fired Stations 
~ on the -Basis of Simple Generating Costs Comparison 

On'thé' "basis of the data presented in the text, an approximate indication 

of the competitive position of.a light water nuclear power station in the 

500 MWe - 6OO MWe range against an.oil-fired station of the same size is given 

in Table V¿ "' Oil was deliberately chosen -as the competing fuel because'it 

•represents the major alternative imported energy source for most developing 

countries and because economic comparisons between nuclear plants and conven-

tional stations relying on domestic energy sources such as coal, natural gas 

and hydro power do not. lend themselves to .general conclusions even of a pre-

liminary character. . .A comparison with-a heavy water reactor would yield 

generally similar results although they would, of course, vary with the fixed 

charge rate used. 

It will be seen that the break-even fuel.oil costs above which nuclear 

power is competitive are. of the order of $ 13.50/ton for the 10 % fixed-charge 

rate and of $ 16.70/toh for the 14 fc fixed-charge corresponding to .32 and 

40 cents 'per million BTCJ's if the two alternatives are considered for commission-

ing in- 1975* 

If the comparison were made for I98O the corresponding figures w;ould be 

lowered" to''$ 10.50 per ton (25 cents per million BTU ' s) and $ 12 per ...ton . 

(32 cents per"million BTtJ's) respectively. 

Finally if larger sizes of the order of 750 MWe were/considered under • 

conditions expected to...prevail in 1980 competition below S 10 per ton (24 cents 

per million BTU's) would be achievable. 
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This should he viewed against a rough picture of present oil prices in the 
major harbours of the world, which is summarized in Table VI. 

It will be seen that a clear cut advantage of nuclear power is dependent 
on the achievement of lower capital costs for nuclear stations as well as on a. 
constant increasing trend of future fuel oil prices. 

The first condition has already been briefly discussed, and there are good 
grounds to believe it will, be fulfilled, essentially as a result of repetitive 
construction of proven reactor types. 

The second raises a host of questions which can only be sketchily mentioned 
within the scope of this paper. The main issues which, would have to be considered 
and none of which can be unambiguously answered would fall.under the.following 
headings s 

1. The future price of crude oil at the main producing points, 'with 
emphasis on the future trends.of taxes and royalties collected by pro-
ducing countries which in several major supply areas represent subs-
. tantially more than the cost of production. 

• 2. The future trend in crude oil prices at delivery points, with emphasis 
on the impact of the advent of supertankers on transportation costs. 

3- The relationship between the price of crude and that of heavy fuel.oil 
produced jointly with lighter products, with special emphasis on the 
elasticity of future refinery product mix. 

4- The cost of antipollution measures connected with the burning of fuel-
oil and possibly of crude in power stations, wi-ih emphasis on the 
relative significance of this item in industrial and in developing 
countries. 

However incomplete and superficial the above enumeration may be, it does . 
serve to'emphasize the impossibility of precise quantitative, forecasts and the 
necessity to envisage probable future ranges of fuel oil prices rather than single 
figure targets. Thinking along these lines it would appear that both crude and 
fuel, oil prices have ceilings and floors. In the case of crude, the ceiling 
is set, under present circumstances, by the cost of recovery of oil from the 
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very , large reserves of "bar sands arid oil shales, the floor "by the production 
\ ' 

cost and the presumably incompressible package of taxes and royalties at present' 
obtained by the major producing countries, plus transportation cost by super- ' 
tankers.. In the case of fuel oil the ceiling would.be.the price of crude . : • 
adjusted .for. whatever additional cost its use in power stations in lieu of fuel 
oil would entail, while, the floor would be"determined, by the economics of 
cracking substantial parts of heavy products into light components. 

-, The illustrative list of present prices contained in Table VI is closer to 
the floor than to the ceilingj and although there is hardly any indications for. 
a rise in the immediate future, there does not appear to be much room for a ; 

further fall. The implied range of 25 to 30 cents per million BTU's in major 
harbour areas is therefore a reasonable estimate. When handling storage and 
pipe line transportation costs to inland sites are added, a range of 30 to 
40 cents per million BTU's appears to be the target against which nuclear plants • 
. will have to compete and, although marginal in 1975? their competitive, advantage ' 
is likely to:expand with the lower investment costs predicted by 19Ö0. 
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Table I 

Estimated Cumulative Electric Power Plant Capacity 
• in the World 1965 - I98O 

1965 (End of Year) • I97O 1975 1980 
Total In-
stalled Ca-
pacity 

Nuclear 
Power 

Component ; 

Total Nuclear Total Nuclear Total Nuclear 

GWe GWe . io GWe GWe.. i GWe GWe * GWe GWe i 

Africa . 14 — 22 - - 31 0.2 1 44 1 2 
Asia—^ 18 - 40 0.8 1.5 100 3.6 3.6 200 10-12 5 - 6 
Australia, Japan, New Zealand 50 0.17 80 1 110 7 150 20 13 
Latin America 30 _ 50 - • - 80 . 1 130 5- 1 4 - 5 
Sörth America (USA a d 

Canada) 280 I.08. 0.4 370 13.5 3.7 500 53 10 650 160 -25 
USSR and Eastern European 

Countries 150 1.04 0.7 250 2.0- 0.8 400 7 • ~2 600 20-50 3 - 8. 
Western European Countries 215 4.48 2.1 300 . 13 4.3 410 40 10 560 100 18 

World Total-/ 757 6.77 0.9 1110 - 30 2.7 1630 110 л ~7 2340 315-360 13 -15 

a/ Excludi g USSR, Japan ат d Mainland China. 
Ъ_/ Excluding Mainla- d China and rounded1 off. 



Table II 

Estimated. Unit Capital Cost Sanges 'for Proven Nuclear Power Plants 
in Selected Developing Countries 

($/k¥e) . 

Light Water Beactors 
and A.G.B.s " 

Heavy Water 
(Natural Uranium) 

Year of Commissioning 

197-5 

1980 

190 - 210 

150 -- 170 

'230 - 2 6 0 

190 - '210 

General Assumptions 

The above estimates are based on the latest data available to the Agency 
through private and public information which has been subjected to a process of 
extrapolation and averaging. The resulting ranges which can only be viewed as, 
general guide lines are based in particular on the following assumptions s 

1. Estimates are made at consta.nt 19.69 prices. 

2. The unit costs apply to two units of 5OO MW(e) on the same site. 

3. Adequate site on level ground, with no requirement for piling, dewater-
ing or extensive rock excavation,. Next to large river with road or 
rail access о ,. 

4. No seismological problems. 

5. Local skilled labour available. 

6. Additional transport and subsistence costs of foreign personnel is 
offset by lower wage rates of local labour. 

7. Construction time is four years and interest during construction 
charged at 10 'fo per annum. 

8. Heavy water price in 1975 S 45 - 55 per kg 
" 1 " " in i960 $ 35 per kg. 
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ТаЪ1е III 

Unit Investment Costs of Light Water Nuclear Plants 
and Oil-Fired Stations as a, Function of Size 

Size 

Unit Investment Costs ($/k¥e) 

Nuclear Plants to be 
commissioned by 1975 

Nuclear Plants to be 
commissioned by 1980 

Oil-Fired Plants 

500 750 1000 

200 170 155 

150 125 115 

100 95 90 

Assumptions 

Identical with the assumptions of Table II. 
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Tablé IV ' 

Projection of Average Equilibrium. 
Fuel Cycle Goats (Mills/kWh) '; 

BWS HWR 

U^Og Purchase 
Conversion to UFg 
Enrichment 
Fabrication 
Recovery 
Pu Credit 
Fuel Cycle forking Capital 

TOTAL . 

U3°8 Price, l/'lb U30g 

1975-1985 I985-I995 . 1975-1985 .1985-1995 

.0.36 0.43 0.28 О.З2 
0.04 0.03 
0.41 • O.4O - - . 

0.16 0.16 . 0,33 0.2.6 
0.13 0.12 — 0.28 
(0.22) (0.35) - (0.49) 
0.40 0.43 . O.O9 0.11. 

1.28 1.23 0.70 0.48 

Assumpt ions 

8.00 9.50 8.00 • >'• 50-.. 
1.00 .90 — — 

26.00 26.00 . -

39- 31. ' 25. 20. 
32. 24. ?9, 22. 

. .6.0 . 8.33 ' 6.7 7-4 
ЗЗ.З ЗЗ.З 32.0 32.О 

30,400 25,000 9,800 10,200 
2.72 '....: • 2.43 . Hat. Nat. 
0.64 O.7I - -

0.959 - • 987 
, 5-90 5.69 3.00 3.00 

9.00 13.00 9.OO ; • . 13.00. 

0.2 0.2: — 

1.0 1.0 1.. 0. .. 1. 0 : 
1.0 1.0 1-0 - 1.0 .. 

3 " 3 ' 
3 . . 3 - '..'i. — 

3 3 3 3 
3 3 . 3 3 
3 3 - 3 

.. 3 • . ... 3 ' — 3 

12 12 12 12 

Conversion Cost, $/lb U 
Enrichment Cost, $/kg S¥. 
Fabrication Cost, $/kg U 
Recovery Cost, $/kg U 
Specific Power, kwc/kg U 
Thermal Efficiency,'$ 
Burnup, MWD(t)/lT 
Initial Enr.,U-235 
Discharge Enr. 
U disch./U Charged 
grms. fiss. Pu/kg У Disch. 
Pu Value, S/gm. Fissile 
Diffusion Plant Tails, 

ù Ü-235 
Losses, Pre-irrad., °jc 

11 , Post-irrad., °¡o 

Hold-up Times, Months 

Conversion 
Enrichment 
Fabrication 
Pre-irradiation 
Post-irradiation 
Recovery 

Interest rate on Fuel 
.'Inventories, ^ 

1. All cost figures ' are averaged over each of the two 10 years period. 

2. Although the only comprehensive method of fuel cycle cost analysis should be 
: based on the ratio of the present worth of all fuel expenditures and the. 
present worth of energy production over the life of the plant, the relativ-
ely simpler concept of equilibrium fuel cycle costs was used in this present-
ation. The difference may reach 10 °¡o for light water reactors. 
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Table V" 

Expected Competitive Position of Light Water Nuclear Plants and 
Fuel Oil-Fired Stations Commissioned in 1975 and 1980 

Fixed Charge Rate 

Year of Commissioning • 

Differential in.Generating; Costs 
due to Higher Nuclear Capital 
Cost (mills/is 

Differential in-0 & M Costs 
(mills/kWh) 

Nuclear Fuel Costs 
(mills/kWh) 

Break Even Fuel Oil Prices 

(a) In cents/106 BTU's 

(b) In |/ton of Fuel Oil 

1975 

10 4> 14 Í 

1980 1975 

1.45 

0.1 

1.45 

0.85 

1-35 

32 25 

13.50 10.50 

0.1 

1.50 

1980 

1.40 

40 29 

16.70 ' 12 

Assumptions 

Nuclear Oil-Fired 

Year of Commissioning • 1975 198O 
Size (MWe) 500 5OO 
Unit Capital Cost ($/kW) 200 160 
0 & M Costs (mills/kWh) 0.3 0.2 
Fuel Cycle Costs* (mills/'kWh) 1-45 - -1.35 
Annual Utilization (Hours) 7000 
Fixed Charge Rates 

10 io and 14 i 
Heat Rate of Oil-Fired Stations s BTÜ's/kWh 1 9100 in 1975 

9OOO in I98O 

*The fuel cycle costs given in Table IV were adjusted to take account of the 
pre-equilibrium period and the different interest rates used. 

500 
100 . 
. 0.2 

Variable parameter 
7000 
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Table VI 

Heal Prices of Crude, and Heavy Fuel Oil 
at Selected Locations 

Crude Heavy Fuel Oil 

Location ($Л о п) (Date) ($/ton) (Date) 

Caribbean FOB 
/ 

Fall 1968 
Persian Gulf FOB 9. 10 Fall 1968 8.15s/ 

9.50^ 
и M 

Singapore FOB 
8.15s/ 
9.50^ и и 

Channel Ports GIF r-l 40 1966 average - -

и " ров 10.50 
/ 

Spring 1967 
East Africa. " 
Italy " -

8.00^ 
9.50^ 

" 1968 
" 1967 . 

Bangkok CIF 
Buenos Aires CIF 
Chile, CIF Valparaiso 

13. 
14-

62*/ 
7&ь/ 

oo-̂ Z 
Fall 1968 

I2.9O 
12.. 70s/ 
12.90^/ 

Fall 1968 
к и 
ti II 

Czechoslovakia. 15-

62*/ 
7&ь/ 

oo-̂ Z II и 
f 

Denmark CIF 10.50^/ Il II 
Denmarks Average price 

at power stations II.5O-I3.50s/ I963 - I965 
average 

India s 
FOB Iran 
CIF Bombay 

9-65- Spring 1968 
12.50^/' Fall 1968 

Japans s 
FOB USSR 
CIF Yokohama 

8. 46^/ 
/ 

1965 
13.60^/ и и 

Uruguay, CIF Montevideo 13. 30^/ 
5oV 

Spring 1967 
12.10s/ Rio de Janeiro CIF 13. 

30^/ 
5oV M и 12.10s/ и M 

aj From a variety of unpublished information, 
b/ Estimated. 
о/ Calculated FOB the Caribbean on the basis of Intascale - 50 ̂  for a 
~ 30 - 40,000 ton tanker. 
d/ Price of Soviet crude at Czech border (pipeline). Crude from other markets 

costs $ 17 - 22/ton. 
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TECHNIQUES FOR ANALYSIS OF NUCLEAR POWER COSTS 

Profitability 

1. Arguments have already been given elsewhere!1) to support the view that 
the most logical method of economic assessment of nuclear power is some form 
of closed system analysis» Choice of method, however, still leaves open thé 
question of economic criteria on which to base a decision. Two such criteria 
will be considered here® 

(i) Internal rate of return, 
(ii) Net present value. 

2. Since both of these criteria attempt to measure profit, it may be logical 
to give some definition of profit as a starting point» For present purposes, 
profit will be defined merely as the increase in value of any investment over 
any period of time. If, on this definition, the increase is more than offset 
by inflation, it is still a profit even if it is not big enough. 

3c A project requiring an initial investment К will be taken to yield cash 
flows Pj at the end of year 1, P2 at the end of year 2 and so on up to the end 
of year n, when the project reaches the end of its useful life. The profit at 
any time may then be expressed as a fractional increase of r per year orí the 
amount of the investment then outstanding, leading to the wellknown result. 

1 + r (1 + r ) (1 + r) 

4. In general, whatever the cash flows Pi, P2, Pn, the above procedure 
leads to a unique value for r which is referred to as the "internal rate of 
return". It may be noted that each of these cash flows constitutes part profit 
and part repayment of the original investment, or "depreciation . It follows 
that the way in which the original investment is depreciated is also uniquely 
determined by the cash flows Pi, P¿, . . P n . 

5. The minimum rate of return acceptable from a project will normally be 
the Jniniffium acceptable to the industry of which the project is a part. This 
minimum rate of return, or the industry's "cost of capital", will be denoted 
by r*. The net present value, or "present worth", W, of the project is then 
such that , 

W -f К = 
P2 Pn J. . . . J. — -Ü -

1 + r' (1 + r ' )2 (1 + r ' )n 

I t is , for instance, the maximum amount an industry could afford to pay for the 
right to exploit a project without earning less than i t s cost of capital and is 
thus a useful criterion for the assessment of take-over bids. 

6. Of these two cri ter ia for assessing profitabili ty, the internal rate of 
return appears to give the most useful information. The criterion of a rate 
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of return is widely used in industry and its broad physical meaning is generally 
understood even if its precise significance is frequently misinterpreted. The 
rate of return concept is, in any event, fundamental to alternative methods 
such as net present value. The fact that the rate may then be fixed in no way 
changes its meaning whilst its precise'selection rests on evidence which is 
itself based on calculated internal rates of return. 

7. For projects in which.some of the cash flows in later years are negative, 
there is the possibility of more than one rate of return. The means of dealing 
with this possibility is provided by the. "extended yield method"t2). It assumes 
that, beyond the date at which the project earns more than is required to pay 
off the initial outlay* the surplus is reinvested at the industry's cost of 
capital. At a later date the cumulative surplus will become negative due to 
the later negative cash flows. From this point onwards the calculation of the 
internal rate of return proceeds in the usual way. 

8. The internal rate of return'concept has the disadvantage that"its''calcula-
tion is generally rather tedious. The alternative' criterion of net present' 
value however, being based on a fixed discount rate, is relatively easy "to.'-apply. 
As such, it is suitable for preliminary sorting between projects or providing 
an upper limit to any development costs that may be necessary before the invest-
ment can be Undertaken. Whilst ranking of projects by net present value may be 
different from that obtained by use of internal rate !of return, only those pro-
jects which are acceptable on the one basis are acceptable on the other. The 
use of the internal rate of return can then be reserved for ä more precise 
evaluation of á few selected projects.-

System Optimisation 

9. Having selected a criterion of profitability, and this is almost invariably 
the criterion of present worth, the desired "mix of station types in a given 
system will be one which gives this criterion its optimum value. In-order to 
evaluate this criterion, it is first necessary to construct a mathematical' ' 
model of the'system. These models máy be classified as 

(i) optimisation models 
(ii) simulation models 

10. The first type of model has some automatic, optimisation procedure built 
into it whilst the second merely simulates any given system and progresses.;: 
towards an.optimum by: repeated applications with successive adjustments to the 
input data. Despite their more tedious and less certain approach to an optimum, 
simulation models are perhaps easier to construct and therefore likely to be 
less restricted in their representation of the system. More importantly, a 
precise optimum solution is rarely, sufficient by itself.and generally needs 
to be supported by near-optimum solutions in order to reveal possible changes 
which incur little or no economic penalty but may be otherwise desirable. 

11. The difference in results obtained from optimisation and simulation models 
can be illustrated by the simple example of a system which builds up uniformly 
from zero to 40 stations over 10 equal intervals of time,as shown in Figure 1. 
Thereafter, no further stations are commissioned so that the number of stations 
ultimately runs down to zero. These stations consist only of one plutonium-
producing type and one plutonium-feed type, which is assumed to have the lower 
generating cost. In each interval the plutonium-producing station produces 
sufficient plutonium to provide 20$ of the inventory of the plutonium-feed 
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• station '-tëhiôh, once Commissioned, is • exactly.""seijFrSys'tai.nxñg» ín both modela, 
plutoniuín-feed stations may only be commissioned up to the limit, set by 
plutonium availability® 

12. The optimisation model optimises the introduction of plutonium-feed 
stations so that their discounted electricity génération as a. fraction-of the 
total, or "system fraction1, is a máximum. The simulation model, on the other 
hand, merely introduces this type of station as rapidly as.stocks of plutonium 
permit. The results are given in Table 1. . 

TABLE 1 

Resulte from Optimisation and Simulation Models 

Total . 
No. 
of 
stns. 

Optimisât: on Model Simulation Model 

' Time 
Inter-
val 

Total . 
No. 
of 
stns. 

Pu 
prod, 
stns. 

Pu 
feed 
stns. 

Pu @ end 
of 

interval 
(inventories) 

Pu 
prod, 
stns.. 

Pu 
feed 
stns.. 

Pu @ end 
of - • 

interval 
(inventoriés) 

4 1 4 4 _ 0*8 4 0-8 

2 8 8 ; - 2-4 s . - 2*4 

3 12 12 - 4 «-8 10 2 2*4 

4 16 16 - 8°0 12 4 2*8 

5 20 16 , 4 7*2 14 3-6 

6 24 ' 16 8 6-4 15 9 3*6 

7 28 16 12 5-6 16 12 3-8 • ' 

8 32 16 16 . 4-8 17 15. 4*2 • 

9 36 16 20 4*0 17 19 3'6 

10 40 16 24 18 , 22 

13. If the discount rate is zero, then the system fraction to be maximised is 
merely 24/40, or 0-60 in the optimisation model and 23/40, or 0*55 in the 
simulation one» If the discount rate is, say* per annum, then these system 
fractions become 0*484 and 0-472 respectively. As: is to be expected, the higher 
the discount, rate the smaller the difference in the results given by the two 
models® 

A Simulation Model 

14. An example of a simulation model is provided by the U.K. computer programme 
DISCOUNT!4). The first version of this programme, DISCOUNT A, was developed at 
the end of 1961« Currently, use is being made of the sixth version, DISCOUNT F. 
At the present time a new version, G, is in an advanced state of .preparation 
and it is in terms of this version that the programme Will now be described. 

15. As shown in Figure 2, the time-scale is sub-divided into a period before 
the reference, or "base", date to which all quantities are discounted and a 
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second period beyond the base date. The earliest part of this second period is 
referred to as. the "discounting period", the remainder being ignored in the dis-
counting procedure, 

16. There .are six different types of nuclear station, four piutonium-producing 
and two plutonium-feed. Only plutonium-producing stations can be commissioned 
before the base date and then only as called for in the input data. After the 
base date, two of the plutonium-producing types can still only be commissioned 
in this way, but. the other two, referred to as "advanced thermal reactor" (ATR), 
as well as the plutonium-feed ..stations, arc commissioned as determined in the 
computer programme. The conventional stations are all of the same type and are 
commissioned both before and after the base date only as called for in the 
input data. 

17. All nuclear stations have the same lifetime and all conventional stations 
a different, lifetime. These lifetimes are items of input. The period before 
the base date is commonly taken equal to the longer of these two lifetimes so 
that, after the base date, stations withdrawn from service can be accounted 
for. All stations, of whatever type, have the same electrical output which is 
an item of input. 

18. The total number of stations of all types is given as a function of time 
in the input data. At any time after the base date, therefore, the increase in 
total number of stations operating can be calculated. From the commissioning 
dates and station lifetimes, the number of stations withdrawn can also be calcu-
lated. The sum of these two calculations gives the total number of stations to 
be commissioned,at the instant considered. On subtracting any stations commis-
sioned by way of input, there remain the total number of ATR and plutonium-feed 
stations to be commissioned. 

19. The two types of plutonium-feed stations.are distinguished as A and B, 
type. В being regarded as superior to A and commissioned in preference to it. 
A similar distinction is applied to the ATR stations. The input data may 
specify upper limits, "commissioning limits", to the number of plutonium-feed 
'stations of either type, or ATR stations of type B, that may be commissioned at 
any instant of time. 

20. The, number of type В plutonium-feed stations commissioned is then the 
minimum of the three quantities 

(i) total number of nuclear stations remaining to be commissioned! 
(ii) commissioning limits} 

; (iii) number of inventories for this type of station available in the 
plutonium stocks. 

The corresponding minimum for type A plutonium-feed stations gives the number 
of that type commissioned, if any, whilst the number.of type В ATR stations 
commissioned is given by the minimum of the corresponding quantities (!) and 
(ii) only. Any nuclear stations remaining to be commissioned are then ATR 
stations of type A. 

21. The commissioning procedure is followed by the calculation of load factors. 
The "load-duration" curve, which gives the proportion of the year for which each 
increment of electricity demand is required, is an input to the programme as a 
function of time, typically as shown in Figure 3. Station availabilities may 
differ as between one type of station and another and are also items of input. 

4 



ïn general, thé availability of all stations of a given type is the same and 
uniform with time. It may however be reduced in the earliest years of operation, 
the reduction being the same for each station of the given type. Exceptionally, 
the reduction may be made even more severe for the first few stations of the 
given type. 

22» A further item of data is the "merit order", by which the various types of 
station are arranged in descending order of load factor, conventional stations 
always occupying the lowest position. Starting with the station-type highest in 
the merit order, the product of electrical output and availability is summed 
over all stations of that'type to give the demand that they can meet. The 
corresponding area under the load-duration curve is then divided by the total 
electrical output of these stations; to give their mean load factor. This pro-
cédure is repeated for the station type next highest in merit order and so on. 

23» For each type of nuclear station the plutonium production rate is quoted 
аз a-function of station operating time in the input data. Additionally,, for 
plutonium-feed stations only, the plutonium feed "rate is similarly quoted.. The. 
difference between this rate and the corresponding production rate then determines 
whether the station is a net consumer or net breeder of plutonium. At any point 
in time any of these rates may be factored, as called f o r in the input data, to 
reflect changes in operating parameters such as burn-up. 

24-. As indicated in Figure Uf the input data also includes the delay between 
plutonium leaving the stocks and being charged into a plutonium-feed reactor, 
the delay between plutonium being discharged from a plutonium-feed reactor and 
appearing in the stocks of fresh fuel, the corresponding delay for a plutonium-
producing reactor, the time required to load the core of a plutonium-feed reactor, 
the time required to unload the core of a plutonium -feed reactor withdrawn from 
service and the corresponding delay for a plutonium-producing reactor. The date 
from which all plutonium is allocated to the system is also an item of input. 
All plutonium produced before this date is ignored. 

25. For each type of station the initial capital cost and operating charges are 
quoted in the input data as a function of commissioning date and the residual 
value, if any, as a function'of withdrawal date. Charges due to replacement 
fuel and stocks pf fuel held at the station are also quoted in the input data 
as functions of time. Other items of input include any minimum duration set 
for nuclear stations, any minimum level set to the plutonium stocks, the amounts 
of any plutonium imported at different times, any amounts sold and the time of 
sale, the value attributed to any plutonium surplus to system requirements 
including that left in the system at the end of the discounting period^ this 
period itself and the discount rate. -

26« The output from the programme quotes, for every instant of time and for each-
type of station, the number of stations installed, their load factor^ the cash 
flow to vrihieh they give rise, their highest and lowest, or " m a r g i n a ldurations 
and their marginal costs. At any instant of time, the marginal cost is the mean 
generating cost of a station commissioned at that time which subsequently 
operates always at marginal duration. I t is thus possible to see when the 
marginal cost of any type of station is rising above that of one to which it Is 
otherwise preferred® By exercising a particular option in the data i t is possible 
to ensure that, in the event of this behaviour, commissioning of the preferred 
type Is temporarily discontinued® The plutonium stocks are also quoted for each 
instant of time. 



27. Besides this detailed output, the, programme also furnishes a summary 
output giving, for each type of station, the total discounted expenditure, the 
total discounted electricity generated, the fixed and running components of the 
discounted mean generating cost and the discounted mean load factor. These 
results are particularly useful in establishing the contribution of each type 
of station to any overall economic benefit of one case over another. The summary 
output also includes the amount of plutonium left in the system at the end of 
the discounting period, the present worth of any surplus plutonium sold and the 
minimum selling price of any plutonium sold as called for in the input data. 
Presentation of Results 

28. As already pointed out, the summary output from the DISCOUNT programme 
enables the present worth of expenditure of a system or, alternatively, its mean 
generating cost tc be broken down into contributions from the different types of 
station taking part. The mean generating çost for any system can be broken down 
in this way by means of the relationship 1̂1 

с = с, (l^/u) -h C'a (u2/u) + ... 

where 
ĉ  = meán generating cost of stations of type i 
U. discounted electricity generation from stations of type i 
U1 = " " ', " system 

= U, + Uj +•'...• 
The generating costs are here expressed as monetary amounts per unit of 
electricity generated. 
29. Although this form of breakdown has the advantage.of being expressed in more 
or less familiar terms, it is.inconvenient when assessing the effect of any change 
in station load factor since, other things being equal, any such change will 
change the discounted electricity generation Щ in the same direction and the 
station generating cost ĉ  in the opposite direction. This disadvantage is 
avoided in the form of breakdown defined by the alternative relationship 

К = К , ( E I / E . ) + .KA (Ha/E),- + ... 

where 
К ~ present worth cost of system 

= " " " " stations of .type i. 
Ej = discounted capacity commissioned of stations of type i 
E = " " " throughout system 

= Ev+ E2 + and Ej/E replaced U./U as the system fraction. 

30. The present worth cost of a station is the present worth at its on-power 
date of the total expenditure on it per unit of electrical capacity. If, for 
instance, thé discount rate is per annum and if the station lifetime is 25 
years, then 



^^amortisation Îatë''- 0»Ö8 x Í'Ов25/(1 -}• ; ' 
. - -0-0937 yr-v^,/..,/-:::;" . • 

If the fixed and running components of the discounted mean generating,cpst of 
tiré'station are 2*5 and 1 »5 Ml/kWh respectively then 

Present Worth Cost of fixed component - 2-5 x 365 x 24 x 103/0*0937 

- 234 ¡f/kWe 

Present Worth Cost of running component =.1*5 x 365 x 24 x 103/0*0937 

= 140 ¡fc/kWe 

If the discounted mean load factor is 75$ then 

Present Worth Cost of station - 234 + (0-75 x 140) 

. = 339 $/kWe 

31. The discounted capacity commissioned is merely the electrical output of 
the stations commissioned at any point in time discounted to the base date, 
summed over all relevant stations. For stations of type i it may be derived 
from the relationship 

where L^ is the discounted mean load factor. 

The dependence of Uj. on Ц is now largely offset on division by Lj to obtain 
E^, which thus reflects the pattern of station'installatioh with little or no 
reference to the amounts of electricity they generate. The:effect of Li is 
now largely confined to Kj,. For each station type, the fixed and running com-
ponents of the discounted mean generating cost, the discounted mean electï-icity 
generation and the discounted mean load factor are given in the summary-output 
-of the DISCOUNT programme so that the required quantities Kj, and Ui are readily 
obtained. 

32. The required breakdown can now be presented as in Table 2. • 

TABLE 2 

Presentation of Results 

Ststltm Typ« i ;4 i counts Uí-an QysnUtle« | Kuwberie«* Veto»« 

• 

; 

Lead Ftetot (t) 
fcimnlrvg Cost 

• 

Running Cost s L МЛ**) 
Fixed Ccet С ' * ) 
Sittim Cost <" * ) ' - • ' 

SfsteBll PrftсtiSfl 
Cet»trlb«tïwi to Sy»tm cû*t 

• 

' 
I Syetum Cost (ft/ks«ï I \ 
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Successive blocks of rows' are Allocated to each station type, that for afiy 
type i being here shown in more detail. The Fixed Cost and Running Cost shown 
are the fixed arid running components of the mean generating cost, converted to • 
present worth costs. The product of Running Cost and Load Factor is added to 
the.Fixed Cost to obtain the mean present worth cost of stations of type i. . 
Thiá result is then multiplied by the system, fraction to give the corresponding 
contribution to th- mean present worth cost of the system. Finally, these con-
tributions are summed to give the mean present worth cost of the.system itself. 
This system cost may now be multiplied by E, the total discounted capacity 
commissioned,, to give the total present worth of expenditure on the system. 

33. , This' form of presentation has several advantages. In the first place it 
can reveal errors in the data. If, for instance, the Fixed Costs in the table 
for one type of station are lower than those of another which is known to have 
lower capital costs, some instants of time may have been missed in preparing 
the cost data for the first type of station. Secondly, it can show the way 
in Vilich the different types of station interact in contributing to the overall 
system cost. Replacement of a thermal reactor by one of improved .conversion 
factor, for instance, will almost certáinly increase the system fraction of 
any fast breeders and the consequent benefit to the system may then be seen to 
depend largely on the cost differential between thermal and fast reactors. 

Internal- Rate of Return 

34. Whilst there is no difficulty in calculating the present worth of any 
sequence of cash flows such as those generated by a nuclear power system, the 
calculation of an internal rate of return requires a pattern of cash flows 
having broadly the nature of an investment followed by a series of gross profits. 
In calculating the rate of return for a nuclear power system, an investment 
content is readily provided by expenditure on development. Since this develop-
ment is. presumably, intended to lead to a nuclear powéï system which is more 
economic than the system that would otherwise have been adopted, a gross profit 
content of the cash flow pattern is provided by the difference in cash flows, 
at each point in time, between the two alternative systems. Although calcula-
tion of a rate of return thus seems to require the specification Of two alterna-
tive systems, it does yield an immediately significant result, but the 
rèquirements for a meaningful present worth analysis are surely no less. 

35. The required differences in cash flows are readily.obtained from the 
DISCOUNT outputs for the two systems considered. These may then be fed into 
a computer program such as CASHFLoi5) and the internal rate of return determined. 
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C a t e g o r i s a t i o n of t h e Compo:ner;ta of Nuc lea r Power Cost 

The most fundamenta l approach to e l e c t r i c power g e n e r a t i o n cost 

c a l c u l a t i o n i a based on t h e r equ i r emen t t h a t , a f t e r a p p r o p r i a t e correo~ 

t i o n f o r the " t i m e - v a l u e of money", t h e sura of a l l cash incomes roust 

equal t h e sum of a l l cash o u t f l o w s . From t h i s p o i n t of view it i s im-

p o r t a n t t o know the amounts o f -money-pa id o u t and r e c e i v e d and t h e c o r -

r e s p o n d i n g t i m e s , t o g e t h e r wi th the r u l e s f o r comparing payments and 

r e c e i p t s o c c u r r i n g a t d i f f é r a n t t i m e s . Thus the breakdown of the ge-

n e r a t i o n c o s t i n t o c a t e g o r i e s such as " c a p i t a l " and " o p e r a t i n g " c o s t s , 

o r " f i x e d " and " v a r i a b l e " c o s t s , or " d i r e c t " and " i n d i r e c t " c o s t s , e t c . 

i s somewhat a r b i t r a r y . 

On the o t h e r hand, the breakdown- of o v e r a l l g a ñ e r a t i o n c o s t s i n t o 

a number of c a t e g o r i e s and s u b - o ä t e g o r i e s . . i s . u s u a l l y requi red , f o r f i n a n -

c i a l , l e g a l and t a x a c c o u n t i n g r e a s o n s , ana i в needed in o rde r to, make 
r a t i o n a l management d e c i s i o n s r e g a r d i n g inves tmen t p l ann ing and system 
o p e r a t i o n . 

As i s e v i d e n t f rom a p e r u s a l of t h e pape r s p r e s e n t e d a t the IAEA 
Symposium ort I n t e r n a t i o n a l Comparison of Nuclear Power Costs ^ t h e r e i 3 
no one g e n e r a l l y ~ a c c e p t e d fo rma t f o r breakdown of n u c l e a r power c o s t s . л / 
The "Guide f o r Economic E v a l u a t i o n of Nuclear Reac to r P l a n t Designa" ^ 
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recently i s s u e d b y t h e USAEC s u g g e s t s s u m m a r i s i n g e l e c t r i c e n e r g y g e n e -
r a t i o n o o s t s i n a f o r m a t , s i m i l a r t o t h a t ' s h o w n i n T a b l e 1 . P l a n t i n v e s t -
m e n t i s s u m m a r i s e d i n t w o l i n e s i n T a b l e 1 | h o w e v e r , t h e " G u i d e " s u g g e s t s 
a d e t a i l e d breakdown i n t o 1 3 4 o r m o r e s a b - a c c o u n t s i n c l u d e d i n t h e 
e l e v e n - a c c o u x i t o u t l i n e s h o w n i n T a b l e 2. O p e r a t i o n a n d m a i n t e n a n c e c o s t s 
a r e f u r t h e r b r o k e n down b y t h e " G u i d e " a s s h o w n i n T a b l e 3 . S i n c e t h e 
s u b j e c t o f t h e p r e s e n t p a p e r i s t h e c a l c u l a t i o n o f . f u e l c o s t s , t h e s i g n i -
f i c a n c e o f T a b l e s 1 t h r o u g h 3 i s t h a t t h e y i n d i c a t e w h a t i s a c t i n c l u d e d 
i n t h e f u e l c o s t . I t i s i m p o r t a n t t h a t a l l c o s t s Ъе a c c o u n t e d f o r i n t h e 
o v e r a l l g e n e r a t i o n c ô e t , e v e n t h o u g h t h e r e may 'be d i f f e r e n c e s o f o p i n i o n 
a b o u t w h i c h h e a d i n g s t o u s e i n t h e / b r e a k d o w n f o r m a t a n d w h i c h c o s t i t e m s 
a r e to b e i n c l u d e d u n d e r e a c h h e a d i n g . ( F o r e x a m p l e , h e a v y w a t e r ig o f t e n 
c o n s i d e r e d a n o n - d e p r e c i a t i n g a s s e t , r a t h e r t h a n a d e p r e c i a t i n g a s s e t a s 
i n T a b l e 2 ; a n d t h e h e a v y w a t e r c o s t s included i n T a b l e 3 a r e sometimes 
c o n s i d e r e d t o b e p l a n t c a p i t a l i n v e s t m e n t c h a r g e s , r a t h e r t h a n o p e r a t i n g 
a n d m a i n t e n a n c e c o s t s . ) 

F i g u r ® 1 i s a g e n e r a l i z e d s c h e m a t i c d i a g r a m o f t h e n u c l e a r f u e l c y c l e . 
T a b l e 4 s h o w s t h e f o r m a t f o r s u m m a r i z i n g n u c l e a r f u e l c o s t which w e w i l l 
шз® for t h e p u r p o s e s o f t h e p r e s e n t d i s c u s s i o n . I t i s s o m e w h a t m o r e de-
t a i l e d t h a n t h a t s u g g e s t e d i n R e f e r e n c e 2 , f o r c o n v e n i e n c e i n d i s o u % s i n g 
t i m i n g of f u e l c y c l e e v e n t s a n d i n c o m p a r i n g d i f f e r e n t fuel c y c l e s . ' ' G e n e -
r a l l y j n o t a l l o f th© h e a d i n g s a x © n e e d e d t o d e s c r i b e o n e s p e c i f i c f u e l 
c y c l e ; F i g u r e 1 a n d T a b l e 4 a r e , o f c o u r s e s o v e r s i m p l i f i c a t i o n s i n that 
t h e t i m e - q u a n t i t i y r e l a t i o n s h i p s o f t h e f u e l c y c l e a r e n o t e x p l i c i t l y d i s -
played. F o r a quantitative d e s c r i p t i o n o f t h e f u e l c y c l e , i t i s n e c e s s a r y 
t o b e g i n w i t h t h e r e a c t o r p h y s i c s m a s a b a l a n c e a s h o w i n g h o w m u c h o f e a c h > 
f i s s i l e a n d f e r t i l e i s o t o p e i s t o be c h a r g e d t o a n d d i s c h a r g e d f r o m t h e 
r e a c t o r a t w h a t t i m e s d u r i n g i t s o p e r a t i n g l i f e t i m e . P r o m t h i s t h e q u a n t i -
t i e s a n d t i m e s a n d c o s t s a s s o c i a t e d w i t h t h © v a r i o u s f u e l c y c l e s t e p s c a n 
be d e r i v e d . E x c e p t i n t h e simplest c a s e s , a n d t h e n o n l y a f t e r " e q u i l i b r i u m " 
h a s b e e n r e a c h e d , t h e quantities a r e n o t c o n s t a n t f r o m y e a r t o y e a r % a n d 
e v e n i f t h e y w e r e t h e a n n u a l o o s t s w o u l d n o t b e c o n s t a n t b e c a u s e o f e x p e c t e d 
c h a n g e s i r i t h e u n i t c o s t s o f f u e l c y c l e . . m a t e r i a l s a n d s e r v i c e s w i t h time. 
T h u s t h e a n n u a l a n d u n i t c o s t s i n d i c a t e d i n T a b l e 4 h a v e t o . b e s o m e k i n d 
o f a p p r o p r i a t e a v e r a g e o v e r t h e S u e l e a r p o w e r p l a n t e c o n o m i c h i s t o r y i f 
t h e y a r e t o b© m e a n i n g f u l . 



The Calculation of Present-Worth Level!gad Unit Costs 

Given a time schedule of payments for fuel cycle.materials and services 
and amounts of energy sold, the unit direct fuel cost can be calculated 
simply by summing the payments and dividing by the total 'amount of energy 
sold. . The individual components of direct fuel cost can be calculated si'-
Bdlarlyj > e.g.y the unit direct fabrication cost.is obtained by dividing 
the sum of all payments for fabrication by the total amount of energy sold. 
There is no adjustment for the time value of money in calculating unit 
direct costs. 

The category of indirect costs usually includes 
(1) "return0 on investment (also referred tOj depending on usage and 
circumstances, as "interest" and/or "profit", or "cost of money"), x 

(2) taxes on investment or on return on investment, and 
(3) other costs related to investment, or return on investment. The re-
quirement of a return on investment is the basis for the time value of 
money and can be expressed by stating that an investment of one monetary 
unit at a given point in time must be repaid at a point "t" time units 
later by 

jt i л . -\t e° or (1 + 3.) . 

monetary units, where "J" is the continuous compound rate of return on invest-
ment and "i" is the effective rat® per unit time period, usually one year *. 
Por example, if taxes equal to a fraction of the investment plus a . 
fraction "f2" of the return on investment plus a fraction "fy of the gross 
revenues must Ъе paid at the end of each unit time period, then in order 
to recoup all costs associated with a unit monetary imrestaent in fuel' 
at t *.0 a revenue must be received at t » 1 equal to. 

j 1 + i • + fgi j / (1 - f,) 

monetary units. Of this total cost one unit is direct cost and the re-
mainder .is indirect cost» This example is oversimplified 'because there 

The relationship between i and j is given 
ЪУ i e3 1» or . j * In (l 4- i) 
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iä only one expense and. one income, separated by exactly one time unit, 

acá because actual tax calculations are frequent^ more complicated than 

indicated. Also, other types of taxes and other expenses (such, as pro-

perty insurance) related to investment may be involved. Because nuclear 

power plants typically require substantial investments in fuel well ahead 

of receipt of the corresponding power revenue, indirect costs can be a 

significant' fraction of total costs. For enriched-uranium fuel cycles, 4 

indirect costs of 20 - 40 fa of total fuel cycle cost are not unusual, with 

relatively lower indirect costs for natural-uranium fuel cycles and re-

latively higher ones for fast-breeder fuel cycles being typical. 

An equivalent statement of the time-value-ofmoney expressions used 

above is to say that in order to obtain the present worth (01* present 

value), at reference time (t » 0), of an income or outgo at time t it must 

be "discounted*' by multiplying by the factor e"*^, or (l + with 

i and 3 sometimes being referred to as discount rates rather than aa in-

terest rates or as rate of return on investment. The validity of the pre-

sent worth method of calculating costs rests entirely on the fact that a 

tabulation Can be construeted. showing the gradual recovery (payout) of the 

investment, plus interest, over the life of the project. The mathematical 

relationships are developed in Appendix Ï. Eeré we will simply state that -

in order for a project to meet the test of payout of investment the present 

worth of all cash incomes must be equal to the present worth of all cash 

outflows. Considering only the fuel cycle component of nuclear power cost, 

we can write, for & given power reactor plarrfc, , 

- S с + 2 2 . Cv y** 
eilt sil t all к 5 all Л all íx ^ 

ftn В д » amount of energy sale revenue received at time t 
allooatabie to fuel cost$ 

к « an index indicating tfc® category of direct fuel cycle 
cost (or credit) involved (U„0g purchase-,• '.fabrication, 
reprocessing, Pu-eale, etc.)}"* 

C, . « i direct fuel cycle cost (or credit) of category к paid 
ICT X ' (or received) at time t ? 

i 



Ь « an index, indicating the category of indirect fuel cycle 
cost involved, including taxes and insurance on investment 
or return oft investment, but excluding return on investment . 
itself (which is taken care of by the present-worth factor e ); 

C, . « An indirect fuel cycle cost of category h paid at tiœe 
hy с ' 

There Is no requirement that the t* з be equally spaced, or that they all 
be positive in signj however* it is common to group revenues and expenses 
into unit time periods* (years, half years, quarter years, or even months) 
and write the present-worth criterion as 

Щ * A ^ ^ * t b (1 - i)"n •+• с n»l all r, - all к * all h * 

wheres n « a subscript indicating the time period number, with 
n == 1 beiftg the first period in which energy sale 
revenue ,is received, and n « i being the last revenue 
period, The whole range of в, from negative numbers 
to пийБегs greater than îi, includes all periods in 
which ftóel costs (or credit®) .are paid (or received)$ 

w Rr e ®everiUe received in period n all. о eatable to fuel cost, 
4 with.p « unit price of energy and E « amount of 

energy? 
C^ * fuel cycle direct cost (or credit, if negative) of 
.* 9 category к paid (or received) in period щ 
С. » fuel cycle indirect coet of cat^goiy & paid in period n> 12 9 21 ".;> 

There is no requirement that pR actually be level (unchanging) with time; 
however, a present-worth-levelized unit total fuel cycle cost which would 
meet the payout criterion can be defined &e 

N 

рт ж - — Ж 

P n \ d + i) 2 1 . (1 • I)"n 0 n * z l i С 
all n Ч й Х к all Ii *** 

M i + i Г а S M b i ) a 1 ' n n*l n«l 
-n 



tïnit direct fuel cycle costs are- defined as 

Pi) - Fn / > a i 

where 

all n / й' « 1 a 

T 7, 
ïï % « 

. all к r 

The unit indirect cost is gives by the difference between total and 
direct coste. ч 

i -
The present-worth, calculation, of total and indirect unit fuel cyclo 

costs as outlined above is straightforward only if all of the indirect 
costs 0. are independent of the energy sal® revenues p ® . If they Ufu П il 
are not independent thè; calculation "becosaea ал iterative ( trí&l-and-error) 
solution for first assuming a value for jy (and assuming that Рп

тР% % 
or knowing how t varies with a) in order to evaluate th© С, ^ and then „ я 

calculating p^ to determine whether it agrees with the assumed value. 
While an iterative solution is feasible using a high-speed oomputer, it is 
preferable to use modified present-worth equations of the typ® derived in 
Appendix I, in which the revenue-dependent CL „ terms do not appear ex-
plioitly. For example, let us consider the case In which th© only indi-
rect cost other than return on investment is & tax equal to a specified 
fraction of "taxable income" (or "profit"), defined as follows? 

• ¿ Z V - k 2 "" Ъ \ ~ ЧЬГп} 
all h 

* T . 
n 

with kg » income tax fraction, 

•...:. , T « the income tax, and -
n 

i.bY ш interest paid la period n on o n 
borrowed mortêy (®ee Appendix I) 



' ^ \ A. In this case the levelized unit total fuel cost is. given by*'1 

O ( i . x r r 

• b m 8.11 П . -j / k 2 N 

(i - к J ' L - л d + х Г а b¿-
all n 

whereî X * the "after-tax cost of money" 

i - k^ijbj 

b = fraction of unrecovered fuel cycle investment which 
is bos-rowed (i.e., "debt" capital, as distinguished 
from "equity" capital), assumed to be a constant} 

i^ » cate о? interest paid on debt. 

The levelized unit indirect cost is 

% e % PD 

The use of these equations to calculate direct and indirect unit fuel 
cyole costs, and their component paits, Is best illustrated by a sample 
calculation, presented below. 

Sample Calculation of Equilibrium Fuel Cycle Cost 

Table 5 lists the assumed fuel cost-tim© schedule for a hypothetical 
power reactor which has reached a steady-state ("equilibrium") operating 
pattern with one fourth of the core being replaced each year. For this 
simplified equilibrium case, in which the operating and economic history 
follows a simple repetitive pattern, we can calculate the unit total fuel 
cycle cost and break it down into its airect and indirect components by 
following a single.batch of fuel; through the system. Table 5 also shows 
the unit'direct cost and its component parts.; The credit for recovered 
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uranium could be broken down аз follows s 

i 
Equival en t . v a l u e ' - 266,000 
" conversion value " 35,000 
" enrichment valus, " ( 28«000) 

$ 273,000 

If the recovered.uranium were recycled instead of sold it would reduce 
the direct costs for ü-¡Qq purchase,. conversion and enrichment by the 
amounts shote$:~;; and, the unit direct costs'ïor "the©® three items would 

become 0^355* O.O46 a»d 0.409 mills/kwh©,' respectively« 

Table 6 shows the present worth calculation of unit total costs 

for this equilibrium fuel cycle for the case where the only indirect 

cost is a return on investment of 2 fo per quarter year (8*24 $/yeár)* 

The difference between the unit total cost in Table 6 and the unit direct 

cost in Table 5 is the indirect cost for this case. Note that the in-

direct costs increase the U,0g purchase, conversion, enrichment and fabri-

cation costs but decrease the recovery cost, the difference being that the 

first four are expenses which occur before,receipt of energy sale revenues 

whereas recovery is an expense which occurs after revenue receipt. Por 

th© same reason the total credit for recovered uranium and plutonium is 

less than the direct credit» 

Table 7 shows the present worth calculation for a return on investment 

of 2 fe per quarter year where the indirect costs include also an income 

tax of .50 fo of taxable ; income, for an assumed capital structure of two-thirds 

debt a,t 1*5 % per quarter (6Л4 ^S/year). and one-third equity at. 3.$ per,,, 
quarter (12.55 #/уввсг)« This gives v.: ; v ;} -.,, 

i - (2/3) (.015) ,*-(Уз)(,03) * 0.0? , , 

and X » .02 - (.5)<2/3)(.015) «0,015 
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Sinoe the return on 'investment is the same for Tables 6 and 7 « the 
difference in unit total cost represents the income tax component. 

It is interesting to note that the indirect cost of 0.288 mills/kwhe 
in Table 6 is equivalent to an expense of I 65,100/quarter for this one-
fourth core, which is equal to a 2 °ß> quarterly return, en a hypothetical 
level investment of $-3,254*000. (or about $ 13 million for the full 
50"0 MWe reactor core}. This value may ::be thought of as the effective 
level!aed equilibrium fuel cycle working capitalt including both in-core 
and out-of-oore inventories. For Table 7 the 0.423 ffiills/kwhe unit 
indirect cost is equivalent to I 95i600/duart®r, which is ©qual to a 
3 fo per quarter fixed-charge rate on $ 3,154*000 ($12,6 million for the 
full core). The fixed charge rate (on,a hypothetical non-depreciating . 
investment) is made up of 

interest on debt 
plus return on equity 
" income tax 

TOTAL « 0*03 

Table 8 is a payout table constructed to present the cash flows 
corresponding to the conditions presented in Table 7« Except for a 
small cumulative round-off error5 the fact that the outstanding invest-
ment Y goes to zero at the end of period 18 (beginning of period 19) 

ТАЛ ' 

is the proof that the unit total cost calculated in Table ? satisfies 
the payout criterion. 

The negative values of income tax in Table 8 are assumed to be 
taken as credits against positive income taxes payable by the system 
as a whole. 

Ion-Equilibrium Fuel Cycles 

The results of the calculations presented in Tables 5» 7 and 
8 aay b® thought of as an "equilibrium" fuel cycle cost, or perhaps 
better thought of as the "current" fuel cost for a particular batch 

» bi. « 0*01 ID ' 
» (i-b)i » o . ta 

« k2(l~b)ie/(l-k2b 0,01 
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of" fuel out of the. many which pass through, the reactor during its life, 
ffiie leveliaed total linit fuel coat for the power plant over its life-
time is what is usually desired for evaluation of proposed, projects, 
and this must Ъе the appropriate present-worth' average over all cf 
the fuel hatches. Once a tabulation has been prepared listing all of 
the expected direct fuel expenses "(and. the revenue-independent indirect 
expenses, if any) and" their corresponding times of payment over project 
economic life, the calculation of unit direct coats and present-worth 
leveliaed »hit total' and tuait indirect oosts can. proceed in much the 
same manner as ш hâve done" for a single fuel batch in the preceding' 
section-. Thé unit -total cost' for the full plant life typically will 
Ъе higher than the equilibria»'unit total cost (if nuoh is ever 
achieved) because first cores usually have lower burnups and higher 
unit charges for fuel cycle services than equilibrium cores. The 
difference is accentuated by the fact that'first-core costs have a 
larger weight in:the overall average than later costs because of the 
aime value of money. 'Also, there may be additional fuel costs in the 
complete cash flow tabulation which we did not consider a part of 
equilibrium fuel cycle cost, for example the extra fuel working capital 
requirement for providing a certain number of "reserve" fuel elements 
in inventory- at all times, Another important possible difference in 
current or equilibrium costs and levelized lifetime costs is the 
affect of assumed changes in fuel cycle service unit charges (usually 
projected to decrease with tiae, at least on a non-inflationary basis) 
and fuel material, unit prices (usually..projected to increase with 
time)* 

Because project economic life may be 30 years or more (.from 
first purchase of fuel material to.receipt of credit for recovered -
material some time after final reactor shutdown) it is common to use 
one-year periods in constructing a cash-flow chart for evaluation 
purposes, though utilities usually do their financial accounting on a 
shor-ter-term basis, and though this may cause some errors in calculat-
ing indirect cost components for fuel cost categories some of which 
occur early in a year and others late in the зате year. Indeed, in 
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doing hand calculations on© is tempted to make as many "short outs'1 

as possible; however, there is a growing trend to utilize high speed 
computers to do the routine ^rithisetio operations on as fine a time 
grid as practical and use ones manpower resources to prepare th© best 
possible input data f o r t h e computer to use. 

ADDENDUM 

Figure 2 is a schematic representation of the variation of un-
recovered fuel cycle investment with time, based on Table 8. Table 9 
shows the in-core and out-of core "inventories" during the four 
quarters of an "equilibrium" year, based on Table 8. Parts I, II and 
III of Table 10 are similar to Tables 5, 6 and 7, respectively, 
except for a hypothetical heavy water reactor (HWR) instead of a BWE. 
Table 11 shows a sample calculation of the levelized direct, total 
and indirect fuel costs for an assumed 30-year HWR history. 
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Figure 1, Schematic Generalized Nuclear Fuel Cycle 



Unrecovered Investment at Beginning of Period, "Yn"> 8x10 



Table II 

Format for Summarizing Electric Energy Generation Costs 

Cost Component 
Capital Cost Fixed Charge 

x 106) 
¿Bate V 
/ year; 

Annual 
Costr 

{$ x 10°) 
Unit Snergy Cost 

^s/kWh) 

1/ 

4 / Plant Investmen 

Depreciating Assets 

Kondepreciating¡Assets 

Subtotal j iPlant 

Operation and Maintenanc 

Direet Cost 

Working Capital 
Subtotal, 0 & M 

Fuel-
Direct Cost 
Indirect Cost 

Subtotal, Fuel 

Revenue 5 / 

TOTAL GSHEBATION COST 

1/ 
"1/ 

1-

Uotess Mai, and an l/ Based on design"net electrical capacity of 
assumed plant factor of ja 

2¡ From Table 2 ',. 
3/ From Table 3 
4/ From Table 4 
^J Any income from other -than sale of electrical energy, except for 

that already included in fuel cost analysis.; 



Table II 

Format for Summarizing Plant Capital Investment 

Account 
Number 

Account Title Cost ( 1.x 10 ) 

5IRECT=C0STS 

Nondepreciating Assets 

20 Land and Land Right's 

Subtotal, Nondepreciating-
Assets i 

Depreciating Assets 

26. Special Materials (including 
Moderator/coolant) 

Physical Plant 

21 Structures & Site Facilities 

22 Reactor Plant Equipment 

23 Turbine Plant Equipment 

24 Electric Plant Equipment 

25 Miscellaneous Plant Equipmènt 

•Subtotal, Physical Plant 
Direct Costs v 

iroiRECT_COSTS (All Depreciating Assets) 

91 

92 

93 

94 

Construction Facilities, Equip-
ment and Services 

Engineering Services s 

Other Costs 

Interest During Construction 

Subtotal, Indirect Costs. 

Subtotal, Total Depreciating 
Assets < 

TOTAL PLANT CAPITAL IWESÏMEFT 



Table II 

Format for Summarizing Operation and Maintenance Costs 

Annual Costs (} x 10j). 
Part Is ?Heet_0_&JM_Costs 

' Staff'Payroll _ 

Fringe Benefits 

Subtotal, Staffing 

Consumable Supplies and Equipment 

Outside Support +. ..Services 

Miscellaneous 

Subtotal 

General and Administrative , / 
( fa of preceding items)-' 

•Coolant/Moderator Make-up Purchases 

Nuclear Liability Insurance 

TOTAL DIRECT ANNUAL COST (excluding fuel)-

Part 2s £_§=¥_foïking_Çapit^
 : Amount ($ x 10 ) 

Average Net Cash Required 

• io of Annual Direct 0 & M Costs ex-
2/ 

eluding Nuclear Liatdlity Insurance —' 

% of Nuclear Liability Insurance 
Annual" Cost ' 3/ 

Materials and ..Supplies....in Inventory 

AI, % of Annual Purchases of -У consumable 
Supplies and Equipment 

fo of Annual; Purchases, of Make-up 
Coolant ./Moderator 5/ 

TOTAL 0 & M WORKING CAPITAL 

Notes s Typical values .f or percentage items are s 
a 15 & 2/2,7 fo, 3/ 50 /о, у 25 /о, у 25 f> 



Table 4 

Format for Summarizing 
Nuclear Fuel Costs 

Component * Annual (2) 
Number Cost Component Description Costs Unit Costs (l) 

($ X 103) (mills/kWh.) 

ШЕ£СТ COST COMPONENTS 

la Purchase"of Natural U^Og and ThO^ 

lb Conversion of U-jOg to UI" (3) 
(if applicable) 

lc Isotopic Enrichment 
- (if applicable) 

2 Credit for recovered U-235, 
" U-238 and Th 

(if applicable): 

Subtotal, Items 1 and 2 

Purchases of Pu and Ü-233 
(if applicable) 

Credit- for recovered Pu and U-233 
(if applicable) 

Subtotal, Items 3 and 4 

Fuel material preparation and 
fuel- element fabrication (4 ) 

Spent fuel reprocessing, 
including reconversion to UFg 
and ultimate waste disposal 
(if applicable) 

Spent Fuel Shipping • 

Subtotal, Items i and 7 



Table 4 (Cont.) 

Component 
Number Cost.Component Description 

Annual (2) 
Costs V Unit Costs (l) 

10J) (milis/kWh) 

INDIRECT COST COMPOIfflTS 

8 

9 

10 

11, 

Related to items 1 and 2 

Related to items 3 and 4 

Reläted to item 5 

Related to items 6 and 7 

Subtotal, Indirect Costs 

TOTAL FUEL COST 

Notes - (l) The unit direct costs are arithmetic averages over the plant life. 
The unit indirect Costs, and unit total cost, .are "present-worth-
levelized" averages based on an appropriate adjustment for the 
differences in timing between payment of fuel cycle costs and 
receipt of.revenues from electric energy sale. 

(2) Annual costs based on plant design net electric capacity of 
and assumed plant'factor of. 

MW 

(3) Including shipping of U^Og to conversion plant and shipping of UF 
to onrichmcnt plant. 

(4) Including shipment of fuel materials to preparation and fabrlcati 
plants, and shipment of fabricated elements to reactor. 

6 

on 



Tabla 5 

Cost ...Assumptions and Calculation of. Uni t Direct_.Ôost.. 
for ä Hypothetical Equilibrium Fuel Cycle 

Basis s A hypothetical 5OO MWe BVffi in a projected I9SO economic'environment 
(but using "1968 dollars"} allowing for assumed economies ofscale and leaiting 
but with ao .correcti.os. fQC..inflationary effects), Burnups 30,400 MWd/MT. 
Thermal efficiency: 33.0 Specific power: 25.3 kwt/kgtf. Initial enrich-
ment« 2.72 $> U-235. Discharge enrichment: 0.64 $ U-235, 0.59 ^.fissile Pu. 
Ratio of-и--die-charged toÜ.charged! O.959. Losses: 0.5 fo conversion, 0.5 ^ 
fabrication, 1 $ recovery. Plant-factor'. 82.4$. U,0g cost*. I 8/lb. 
Conversion cos t : $ Ü... Enrichment cost: $ 26J/ SW Unit. Fabrioation 

costs $ Í9/k¿ Ü. Recovery cost: $ 32/kg ÏÏ. Diffusion plant tails: 0.2 $ ÏÏ-235. 

TIïïiô 
.. \ Fuel Cycle Event Payment Unit Direct Cost 

( m 0 n t h s ) U ) (mills/kWhe) 

12 Pay for U^OQ ls550,000 O.429 

9 Pay for conversion to UFg 200,000 0,055 

6 Pay for enrichment 1,450,000 0,401 

3 Pay for fabrication 585,000 0.162 

0 Charge fuel into reactor 

. .., . (Generate 3,615,000 MWhe) 

4ß Discharge spent fuel 

51 Pay for .recovery 460,000 0,12? 

54 Receive: credit for recovered 
Uranium ( 273,000) (0.076) 

Receive credit for recovered 
Plutonium ( 790,000) (0.219) 

TOTAL DIRECT COST 3,182,000 
« »«Jessie«: esse 

0,880 
•csesiBMte 



'Table. 6 

of Present-wor-th level i zed. Uni t Costs 

for the Equilibrium Puel Cycle of Table 5 

Basis $ No income tax. Rate of return on investment « 2 ^/quarter. Unit 
indirect cost equal to unit tota}. cost minus unit direct cost frora 
Table.5» Revenues assumed to be paid in 16 equal quarterly install-
ments, beginning 3 months after-fuel is charged into realtor*. 

P T 
1 : F n 

V Ci+t)""- Kn 

JLxb 
-n 

n 

1,067,000- MWhe 

r ~ 
Time 

(quarters) 
• 

Presents-worth 
Factor 

(1,02) ™ n 

Payment 
(P ) 4 n' 

(S 1000) 

Present worth 

(s 1000) 

Unit Total 
Cost 

(ïnills/kwbe) 

ïnit Indirect 
Cost 

(mills/kwhe) 

- 4 1.0824 1,550 1,678 0.547 0.118 

- * 1.0612 200 ; 212 O.O69 0,014 

- 2 , I.O4O4 1,450 1,509 0.492 0.091 

. . . 1.0200 588 597 0,195 О.ОЗЗ 

* 17 O.7I42 460 329 0.107 (0.020) 

V 18 O.7OO2 : (273) (191) (O.O62) 0.014 
; (790) (553) (0Д80) o»039 

. TOTALS .3,182 3,5.81 1.168 0.288 
SS ES BS SS KS tftS ивзйгийж» «»«авяг eCttSBSSSSft 'SSRWK 



Table 7 

Sample Calculation of Present-Worth Level 1 ¡sed .Fuel Cycle Costa 

Showing Influence of Income Tax 

Basis î Same as Table 6 except with income tax. « 0.5 | b « O.Ou,. 

Ijj » 0 »015/quarter: ? i » О.ОЗ/quarter. 

i « hi. + (1 - b)i 

« i - kgbí^ 

Kl 
•p. 

-n 

0.02/quarter 

0.015/quarter 

n 
T 

^ ¿ J 
-a T? А 

к. 

l~k„ 
) V ъ 

(l+X)Va .S « 3,194,000 

j Time 
t (quarters) 

Present-worth 
Factor 

(1,015) ""n 

: Payment 

($1000) 

Present worth 

($ 1000) 

Unit 
Total Cost 
(mills/kwhe) 

Unit 
Indirect Cost 
(mills/kwhe) 

1.Ô614 1.550 1,645 0.601 O.172 : 

- 3 I.O45? 200 209 0,076 0.021 
' - 2 I.O3O2 1,450 1,494 О.5З5 0.134 
- 1 I.OI5O 585 594 0.210 O.O48 
+ 17 0.7764 46O , 357 O.O96 (0.031) 
+ 18 O.7649 : ( 273) (209) (O.O55) 0.021 

( 790) (604) (0.159) 0.060 

TOTALS •3,182 3,486 I.303 0.423 
sesietassi »жюявев seas» SSSSJBSflS' »assets 

_..._ : 



Table II 

Illustrative Payout Table for the.Case of Table 7 

Basisî Y « 0»0 о 
Y Y n+1 0 + i, bY + b n ie(l-b)Yn * ¥ + T n Ti 

Й n 
T « k_ n 2 < \ - ibbY - К ) n f ,ny 

•ts 

[Period ' 
[number 
! U ) 

Y n i, bY b n ie(l-b)Yn 

i 

F • i H n j n f ,n T n 

1 - 4 

„„„., „,.„ 
. 0 . 0 . 0. . 

1 
1 ,550 . n 0 . 

1 0 . 0 . 

i 3 1 , 5 5 0 . 0 15*5 I 5 . 5 ' 200. • 0 . 0 . ( 7 . 8 ) 

- 2 1 , 7 7 3 . 2 1T.7 I 7 . 7 1 ,450 . 0 . ¡ ( 8 . 9 ) 

- 1 3,249-7 З2.5 З2.5 585. 
• 

0 . 0 . (16 .2 ) 

1 0 3 , 8 8 3 . 5 38 .8 38 .8 0 . 0 . 0 . 519.4) 
j +. 1 3 ,941.7 39.4 З9.4 0 . 294.4 198.9 I 280O 
! ? 2 3 , 7 5 4 . 1 З7.5 З7.5 0 . 294.4 198.9 29.O 

• 5 
3 

! 
3 ,563 .7 З5.6 З5.6 0 . 294.4 198.9 30 .0 

4 3 ,370 .5 33.7 ЗЗ.7 0 . 294.4 198.9 ЗО.9 
! 

! 5 3,174.4« 
• 

' 31Л 31.a 0 . 294.4 198.9 1 З1.9 
1 6 j 2 ,975 .4 29 .8 29.8 0 . 294.4 198.9 1 32.8 
I 7 } 2 ,773 .4 27.7 í 2 7 Л 0 . 294.4 198.9 1 ЗЗ.9 
I 8 s 2,568o3 25 Л 25.7 0 . 294.4 198.9 I З4.9 

1 9 2 ,360 .2 23.6 . 23»6 0 . 294.4 198.9 i З6.О 
í 10 ч 2 ,149 .0 21 ,5 2X С 3 0 . 294.4 198.9 ! 37 .0 
1 11 íj 1 , 934 .6 19 .4 19 - 4 0 . 294.4 198.9 ¡ 38.0 

12 1 , 7 1 7 . 0 
< 

17.2 . 17.2. 0 . 294.4 198.9 I 39 .1 

> 3 1,496.1 15-0 15 .0 0 . 294.4 198.9 i 40 .2 

1 41 .4 14 1 ,271 .9 
• 

12.7 12.7 0 . 294.4 198.9 

i 40 .2 

1 41 .4 

? 15 1 , 0 4 4 . 3 1 0 . 5 10 .4 0 . 294.4 I98 .9 1 4 2 . 5 * 

I 16 1 . Ö13.4 8 . 1 
• 

8 Л 0* i 294.4 198.9 j 43.7 
i ' 17 578.9 5.8 5 . 8 460, 0 . 1 ( г . 9 ) 
I 18 
i ' , 

1 , 0 4 7 . 6 1 0 . 5 1 0 . 5 {1 ,063 . ) 0 . i 2 [ (.5.2) •• 
! 

i 19У 0 , 4 ¡ 
• » 

1 • 1 
¡ 

\ ; i 
! £ ' . : 

1 
L,-,-. .„,,_„, ...t. 

Botes 1/ should be aero. The value of 0.4 shown here results 
from round-off errors.in the calculation. 



Tabla 9 

Equilibrium Fuel Cycle Working Capital Calculation Baaed 
on Table 8 

(Amounts in $ x 10 3 ) 

Period 1 V; Outstanding Investment at Beginning of Period Period 

Г In Core к i Out of Core Total 

Period 

i i II III IV Post®-Irrad. Pre-Irrad. 

;-n I 3,941-7 3,174.4 2,360.2 1,496.1 
. . . 

\ 578.9 1,550.0 13,101.3 
ю + 1 J 3,754.1 2,975-4 2,149.0 1,271.9 1.047.6 1,773.2 12,971.2 
n + 2 I 3,563.7 2,773.4 1,934.6 1,044.3 3,249-7 IS,565.7 
n + 3 J 3,370.5 2,569.3 1,717.9 813.4 3,883.5 12,352.7 

Averages» In Core» 9,727.0 
i n i i H U M 

Out,of Core» 3.020.7 
Total 12,747 Л 



Table II 

Equilibrium Fuel Cycle Cost Calculation for a 
Heavy Water teactor 

Part I 

Basis-: A hypothetical 500 MWe BWR in a projected 1980 economic environ-
ment. 
Burnup s 9 »800 МШ/МТ. Thermal efficiency« 32 Specific 
power» 2I.9 kwt/kg U. Fuelled with natural uranium. Net spent 
fuel value assumed to be zero. Fuel preparation and fabrication 
losses: 1 Plant factors 8I.8 U-Ogcostt $ 8/lb. Fabrication 
cost? $ 25/kg, ÏÏ. Fuel purchased & fabricated in 3-month-supply 
batches. 

Time Fuel Cycle Event Payment Unit Direct Cost 
(months) (*) (mills/kWhe) 

- 6 Pay for U 30 8 250,000 0.279 

- 3 Pay for fabrication 299,000 0.334 

0 Charge fuel into reactor 
(Generate 896,000 MWhe during 
18 months) 

18 Discharge spent fuel 

TOTAL DIBECT COST 549,000 
ЮП»|!( 

0.613 
BBSS SB В К 



fable 10 
Part II 

Sample Calculation of Presents-Worth Level i zed Unit Costs Without 
Income Tax 

Basis: Hate of return on investment: 2 ̂ /quarter. Unit indirect costs from 
Table 10, Part I. Revenues assumed to be paid in 6 quarterly install-
ments beginning 3 months after fuel is charged to reactor. 

j \ (l.02)~n « (149,333)(5.6014) = 836,500 MWhe 
''
 1 Q n»l 

Time 
(quarters) 

Present-Worth 
Factor 
(l.02)*n 

Payment 
*» 

(S 1000) 

$>resent 
Worth 

($ 1000) 

Unit Total Cos 

(mills/kwhe) 

t Unit 
Indirect 

Cos t 
[mills/kwhe) 

- 2 
- 1 • 

TOTALS n c s m v 

I.O4O4 
1.0200 

250 
299 

260.1 
ЗО5.О 

O.3II 
0.365 

0.676 
SBS9>®HEÏ JB» 

О.О32 
0*031 

0.063 .mmess 

Part III 

Sample Calculation with Income Tax 

Basis: Economic and tax parameters, and calculation of unit costs, as in 
Table 7. 

xi»! 
(l.015)~n E n » (149,333)(5.6922) * 850,800 MWhe 

n (l.015)~n P n 
($ 1000) 

(l.Q15)~\ 
Unit Total 

Cost 
(mills/kwhe) 

Unit Indirect 
Cost 

(mills/kwhe) 

- 2 I.0302 25O 257.5 0.326 O.O47 
- 1 I.0150 299 ЗОЗ.5 O.38Ó O.O46 

TOTALS sssesz 

1 
m 561.0 SSSflCSSS O.706 tSSSSlB 



Table II 

Sample Calculation of Present-Worth Fuel. Cost 
over 30~year Reactor Life - M R with 

Income Tax 

2 s 
Is 

Basis: Same as in Table 10, Part III, but for the whole reactor over 30-year 
life, as follows;« . 

Pay for let Core U^Og (6 x 250,000 = 1,500,000). 
Pay for 1st Core Fabrication ( 6 x 299,000 » 1,794,000). 
Pay for -U^Og for 1st refuelling batch., 
Startup. 
Pay for fabrication of 1st refuelling batch. 
Pay for U^Og for 2nd. refuelling batch. 
First refuelling. 
Pay for fabrication of 2nd refuelling batch. 
Pay for U,0g for 3rd refuelling batch. 
Receive first power revenue. , 

116: 

n = Oí 

n = 1J 

n » 2, 3, 
n -'117» 

n - 118» 

n « 119» 
n - 120» 

power 
Is n = 1 

Pay for U,0g for last fuel batch. 
Pay for fabrication of next-to-last fuel batch. 
Receive 117th revenue. 
Pay for fabrication of last, fuel batch. 
Receive 118th revenue. 
Receive 119 th revenue. 
Final reactor shutdown. 
Receive last revenue. 

PT 

PN 
all n 

« 0.638 mills/kwhe 

120 
(1-G.5)(896»000) 5~Ч1.015)~ П 

n«l 

0.5 
I-0.5 

) P D 

0.726 mills/kwhe 

O.726 - О.638 * 0.088 mills/kwhe 



Appendix I 

Derivation of Modified Present-worth Equations 

for 

Calculation of levelized Unit Energy Costs 

baaed on the Paycrat Criterion 

Recovery of Iny.estnseftt«.. Saturn on 'Investment, and Present. Worth 

The most fundamental approach to power cost calculation is based on 

the concept that incomes .received must provide for the recovery of in-

vestment during the life of the project plus some required return on in-

vestment as wèll as all cash expenses of the project. The procedure for 

calculating power costs based on this concept has been referred to as 

the "payout" or "interest rat© of return" method. The validity of the 

so-called "present-worth" method of calculating costs rests entirely on 

the fact that a tabulation can be constructed showing the gradual recovery 

•tpayout) of the investment, plus a rate of return equivalent to compound 

interestj over the life of the project. The investment outstanding at 

the end of an accounting period (the beginning of the subsequent period) 

must be equal to the.investment outstanding at the beginning of the 

period, plus the required interest rate of return during the period, plus 

all cash outflows (for capital expenditures, operating and maintenance 

coats, fuel expenses, taxes, insurance and any other cash paid out) during 

the periodr and minus all cash revenues (incomes) during the period. Using 

the notation of Table A-I. "., this accounting system is represented by 

Equation 1 a (cr l b ) 

Y 
n+1 

It" (la) 

(N„C. 0) . + (1 .+ i) I, (lb) 
n n 



Appendix I ~ 2 *** 

If, Ъу definition, the time period in which the first cash transaction 
is made is given the number."aero", and if the investment mm#t be.com-
pletely recovered by the end of period "M" (i.e. by the beginning of 
period "M + 1") we can derive from Equation 1 b the following series of 
equations describing the economic history of the project, assuming con-
stant v,i"s 

Y w 0 (2a) о 

Y, » (В-.С.О) * (l + i) Y i o о 
I» (K.C.Q) (2 ъ) о 

Yg « (Н.С.О^ + (1 + i) Yx 

« (K.C.O^ + (1 + i) <Ü.C.O,)o (2 c) 

* (t.C.O,)2 + (1 + i) Y2 

(K.C.a)2 4- (1 + IXk.C.O^ 4- (1 + i)2(H.G.O)o <2 d) 

Yn « 2 2 ( 1 * • (2 e> 
ff¡»0 

№ Ö ' 

Équation 3 is obtained by dividing Equation 2 f by the common factor (l+i) 

M 
S ^ 5 (X + i)~n(if.0.Q) « 0 (3) 
n«0 

Equation 3 may be interpreted as expressing the..requirement - tl̂ at the 
present worth (at n в o) of the net cash outflows (or inflows) over the 



Appendix I ~ 3 *** 

life of the project Ъе equal 'to sero, with (!'+ i)~n being defined as the 
"single-payment present-worth factor" (frequently shortened to "present-
worth factoi*"). Th® present-worth concept, also expressed as. the "time . 
value of money", is that an expenditure (or receipt) of one monetary unit 
at a given time is equival.ent to an expenditure (or receipt) of (l + i)"*n units 
occurring n time periods earlier. The requirement imposed by Equation 3 
is also commonly expressed as saying that the sum of the "discounted" cash 
flows must equal aero, with (l + i)"nbeing stalled the "disccunt rate". The 
same concept results in (l + i)n being referred to as the "future worth 
factor" or "single-payment compound-amount factor". Thé selection of a re-
ference time period, is arbitrary since the payout requirement imposed is the 
same regardless of which time period is taken to have a unit worth. 
Equation 4& is merely Equation 3 written in an alternative form, and can be 
interpreted as requiring that the present worth of the cash revenues (incomes) 
be equal to the present worth of the cash expenditures (outgoes). 

= . .... »«0 . n«.Q 

Strictly speaking, Equations 1 through 4 assume that all cash flows take place 
at .the end of the period (though the Y^ are values at the beginning of the 
period). Ko intra-period present-worth correction is made for the difference 
in timing of expenditures and receipts, though this can be done by the user 
in tabulating the inflows and outflows. If the periods are short enough, 
the correction becomes negligible as effectively continuous discounting 
(or compounding) is approached. 

ft may Ъе convenient to designate the first periód in' which power revenue 
is received as period "1" (instead of designating period "zero " as the one 
in which the first cash transaction is made).,.. accumulating all expenditures 
and interest in earlier periods into a single equivalent investment, ZQ, in 
the period designated "sero". Similarly, the last period in which power re-
venue is received may.be designated as and a$y cash flows accurringafter 
period К treated, as. equivalent cash flows at the end of period K. 



Appendix I 

In this case Equation 4 a becomes 4 b, where Ii is the revenue -producing 
life of the project« 

Г -N 

IIIIHIIIIIIIIA НИ. 

n«l n»0 
(ï + i)"n S « > (l + i) n(Z + 0 • + F + T + I ) (4b) 

n ¿г Л n . n n n n. . 

Modified Presents-worth Equations Showing Influence of Taxes and. Insurance 

Equations 3 and 4 can be used when all cash flows (R , Z . 0 , . . n u n 
F « T and I ) are known in advance to calculate i by a trial'and error n n n 
iteration. In power cost calculations i ийиаЦу is. specified and it 
ia desired to calculate a level unit price for energy which will satisfy 
the payout criterion. 

В «'pi +'V (5) n n n n 

:n«0 I 

M 

% + 2n * + Л * Л , " » J f ë ^ ' V 
n»0 -J| n«0 

Equation 6b is useful only if all:of the cash flows on the right-hand side • 
(Z , 0 , F , T , I , ? ) are known, in which case the.leveli zed unit л a' «' n* n' n* n' ' 
direct cost p m is calculated in a straight-forward manner. The unit direct X 
cost is given by definition, by Equation 7«' 

all n. 
5"! ( 2 •+ о +-.-P - ? ) , ч — 4 n. n . n n /<|\ 

•••• : V e 
• 1 n • 
all n 



Appendix I 

The leveli2ed indirect costs are given, hy difference, by Euqation 8. 

Pj я % "" % 

In the general case, however, at least some of the taxes may depend on 
revenues, and Equation 6 b can be solved for p,p only by trial and error 
iteration. While this is feasible using high-speed computing techniques, 
it is desirable to obtain, if possible, an explicit equation for p^. 
For some of the more common forms of revenue-dependent taxes this is indeed 
possible, as is derived in Equations 9 through 13 • It is assumed that 
there are taxes on gross revenue ("sales" taxes) and on net revenue ("income" 
taxes) as well as revenue-independent taxes (such as "property", or "asset" 
taxes and taxes on amount of energy produced). 

T « + (9) n fi,n I№,n 4 ' 

Taxes on gross revenue amount simply to a fixed fraction of H^. Taxes 
on net revenue depend on what deductions from gross revenue are allowed 
in calculating net revenue. Utilities in the U.S. are allowed to deduct 
interest on borrowed money ("debt", as distinguished from stockholder 
"equity"), operation and maintenance expense, and taxes other than the 
income tax itself from gx'oss revenues in the same year; however, depre-
ciation deductions for capital expenditures must be spread over plant 
life and depletion deductions for fuel expense must be spread over fuel 
life. Por present purposes, we will assume that revenue-dependent taxes 
are given by Equation 10. . 

i 

T0 « к , В * к- Гв. - i, bY - 0 - X - k,H - T.m - - D- 1 R,n i, n 2 "L n b n n n J.n : Ж , П Z,n f,ß Ji 



Appendix I ~ 6 *** 

Substitution of Equations 9 and 10 into Equation Is gives Equation 11a. 

Yn+1 * V + 1 - V b b > * (Zn ~ k2DZ,n} + (Fn - k2Df,n> 

+ .<°«r + V n + 1x) ^ » *2> ~ *n ^ - ^ * *2> C11») 

By definition of A and X for convenience, Eouation lib is obtained. и . • • 
which is equivalent to Equation l b . 

la the same manner as Equations 3 and 6«b were derived from Equations 2a 
through 2f, Equations 12 and 13 can Ъе derived. 

M 
J > ] (1 + An « 0 (12) 
n«0 

P,r 
n**̂  _ . .. ,,.,.„ „..,„.,;„,-„ №. 

(l-^Kl-Ъ,) (l+X)~ E 
n*0 * : 

( 1 3 ) 

Note that, by comparison with Equation 6b, Equation 13 has no explicit 
terms for the revenue-dependent tax terras? rather, the effects of these 
are present in, the tax coefficients fcj, and'kg , in the modified discount 
factor X (which is smaller than i), and in the depreciation and fuel-
depletion deductions Б„ ^ and B_ . Equations 6 Ъ and 13 are two differer,t 

¿j, Й ' I , П ! 1 "1 ' 
ways of statir.g the same payout requirement. Equation 6 b must be used 
when i used щв the discount rate-} Equation 13 tóust be used, when X is used 



Appendix I 7 

as the discount rate? otherwise, the payout criterion will not he met. 
The "cost of money" (i) and thé "after-tax cost of money" (X) are equal 
only in three distinct instancess 
(1) kg « 0 ' 

(2) i. » i « 0 and c e 
(3) b = 0 

The unit direct cost and levelled unit indirect cost are calculated 
as before (Equations 7 and 8) « The unit costs can be broken down into 
component parts by considering the plaht-investment-related items- (Z^, 
D^ plus parts of T._ and I'), operation-and-maintenance-related items f ,n - 3SR,n n'y . • 
(0 plus parts of T.TO „ and I ), fuel-cycle-related iteras (F , P„ plus П iiil.n n n I ,n 
parts of T,™ and I ), and miscellaneous-revenue-related items separately! Í3 К J ft л 
i.e., Equations 7 and 13 each can be divided into four parts, or even 
more if more detail is desired. 

The contribution of gross-revenue tax is simply fraction k^ of gross 
revenues (including the non-snergy revenues V , if any). The contribution 
of the net-revenue (income) tax is more complex; it can be obtained by 
evaluating Equation 13 using the appropriate value of к2 and then again 
with k 2 » 0 (remembering that in this case Ы ) and taking the difference. 

Equations for Calculation of Fuel Cycle Cost Components 

Considering only the fuel eo3t components of Equations 7, 13 and 8, we 
get Equations 14, 15 and 16 respectively, 

(14) 
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2 all ri 
Tf 

all n 

(15) 

PIf. PTf ™ PDf (16) 

We will assume that the fuel depletion deduction for income tax purposes 
(D ) is equal to the levelized unit direct cost multiplied by the X 9 tí 
amount of energy generated in the period (Equation 17). This leads to 
Equations 18 and: 19« 

B„ « E f,n Df n (IT) 

all n 
•n 
i V ^ 2><Tmf,nWf,»> л 

Tf 
(l-k^d-kg) ll+X)~n E, 

all n n 
Df 

k. 

(l-l^) (l-k2) . 
(18) 

P all n 
If 

d - k ^ d - k ^ ) S all n 

- P 
(1+X)~n E, 

Df 
If-k̂  (l-k?) 

, (l-k^ ( l - k ^ 
(19) 

The values P^ include all' caeh payments for fuel cycle materials and 
services, and credits for fuel materials transferred out of the system,. 
Fuel material which is recycled within the system may require cash pay-
ments for shipping, re-enrichment, fabrication, etc.} however, in this 
case there is no credit as such - - the benefit is reflected in lower 
cash expenses than would have been required if the material had not been 
recycled. 
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The ind i rec t cost terms Тщ,- and I can be handled-; by simply . itjtiX }XX • I 
tabulat ing them ;and performing the present-worth summation^ however, 
i f the equation for. calculat ing them is not too complex i t may be de-
s i r ab l e to express the equation for p^ in terms of the independent 
var iables determining Тгтр„ and I . . Zero values would be the simplest JNxlX j ïl Î 

to handle, of course, and constant values or values proportional to E r 

are a lgebra ica l ly simple to handle. For fue l cycle ca lcula t ions , how-

ever, these ind i rec t costs are most l i ke ly to be property taxes and pro-

perty insurance which vary with the fuel value during the reactor h is tory . 

One p o s s i b i l i t y i s that these items are proportional to cumulative un-

recovered direct , fue l cycle cost , as indicated by Equations 20a and 20b. . 

T + I M f , n f , n - ®f n ) 
ra=0 * 

(20a) 

_n 

m«0 
S j F

n ' PDf V (20b) 

Subst i tut ion of Equation 20b in Equation .18 gives Equation 21. 

(i+x)~n 

a l l n ;•.. 

П 
F n + ( l - k 2 ) k 3 ^ ( F E n ) 

IflaçO 
Tf 

( 1 - k J d - k J ^ (1+X)"n En 

:Df 

a l l n 
( l - k 1 ) ( l - k 2 ) 

(21) 

This form has the advantage that i t permits apportioning the a n d 

I - among the various components of fuel cycle cos t . For example, i f 
f» n ' л . 

one wants to f ind the contribution of a par t icu lar category (e .g . fabr ica-
t ion) of fue l cycle cost to level i zed un i t to ta l cost,, Equation 21 can be 
broken down into i t s component par t s , using Equations 22 and 23. 
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F = С, (22) 
n all к к*П 

- " f r Ck5n / S I a (23) ' all n / all n 

Then, Equation 21 can he evaluated one category at a time, subs t i tu t ing 
c k , n f o r pn a n d %f,k f o r • 



Table A-l 

Notation For Appendix I 

A^ » a co l l ec t ion of terms, used fo r convenience (see Equations 11a, 
l i b and 12) 

b * f r a c t i o n of investment cap i ta l which i s boi'rowed from others 
("bonds", "loans", "debt")i the i n t e r e s t on which i s deductible 
from income fo r purposes of income tax ca lcu la t ion . Heré, b i s 
assumed to be constant during p ro jec t economic l i f e . 

( l - b ) » f r a c t i o n of investment which i s obtained from the owners 
of the u t i l i t y system ("s tock", "shareholders equity") 

b a l so used as a subscr ip t (see i ^ ) . 

С, e a fue l cycle d i r e c t cash expense (or c r e d i t , if negative) of jv j Л 

category к paid in period n 

D « a subscr ip t used to ind ica te "d i rec t " cost 

D» » fue l cycle deplet ion deduction in period n, f o r purposes of income tax ca l cu l a t i on . Generally! ^ ' « £ _ " n a l l n f , n a l l n 
Here, we have taken D_ to be a. constant pe r .un i t amount of t ,n 
energy produced. ( B P j f E

n ) 

D„ * deprecia t ion deduction in period n, based on depreciable cap i t a l 
investment, f o r purposes of income tax deduction. Generally« 

5 H i > Z n - s z « 
a l l n ' a l l n 

Ъ„ may be a constant during the revenue-producing l i f e of the 
p ro j ec t ( s t r a i g h t - l i n e deprec ia t ion) , or a constant amount per 
u n i t of energy produced, or may be l a rger in e a r l i e r years than 
in l a t e r years ("accelerated" deprec ia t ion) . 



a subscript used to indicate "equity" (see • 

.amount öf energy from- sa le of which, revenue is received in 
period n (see p ). 

-, a .subscript used to indicate " fue l" (see Pjjj-> p i f » s*0*) 

the sura of a l l d i r ec t fue l cycle expenses.(or c red i t s ) during 
period n 

i n t e r e s t r a t e of re turn on investment 
bi . + ( l - b ) i b 4 - e 

•i ' • 
i n t e r e s t r a t e on f r a c t i o n b of investment ( i n t e r e s t r a t e on debt) 
assumed to be deductible for purposes of income tax ca lcula t ion 

i n t e r e s t r a t e on f r a c t i o n ( l - b) of investment ( r a t e of re turn , 
on equity) 

a subscr ipt used-to indicate ^ ind i rec t" (see P p PJ-P») 

a l l " indi rec t" costs paid in period n except those included in Tn 

and in return on investment 

an index and subscr ipt used to denote a. spec i f i c category of d i r ec t 
f u e l cycle cost ( e . g . , f abr ica t ion) 

the f r ac t ion of gross revenues which const i tues the "gross-revenues 
tax" 

the f r a c t i o n of net taxable revenues which cons t i tu tes "income tax" 

the f r a c t i o n of cumulative unrecovered d i rec t fue l cycle expense ' 
which const i tues "revenue-independent ind i rec t costs" KB, в n 

an index and subscr ipt used to designate a time period^ general ly 
0.% m &.-M. . 
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M * ''an "index and"subscript used to Indicate the l a s t (highest 
number) time period in project economic l i f e . 

n *'an index and Subscript used to indicate a time period} 
generally, n » 0 indicates the "reference" time period, 
but n can take negative values a s well as positive* 

N » an index and subscript used to indicate the l a s t (highest 
number) time period in which revenue i s received. 

(N.C.O.) ' m net cash outflow in period ri (see Equations 1 through 3) . 

» Z + 0 - + F + T. + I - H . n n n n n n 

0 - » operating and maintenance expense in period n. 

Pn m un i t s e l l i ng prioe of energy sold in period n, such that 
Pn En i s the energy sale in period n. 

PD « average uni t d i rec t coat of energy (see Equation 7). 

P j m level ized uni t ind i rec t cost of energy, including taxes, 
insurance and re turn on investment. 

- pfp - PD (Equation 8) . 

PT s present-vorth level ized uni t t o t a l energy cost , such 
that i f pn я Py the payout c r i t e r ion will be met (see 
Equations 6 *>nd 13). 

Pî)f p I f " t i l o s e P3-1"^8 o f P^» Pj and p^ , respect ively , which 
. cons t i tu te fue l со t . and pT f . -
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**Bf к œ o f v;bioh represents costs of category к 1 

(see Equation 23). 

fi s "gross revenues'8 received in period n (but not including П """" . 
cred i t s for recovered fue l materials sold or t ransfer red 
outside the pro jec t , as these are. included in F^). 

m p E + . V . ' n n n 

« taxes paid in period n. 

я that part of T which is dependent on revenues H . R,n * n n 

T„„ « that part of T which i s not ; dependent on revenues R^. NR,n n » 

TWT,„ я tha t part of T.™ .which i s re la ted to fue l cost . 

V • miscellaneous revenues received in period n, not inolud-
n ч 
' . , ing energy s a l e revenues (PR£¡n) or c red i t s fo r recovered 

fue l material (included in These revenues might 

com© from sale of thermal energy 5, i r rad ia t ion services 

or other by-product not credited to fue l cost . 

« the "after-rtax cost of money". 

• i - k^bi^ 

I n « outstanding (unrecovered) investment a t beginning of 

period n, as defined ,by Equations la and lb . 

2 « plant capi ta l investment paid fo r in period n (can include 
a • . - • . 

credi t s for recovery of salvage valué or recovery of 

depreciating asse ts ) . 





S a f e t y Evaluat ions of Nuclear P lant s 

С* W. Zabel 
University of Houston,Texas,USA 

I have been asked t o speak on the S a f e t y Eva luat ion of 

Nuclear P l a n t s . The many p o i n t s of v i ew of the s a f e t y e v a l u a -

t i o n f i l l a broad spectrum. They r e f l e c t c o m p e t i n g i n t e r e s t s 

and g o a l s , a s we l l as d i f f e r e n c e s i n r e s o u r c e s and backgrounds. 

Although i t i s dangerous t o c a t e g o r i z e the var ious v i ews , i t 

o f t e n occurs t h a t the t e c h n i c a l l y - t r a i n e d mind w i l l l ook a t 

t h e s a f e t y e v a l u a t i o n problems i n a manner d i f f i c u l t t o commu-

n i c a t e t o t h e mind t r a i n e d in a l e g a l approach. But i t i s n o t 

n e c e s s a r y t o use such d ivergent f i e l d s . Even wi th in e n g i n e e r -

i n g , the eng ineer of a vendor concerned with des ign or f a b r i -

c a t i o n w i l l contend with s a f e t y « r e l a t e d problems i n a manner 

Very d i f f e r e n t from t h a t of an operat ing engineeS*", a p l a n t 

manager, or an o f f i c i a l of an operat ing u t i l i t y . And the 

eng ineer who i s concerned with l i c e n s i n g and r e g u l a t i n g a 

n u c l e a r power Industry w i l l have s t i l l o ther approaches t o 

s a f e t y e v a l u a t i o n s . 

The i n t e r a c t i o n of f o r c e s r e p r e s e n t i n g t h e s e v a r i o u s 

p o i n t s of v i e w i s . m o s t important . I t i s w i t h i n the arena 
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of t h i s v igorous i n t e r a c t i o n — o f c o n f r o n t a t i o n — t h a t d e c i s i o n s 

are hammered o u t . In t h i s process weaknesses i n s a f e t y systems 

are d i s c o v e r e d and improved. Advantages of p a r t i c u l a r approaches 

are brought, t o l i g h t and developed. In the end, the r e q u i r e -

ments are to.merges, t o produce a f u n c t i o n i n g , economical , 

reliable p l a n t in which c o n s i d e r a t i o n of pub l i c s a f e t y p l a y s 

a major r o l e . 

I t must be a d i f f i c u l t and c h a l l e n g i n g task t o a new-

comer t o t h ê above arena feo make a r a t i o n a l a s se s sment . A f t e r 

be ing i n t h e arena f o r s e v e r a l - y e a r s , I f i n d I have l i t t l e 

problem wi th extreme p o s i t i o n s . I do not b e l i e v e t h a t nuc l ear 

p l a n t s , as now des igned , cons truc ted , and soon t o be operat ing 

( i f n o t a l r e a d y i n operat ion) are f o o l - p r o o f and "completely 

s a f e " . Some would hâve us b e l i e v e t h a t t h i s i s s o . 

I a l s o do not b e l i ë v e these p l a n t s are s o hazardous as 

t o be r e l e g a t e d t o remote, unpopulated s i t e s — a s o thers have 

contended. However there do e x i s t s u f f i c i e n t hazards t o g i v e 

m e r i t t o t h e n e c e s s i t y of proceeding with c a u t i o n . I t i s 

important t o have d e t a i l e d knowledge of the hazards and of 

t h e a c t i o n taken In r e c o g n i t i o n of the hazards a c c e p t e d . The 

s a f e t y e v a l u a t i o n i s a necessary s t e p in proceeding with 

c a u t i o n , d e v e l o p i n g d e t a i l e d knowledge of the hazards , and 

a s s e s s i n g t h e a c t i o n taken i n r e c o g n i t i o n of the hazards 

accepted* 

•Jhe s a f e t y e v a l u a t i o n of nuc lear p l a n t s can be g iven 

here only In a broàd-brush manner. The e v a l u a t i o n s are u s u a l l y 

accompl i shed on a systems b a s i s , but i t i s r ecogn ized t h a t the 

/ 
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systems I n t e r a c t and t h e i r i n t e r a c t i o n s must a l s o be e v a l u a t e d . 

The s y s t e m s ' u s u a l l y i n c l u d e t 

1« The n u c l e a r p l a n t - s i t e system 

2 . The r e a c t o r core system 

3« The r e a c t o r v e s s e l system 

The mechanical and f l u i d systems 

5„ The e l e c t r i c a l and ins trumentat ion systems 

6 . The engineered s a f e t y systems 

An a n a l y s i s i s made of each system t o a s sure t h a t the 

a p p l i c a b l e "General Design Cr i t er ia" f o r nuc lear f a c i l i t i e s 

are met. In carry ing out the a n a l y s i s , s e v e r a l rev iews are 

made, depending upon the p a r t i c u l a r sys tem i n v o l v e d . The 

f u n c t i o n a l requirements of the system are; determined. The 

des ign and f a b r i c a t i o n requirements are reviewed i n d e t a i l . 

A rev i ew i s made of the assumptions used in deve lop ing 

a n a l y t i c models t o determine that, the assumptions are j u s t i f i e d 

and t h a t the model i s r e a l i s t i c . A rev iew i s made of the 

p o s s i b l e f a i l u r e modes and of the adequacy of margins, ? r e -

s e r v i c e t e s t i n g requirements and s u r v e i l l a n c e programs are 

rev iewed f o r adequacy. 

Research and development programs may be required t o 

a s s u r e adequacy of margins throughout the l i f e of the p l a n t , 

t o i n s u r e the v a l i d i t y of assumptions , or the appropr ia tenes s 

of a n a l y t i c models used . The R & D programs are reviewed t o 

determine t h a t r e s u l t s w i l l be a v a i l a b l e when r e q u i r e d . 



. In r e c e n t years much has been s a i d about the importance 

of q u a l i t y assurance, and I am sure much more w i l l be s a i d i n 

the fu ture» In the rev iew of each system, s p e c i a l a t t e n t i o n 

i s g iven to q u a l i t y assurance programs. 

Some 90 n u c l e a r p l a n t s are now e i t h e r ordered» being 

b u i l t , or be ing operated in the U.S.A. Most of t h e s e p l a n t s 

c o n t a i n n u c l e a r steam supply systems us ing B ö l l i n g Water 

Reactors or Pres sur i zed Water Reactors which are s u p p l i e d 

by a very smal l number of venders . I t might be expected 

t h a t some s t a n d a r d i z a t i o n of p l a n t s would r e s t â t . In turn , 

t h e s a f e t y e v a l u a t i o n s might be s i m p l i f i e d in s u c c e s s i v e 

p l a n t s . Indeed, there have been b e n e f i t s from some s t a n d a r d i -

z a t i o n . S e v e r a l f a c t o r s m i t i g a t e a g a i n s t s t a n d a r d i z a t i o n . 

The o p e r a t i n g power l e v e l s have v a r i e d from r e l a t i v e l y 

smal l p l a n t s of l e s s than 100 MWe t o l a r g e p lan t s of over 

1000 MWe. Power d e n s i t i e s have increased and margins have 

d e c r e a s e d . 

In c o n t r a s t t o the smal l number of nuc lear steam supply 

venders, there are a l a r g e number of cons truc t ion f i rms and 

a r c h i t e c t - e n g i n e e r i n g f i r m s . There has r e s u l t e d a l a r g e 

number of approaches i n the des ign and c o n s t r u c t i o n of 

containment b u i l d i n g s , of f oundat ions , of p lant geometry, 

and of c o n s t r u c t i o n p r a c t i c e . A p lant with a shop-welded 

p r e s s u r e v e s s e l may present s a f e t y - r e l a t e d problems of a 

somewhat d i f f e r e n t nature than a p lant with a f i e l d - e r e c t e d 

and h e a t - t r e a t e d pressure v e s s e l . The s a f e t y e v a l u a t i o n 



of a plant with a pile-supported foundatlon may Involve dif-

ferent considerations than a plant with a foundation on 

competent rock . There a r e , of course , cases in which the 
benefits from standardization are r e a l i z e d . Occasionally 

n u c l e a r facilities aré siblings and one needs only to consider 

possible a d v e r s e Interactions between the two plants« 

I spoke earlier of the importance of Quality Assurance. 

The term i s used in a broad sense and r e f e r s t o a l l planned 

and s y s t e m a t i c a c t i v i t i e s necessary t o provide conf idence 

t h a t each component, s t r u c t u r e , and system w i l l perform 

satisfactorily in s e r v i c e . I t r e f e r s t o a l l phases of d e s i g n , 

f a b r i c a t i o n , c o n s t r u c t i o n , t e s t i n g , e v a l u a t i o n and o p e r a t i o n . 

I t r e f l e c t s the f a c t tha t the bes t des ign can be compromised 

during f a b r i c a t i o n i tha t f l a w l e s s m a t e r i a l s cannot r e c t i f y a 

hazardous d e s i g n ; t h a t a high q u a l i t y p l a n t can be destroyed 

by n e g l i g e n t o p e r a t i o n . Too o f t e n q u a l i t y assurance I s t r e a t e d 

as someone e l s e ' s problem. I t i s the d e s i g n e r ' s r e s p o n s i b i l i t y , 

the f a b r i c a t o r ' s r e s p o n s i b i l i t y , the s a f e t y eva lua tor*s respon-

s i b i l i t y , and i n the l a s t a n a l y s i s , the owner-operator * s 

r e s p o n s i b i l i t y . 
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The details for managing radioactive wastes at nuclear 

power plants have been well documented in technical reports from 

various nations and summarized by the IAEA .in a number of 

publications in its Safety Series arid Technical Reports Series. 

In the last three years the IAEA has published: Management 

of Radioactive Wastes at Nuclear Power Plants (l), Application 

of Meteorology to Safety at Nuclear Plants (?), Basic Factors 

for the Treatment and Disposal of Radioactive Wastes (3), 

Techniques for Controlling Air Pollution from the Operation 

of Nuclear Facilities {4}, Economics in Managing Radioactive 

Wastes (5)t and others. The salient features of the IAEA reports 

will be summarized here. In addition, certain features of waste 

management will be projected into the near future so that its 

influence on the economics of nuclear power generation can be 

assessed by those concerned. 

Although waste disposal is the least glamorous operation 

in any industrial plant, it has been very important in the nuclear 

industry. In fact, with the increased emphasis on th® control of 

air and water pollution throughout the world, radioactive waste 

practices are under very critical surveillance by health authorities 

t 
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and regulating bodies. Fortunately, the nuclear power industry 

has a remarkable record of releasing quantities of waste that are 

far below acceptable safe liniite. : 

In order to put the reactor operation in perspective as 
V 

far as waste generation is concerned, a block diagram is given 

in Figure 1 showing the location of main sources of radioactive 

waste in the nuclear power industry. Most persons concerned with the 

economics of nuclear power take into account the entire fuel Cyele 

from mining to spent fuel recovery. Thus, waste management and 

its economic, health and public relations impact show up at 

many steps in the fuel cycle. Actually 99.9 $ of the fission 

products produced in the nuclear reactor are treated in the 

spent fuel reprocessing step. In this paper we will describe 

the management of the 0.1 io fraction of waste that is released 

at the power reactor site. 

Although it is only 0.1 °jo of the total waste from fission, 

we cannot ignore the effect of the cost of vraiste-management in 

nuclear reactor operation upon the cost of . nuclear power. •:•<., 

At this time such costs vary with reactor : type,, site-, etc. 

The investment" cost at a reactor site for waste, processing 

equipment has constituted 3 of the capital cost of the 

installation. The newer and larger reactor installations 

have an estimated cost for waste management equipment of about 

1.5 The cost of operation and maintenance of radioactive 

waste treatment systems at a reactor site is 5 - Ю ah 

overall operations and maintenance. 





Additional factors in waste treatment include the difference 

between base load or peak load operation of a reactor. Base load 

operation produces less waste arid to date has been the most common 

mode of station operation although peak load must eventually be 

furnished by nuclear power. Similarly, since waste is not produced 

at a steady rate, even at base, load operation, waste management 

systems must be designed to handle peak loade of waste production. 

The types of radioactive waste from nuclear- reactors, and 

their treatment, are swnmarised in Table I. Basically, all wastes 

are either allowed to decay and/or discharged to the environs with 

adequate dilution, or they are packaged.as solide and buried. The 

quantity and technical details concerning treatment of radioactive 

wastes from typical gas-cooled and pressurised water reactors 

of 50G Ш (e) output are .summarized in Table II. Schematic waste 

flowsheets for a pressurized water reactor and boiling water reactor 

are shown in Figures 2 and 3, respectively. . ¡ • 

A number of features of nuclear reactor design and radioactive 

waste management will be discussed in terms of trends and effect upon 

the economics of power production. Regarding; existing reactor types 

arid design, tighter pollution control may require less permissible 

discharge of waste to the environs which means higher cost of waste 

treatment. In th© fuel cycle one' can see a trend in the USA of 

ultimate treatment in which it is proposed that all high level waste 

must be solidified within 5 years of generation and then sent to a 

central site for permanent disposal within a second 5-year period. 

Mojpe elaborate methods of ultimate disposal of the high level liquid 

waste are possible and their application could add 0.02 to 0.05 raill/kwhr 

to the cost of power (6)t A recent study of the release of noble gas 



T A B L E I 

WASTES FROM, NUCLEAR REACTORS 

Liquids 

1» Coolants Resin Bed 

2» Belay and Decay 

I I . G a s e s 

1» Delay, Decay, Discharge 

2. Solids Removals Filters 

3. Atmospheric Dilution 

III. ̂ Solids 

1. Solid Combustibless 

Bale and Bury 

2. Non-Combustible: Concrete 

Mix and Вшу 
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T A B L E I I 

AVERAGE QUANTITIES OP WASTE RELEASED FROM TYPICAL GAS-COOLED 
AMD PHESSURIZES WATER NUCLEAR POWER REACTORS 

Gas Cooled 
Reactor 

Pressurized Water 
Reactor 

Power Ш(е) 

Gaseous Waste 

Treatment 
Cfm 
No. stacks 
Stack ht. (ft.) 
Permissible release 
Act. and noble gas 
I2 and partie 

Ave, Annual Release 
Gas, mCi/sec 
Part, juCi/d 

500 

Filtration 
250,000 
1 - 2 
I90 

500 

8 
30 - 100 

Delay, filtration 
55,000 

1 
160 

50,000 yuCi/sec 
18 pßx/вео 

0.002 - 0.022 Ci/y 

Liquid Waste 

Treatment (one thru) 

Ave. vol. (gal/yr) 

Water for dilution, 

Discharged, Ci/yr 

Tritium, Ci/yr 

Filtration 

3 x Ю 6 

350,000 

1 - id 

80 

1 x 10 

300,000 

1 - 1 0 

boo 

Solid Waste 

Vol. (ft3) 

Sludges 

Combustibles 3,000 - 30,000 

1 ,000 - 3 ,000 
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f i s s ion products from fuel reprocessing plants lias pointed out the 

l imi ts under which large plants must operate when routinely releasing 

50,000 Ci Kr-85 per day (7)« The maximum cost for removing and storing 

the noble gas should not add more than 1.0 % to the cost of fue l 

reprocessing or about 0.007 mill/kwhr. 

One of the major problems in siting nuclear reactors has 

turned out to be due to a non-radioactive waste, namely, thermal heat . 

The cooling water from the generating plant carr ies an appreciable 

quantity of heat which raises the temperature of ocean, lake or 

r i ve r into which it is discharged. When certain temperatures are 

reached, fish can no longer live and other deleterious effects occur. 

Such thermal effects l imit the cooling capacity of any body 

of water depending on the temperature increment and flow available. 

Unfortunately, nuclear reactors are being blamed for undue heating 

of r ivers and lakes. The public forgets that conventional 

f o s s i l power plants and industry has thermally polluted such bodies of 

water f o r years . Actually, the major difference in thermal pollution 

between nuclear and f o s s i l power generation i s in the fac t that stack 

gas from the fossil plant carries.considerable sensible heat to the 
/ 

atmosphere. The r e s u l t i n g ratio of heat left to war® up cooling 

water i s about 70 uni ts compared to about 100 uni ts from the nuclear 

plant. Of course, pollution from.SOg, C0g, CO and dust in the stack 

gas from f o s s i l plants more than compensates for i t s lower thermal 

pollution. In any event, studies sponsored by the Bonneville Power 

Authority in the USA have shown that to prevent heating of r ivers by 

the use of cooling towers, spray ponds, e tc . the maximum cost to 

nuclear power production should be 0.2 mill/kwhr. Obviously, fossil 

reactors will require 0,14 mill/kwhr to prevent the same amount of 

thermal pol lut ion. 



Other aspects of siting existing types of nuclear reactors have 

aï), effect upon waste management costs. By placing a number of large 

reactors on one site one complicates the problem of waste t«anagemént. 

Another aspect is the desire, and in the case of steam production^ 

the need of placing reactors closer to the load center, la doing 

this, the radioactive waste products are usually closer to centers • 

of population with the greater demand for reliability of waste 

treatment equipmentf lower permissible concentrations Of activity 

in the air, and greater problems in shipping wastes to centers of 

disposal. Finally, one should seriously consider the problem \ 

of decommissioning a nuclear reactor after its useful life of 

30 - 50 years is over. Not only must one dismantle the station 

but all radioactive waste must be removed and the area decontaminated« 

A few comments will be made on new reactor designs and other 

variables in radioactive waste management'. '"' Fast breeder realtors -

shsw the greatest promise of supplementing the burner type reactor. : -

These have several waste treatment'features which will be more severe 

than is currently the case. Iodine and noble gas release, particularly 

in the fuel cycle, will be much greater anä'hence require mo're' ; v 

waste treatment. The higher cost of waste management will be 'countered 

by the higher unit power production of breeder reactors. In addition, 

for those breeder reactors using liquid sodium coolant, there will be 

the cost of disposing of waste coolant from the reactor. It is difficult 

at this time to assess any savings, if any, that might result in new 

reprocessing methods for spent fuel and blanket from breeder reactors. 

Certainly the increase in use of plutonium as a fuel will increase; : 

waste management problems. " 
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In the future as one generates as much nuclear power as 

fossil power, the logistics and cost of waste transportation bècomes 

more important,. The quantity of v?aste in transport to central burial 

or storage areas will increase greatly and may become increasingly 

expensive due to tighter government controls and insurance. To date 

there has been little concern over the disposal of tritium from nuclear 

reactors or the fuel cycle due to its low biological hazard. 

However, one should continue to evaluate the release of tritium 

from the reactor system and its impact on the critical food chain 

relative to acceptable concentration limits in the environs. 

Finally, a few words will be said on public relations and 

international control in waste management. Radioactive waste is such a 

potential danger to the uninformed public that the nuclear power industry 

must make a much greater effort to inform the. public of the great 

success it has had in managing radioactive waste and how close 

the industry is to being at an irreducible minimum in quantities 

released. The ratio of benefits to hazards in the nuclear industry 

has been much greater than in most modem industries such as insecticides, 

transportation, heavy chemicals, etc, A more aggressive, public 

relations programme is needed in the nuclear industry. 

Radioactive waste disposal has an international feature, 

because whenever waste is discharged to the air, the sea or to 

certain rxvers, it crosses national boundaries and is of concern to 

other nations. In many respects the international nature of radioactive 

waste management is comparable to that of the proliferation of nuclear 

weapons. A growing awareness of the need of international agreement 

on waste management is apparent. The IAEA is in an. excellent 

position to serve as the central clearing house of radioactive 

waste management problems such as disposal of waste to the sea, 
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to the atmosphere or to international rivers and lakes. Other 

United Nations organizations have gone on record as expecting 

the IAEA to perform this role for radioactive waste. : 
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THE USE OF NUCLEAR ENERGY . 
FOR SEA?AT5R DESALINATION 

Ъу 
Joseph K. Wilson 

The subject of my lecture is the use of nuclear energy for 
sea water desalination. During this study course this is the only 
lecture we will have on desalination and therefore we have many'points 
to cover. I propose to cover these points in the following órderí 

(1) Determining the feasibility, of nuclear desalination 
(2) Suelear desalination and plant cycles 
(3) Additional nuclear desalination plant considorations 

and recent desalination developments. 

In several cases,- whore there is only time for a summary, there 
is a more complete treatment in the Appendices. 

DETERMINING THE FEASIBILITY OF NUCLEAR DESALINATION 

The rapidly growing demand for additional fresh water sources 
to accommodate the growth of industry and population is a characteristic 
of nearly all of our major cities today. This is partly a result of 
increasing population in general, partly a consequence öf our increasing 
standard of living, and perhaps most iniportantly, a cónsequence of the 
continuing urbanization, of the world. 

i 
At the same time, agricultural water demands are also increasing 

as additional land is put into use and more intensive irrigation 
practices' are employed. In water short areas, however, agriculture 
is often the loser in-as-much as cities and industries can afford 
to pay a much higher price for water than can agriculture. In' fact, 
agriculture cannot afford to pay the price of desalted water except 
under special conditions such as in agro-industrial complexes. You 
will hear more about this subjoot in another lecture. 
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In regard to the' trends- of urbanization, 25$ óf the world's 
total population lived in urban locations in 1960, and cities of 
more than 500,000 inhabitants claimed 12$ of the world's population 

The less developed regions had (in i 9 6 0 ) 15$ of the population 
concentrated in urban areas, compared with 46$ for the more developed 
countries. But the number of urban .dwellers•in the developing areas 
had increased by 350$ since 1920, and 64$ in just 10 years, as 
compared with 125% since 1920 and 31$ during the past 10 years for 
the developed countries. This trend is expected to continue, and 
the UN estimates that between i 9 6 0 and the year 2000, developed 
country urban population will double and the1developing country 
urban population will increase five or six fold., 

As an area's water requirements increase, the development of 
available fresh water sources becomes increasingly difficult and 
expensive. Many of our cities have found that they must bring water 
over increasingly greater distances to satisfy their growing water 
demands, and the cost of the additional water development has increased 
accordingly. It is not surprising, therefore, that they are looking 
toward large-scale nuclear desalination as a potential answer to their 
ever increasing water needs. 

When considering desalination, one should make an economic 
evaluation of all of the water supply alternatives so that they may 
be developed in the order of their economic merit. Conventional 
supplies from rivers, lakes and reservoirs up to 50 or even 100 miles 
away are likely to produce less expensive water than desalting 
and should be developed first. Beyond this distance, or where geo-
graphical or political barriers limit development, desalting йау be 
an attractive alternative. 

Determination of the economic feasibility of desalination, 
however, should be undertaken as a part of an overall and continuing 
water development plan.to define and resolve the'water supply problem. 
This plan should provide for periodic review of water demand 
projections and provide for identification and evaluation of all of 

\ 
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the reasonable water supply alternative solutions. 

These evaluations should be based' on preliminary feasibility 
studies.which have been conducted to identify the most promising 
solutions. Prior to final commitmentsj a detailed engineering 
feasibility and economic study should be conducted for each major 
water supply addition to serve as the bases for the funding, final 
commitments, design and construction.of the natural water or 
desalination facility. 

• Appendix A discusses many items which should be considered in 
the formulation of the water development plan. 

ЖГСЬЕАЙ DESALINATION АШ) PLAUT CYCLES 

Desalination should be Considered when the preliminary 
. feasibility analysis has shown that the cost of water from desalination 
may be competitive with the cost of water from'alternative natural 
water resources. 

As we all know, desalination is a relatively new technology 
in regard to its introduction into municipal water supply.. The first 
important municipal use of sea water desalination was aplánt built in 
Kuwait in 1953, and the first municipal sea water desalting plant'of 
"modern design'' v;as built in Kuwait in 1957« Since this time, 
desalination technology' has progressed rapidly, and the first plants 
in Kuwait have already'been replaced-with far more, efficient units. 

At the current state-of-the-art, desalted water costs are 
30-̂ 50 cents per 1000 gallons (8-12 cents per cubic metre). Even with 
those rather high costs, there are many places where desalination is 
competitive part?.of the Middle East, the Southwestern part of the 
U.S., many islands, the Donets Basin in the USSR, parts of the 
Netherlands, and possibly Southern Italy and Spain. In fact, during 
the last decade, the annual growth rate of the world's desalting 
plant capacity has been 2 4 a n d the present world capacity is more 
than 220 million gallons per day (Mgd)„ 

In our review of the desalination processes, wo should note 
that there are many methods which can be used to desalt sea water. 



Methods which are, or soon will bo, commercially available includes 
reverse osmosis, freezing, electrodialysis, vapour compression, 
multi-effect distillation, multi-stage flash evaporation, and 
vertical tube distillation. The last four of these, which are the 
distillation processes, are of interest to nuclear desalination, 
and should thus be reviewed. 

Distillation is not a difficult process. All one needs is a 
tea-kettle, a fire and a cold surface and one is in business. 
However, the trick of economic success is to make good utilization 
of energy with the minimum of equipment. For example, the minimum 
energy required to make 1,0.00 gallons of fresh water from sea water. -
is about 9?000 Btu. If we use a simple tea~fcettle process we would 
need about 8,000,000 Btu.nt.o-mâke ~l,000_gallons 'of îr®sh. prater or 
1,000 times the theoretical requirement. But even at a nominal 
energy cost of 25 cents per million Btu, the energy cost of producing 
1,000 gallons of fresh water by the tea-kettle method would be two 
dollars, which is a price well above the usual price of conventional 
fresh water supplies. 

It is obviously necessary to make better utilization of energy 
if the distillation process is to be competitive. 

The simplest form of distillation system is the single-effect 
submerged tube design shown in Figure 1. In this design, a pressure' 
vessel, called an evaporator, is partially filled with salt water 

and heated by the steam. A portion of the salt water evaporates and 
this vapour passes to a heat exchanger where it condenses on water-
cooled tubes to become the product water. 

This design has two major disadvantages. Firstly, it uses the 
same amount of energy per unit óf product as the tsa-kottle design, 
which wo have already seen results in an unreasonable product water 
cost. Secondly, the boiling of the salt water occurs on the heat 
transfer surface, and this may lead to the deposit of scale as we 
will shortly see. 
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. The energy utilization is substantially improved by the multiple-

effect design shown in Figure 2. The first effect is the same as in 

the previous figure, but the vapour which is generated in this effect 

becomes the heat source of the slightly lower temperature (and pressure) 

second offect. The second effect vapour becomes the heat source of ' , 

the third effect, ètc., and many effects can be used. 

In marine applications, three effects are common, but in land-

based designs, ?ihere weight is of less concern, ten to twelve effects 

are the most economical. The amount of water produced per unit of 

steam is directly proportional'to the number of effects, so that a 

• ten-effect design would, require-••approximately one-tenth as much steam 

as the single-effect design. The effectiveness of energy usage, is 

variously referred to as performance ratio, economy ratio, gain ratio 

and product ratio (each with different units), and is about 800,000 Btu. 

per 1,000 gallons. 

Conversely, the heat transfer surface requirements per unit of 

production are roughly proportional to the number of effects, so that 

the unit capital cost of a ten-effect plant will be nearly ten times 

as much as a single effect plant. Obviously the optimum design 

depends upon the cost of heat, the unit Capital cost and the cost of 

capital. 

The next figure. Figure 3. shows the Freeport, Texas, plant, 

which is of the vertical tube, multi-effect design, and which has been 

in operation sines 1961. A.similar plant recently began operation in 

the Virgin Islands. 

Modern multi-effect designs make use of higher heat transfer 

coefficients which are obtainable with thin film flow on the inside 

Of vertical tubes, as shown in Figure 4 . Should scale form in this 

design, it is on the inside of the tubes where it is more easily 

removed. 

One further advantage of this design is the possibility of 

using fluted tubes which use surface tension characteristics to 

achieve a heat transfer coefficient several times that of the smooth 

tube design. The question of the extra costs of the fluted tubes 



and. their long-term performance áre now "being investigated in pilot 
plant tests. Further discussion of vertical falling film evaporators 

• may b© found in references ( 2 ) , ( 3 ) , ('4),- and ( 5 ) . 

Because of design similarities, it is convenient to discuss 
the vapour compression process at this point. Looking again at 
Figure 4i we see that the vapour from the second effect is at a 
temperature and pressure a little lower than the vapour leaving the 
first effect,•. and a further step lower than the steam entering the 
first effect. However, one could compress the vapour from the second 
effect and then Substitute it for the steam to the first effect. 
Such a: system, which is shown in Figure 5, would use about 70 kilowatt 
hours mechanical work per 1,000 gallons rather than using heat ënergyf 
the total amount of Btuчгеquired would be.about 720,000 per 1,000 
gallons (at an energy conversion efficiency of 33$). 

You will note that the condensed vapour from, the first and 
second effects, becomes the product water. This design was used for 
the Roswell, New Mexico, demonstration plant shown in Figure 6. 
Difficulties in designing large compressors have kept th4 vapour 
compressor type plant from achieving;a wide application. Current 
work in large-scale units suggests that when largo compressors have 
been developed, vapour compression units, combined with other 
distillation processes, may be the most suitable designs for single-
purpose nuclear power applications. It is worth noting that the vapour 
compression design can operate at low temperature, and therefore 
scaling and corrosion are less of a problem. 

Let us now take a closer look at the scale problem. Sea water 
contains ions which tend to form three compounds as scale : CaÇO^, 
Mg(0H)2 and CaSO^, all of which become less soluble as the brine 
temperature or concentration increases. Obviously, the temperature 
and, if boiling occurs, the concentration, is highest at the heat 
transfer surface, and scale wMch forms there, being an insulator, 
seriously reduces the plant performance. 

Without pretreatment, CaCO^-will form scale at about 77°C 
(170°F), and at lower temperatures if the concentration increases due 
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to evaporation. If the temperature is increased to 93 C, (200 F), Mg(OH) 
scale may form. However, Mg(OH)2 does not form if the pH is helow 
about 7.8-'—га:йг sea water has a pH of about 8.2. The pH can be 
lowered by addition of an acid, such as HgSÍ)^. Furthermore, by the 

addition of Et^SO^, and degassing, not only is the Mg{Gñ)^ scale 

controlled, but the carbonates and bi~carbonates are converted into 

more soluble sulfates. Thus, with pretreatment with H^SO^, the CaSO^ 

solubility limit establishes the scale-free operating range. 

Figure 7 shows the solubility limits of the three forms of 

CaSO^ — gypsum at the. tops the hemi-hydrate at the far right, and 

on.the left the anhydrite, which is slow in -forming, and usually does 

not occur in distillation plants. 

The temperature concentration profile of the vertical tube 

multi-effect system is shown on Figuro 7. You will see that at a 

sea water concentration of 1.0, which is 35,000 ppm, sea water can 

be heated to 138 С (280 F), without scale, though since local 
temperature-concentrations can bo higher than the bulk conditions, 
12О-т130°С, (250-270°F) is the practical limit. The sea water passes 
to each successivo effect at a lower temperature and higher concentra-
tion but always with safe limits. 

One could go to higher temperature-concentrations if one could 
avoid the possibility of locally higher concentrations of sea water 
on the heat transfer surface. The multi-stage flash (MSF) design 
is the common method of accomplishing this, and its temperature-
concentration profile is also shown on Figure 7« This process can 
operate safely at a higher concentration and temperature of 121°C, 
(250°F). Further information on scale control for MSF, and other 
distillation processes can be found in references (6) and ( 7 ) * 

The MSF qycle is shown in Figure 8. Looking at the brine 
heater on the left, we see a stream-of brine which is heated under 
pressure so that boiling does--not occurï This minimizes the possibility 

of locally high concentrations. The heated brine is thon passed to a 

series of chambers wnere the pressure is progressively reouoed to below 

the equilibrium pressure of the hot brine. In the lowest prearsure 



stage, called.the heat reject section, the brine is cooled to a 
temperature about 5°C above the sea water temperature, and recycled 
under pressure to the brine heater after appropriate make-up and 
blow-down have restored the' quantity and concentrations. 

Performance ratios of 10 or more are commonly achieved with 
this process. Further information on the MSF process, other desalination 
processes, and specialised desalting subjects are listed in,the general 
desalination references given in Appendix B„ 

We have seen that the vertical tube desigh and the multi-stage 
flash desigh each require about 800,000 Btu to produce 1,000 gallons of 
fresh water. As I will explain shortly, energy costs are usually about 
one-third of the total water costs. Thus if we set as our objective 
a desalinated water cost of 20-30 cents per 1,000 gallons, the energy 
cost component should be no greater than 7-10 cents per 1,000 gallons 
or, for the plants with a performance ratio of 10, about 8-12 cents 
per MBtu. 

In light of fossil fuel and nuclear energy experience, the 
8-12 cents per MBtu seems to be an unreasonably low objective. However, 
the dual-purpose plant concept makes this objective feasible. For 
example, a nuclear power station producing 300 Ш(е) requires a reactor 
of about 1,000 Mff(t). The power station rejects.700 Ml(t) to the cooling 
water. We all know that this reject heat is of no value. We also know 
that we could use a back-pressure turbine in the power plant, and reject 
heat at a higher temperature if ?vTe are willing to take the economic 
penalty for doing so. In fact, if we reject heat at 121°C (250°F), a 
1,600 MW(t) reactor will produce 350 Ш(е) (300.for external use as 
before, and 50 for operating a desalting plant), and would reject 
1,250 MW(t). This, as shown in the table below, is sufficient to 
operate a 120 Mgd desalting plant. 

' TABLE I 
COMPARISON OF ENERGY REQUIREMENTS 

SINGLE AND DUAL-PURPOSE PLANTS 
Plant Type Energy Required (MW(t) 

Electric Power Generation Only 1,000 
(300 Mff(e) Net Output) 
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Sea Water Desalination Plant Only 1,250 
(120 Mgd Capacity) 

Dual-Purpose Slectric Power-Water 1,600 
Desalting Plant, (300 MW(e) Net, 
and 120 Mgd Capacity) 

It is important to note that an incremental increase^ of 

600 M ( t ) — from 1.̂ .000 to 1,600 MW(t), in the reactor size has made it 

possible to supply 1,250 MW(t) to the desalting plant. Thus the energy 

cost is reduced by a factor of two. Also, since the economies of scale 

come:into play, the incremental cost of the larger size reactor is less 

thán the average cost, and. the energy costs are reduced.by more than the 

factor, of two. As a result,^nuclear steam, which is competitive with 

25 cent fuel, is reduced to the ordèr of 10-12 cents, which is rteari our 

objective. 

When we consider the potential energy costs which may be 

possible from breeder reactors, or from larger reactors of currènt design, 

the 8-10 cent per MBtu low pressure steam costs appear conservative. 

One should note that the above savings apply to nuclear dual-

purpose power-water desalination plants having the optimum powers-water 

ratios, and deviations from the optimum will result in reduced savings. 

The optimum power-water ratio is that ratio which prevails when the 

full turbine exhaust is used for heating the brine, and is in the 

order of 2-3 Megawatts per Mgd. Further discussion of this point, and 

à discussion of the cycles which are suited"for other -than-àptimum 

power-water ratios may be found in Appendix A. 

Let us how look at the cómpcnents of the unit water cost as 

shown in the following table, so that wè can appreciate the influence 

of each constituent. 

TABLE II 

TYPICAL COMPONENTS OF UNIT WATER COSTS 

Fixed charges Percent 

Interest 43. 
Depreciation 4 
Insurance 

5.2 



Energy Percent 
Steam 31 
E lec t r i c Power 6 

37 
Other 
Materials 8 
S ta f f 

11 

100 
We see that un i t water costs are composed of f ixed charges, 

energy costs , the cost of materials and supplies (such as acid, chlorine 
fo r t r ea t ing incoming sea water, e t o . ) , and s t a f f and administrative 
costs . As you can see the fixed charges represént more than one-half 
of tho cost of water. 

) 

Let us look a t the capi ta l investment which i s responsible for 
these high f ixed charges. The following table shows a typical breakdown 
of the capi ta l investment of a desal t ing p lant . 

TABLE I I I 

TOPICAL MSF EVAPORATOR POST BREAK-DOWN 

.Tube bundles 42 $ 
Evaporator s t ructure 26 
Brine heater 2 
Pumps" 6 
.Intake and Outfall 8 
Misc. mechanical 

equipment 10 
Engineering, s ta r t -up , e tc . 5 
Working capi ta l 1 

100$ 

As you can see, the heat exchangers, which are the evaporator 
s t ruc ture and tube bundles, account fo r nearly two-thirds of the cost . 
No other item i s more than ten porcent of the cost . Thus-if s ign i f i can t 
cost improvements are to be made, they wil l be made in the heat exchanger 
components. x 

Why are heat exchanger component costs so high? One reason i s 
the large amount of heat which i s t ransfer red . Note that the i n i t i a l 
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1,250 M ( t ) we have just spoken of for a 120 Mgd plant «is transferred, 
ten times in a ten-effect vertical tube plant, and. the multi-stage 
has essentially the same requirementi Furthermore, hot brine is 
corrosive and this requires the. use of costly materials for the heat 
exchanger construction. The tubes are of copper alloys, usually 
copper-nickel, and' the shells are of 2.50 cm (l inch) steel plate. In 
a large desalting plant a staggering amount of material is required. 
A 120 Mgd plant would require 8,000 tons of copper nickel, which is 
16,000,000 linear metres of tubing. It is no wonder that this constitutes 
42fo of the plant cost. The shells, or pressure vessels in which these 
bundles are situated are also large. This plant would require 74 
chambers, each 5«9 :metre;s high, 5«9 metres wide, and 19 metres long 
(I8,xl8!x54'), which together cover an area nearly 160 by 330 metres 
(SOO-'xljOOO1) in size. 

The heat transfer surface must operate trouble free. Let me 
illustrate why this is so. We have, noted that there are 16,000,000 
linear metres of tubing in a 120 Mgd plant — and a small hole in any 
tube will contaminate the product water and soon require partial.shut-
down for plugging the leaking tube. We can minimize this effect 
by dividing the plant into many independently operable streams balled 
trains. Even\so, if on the average, only 0.1$ of these tubes fail 
each year — or ifa in ten years, then we must shut each train down 
many times to find and plug the leaking tubes. One estimate of the 

(8} number of Shut-downs v , based on four trains, is given below? 

TABLE IV 

HEAT TRANSFER SURFACE EFFECTIVENESS 
Year of Number of Tubes Plugged Duration of Total Effeo-
Operation Outages in 

Each Train 
Each Outage 

Total Per Train 
Each Outage 
(Days) 

Outage Time 
(Days) 

tiveness 

1 3 2 0 to 1 1 2 0.992 
2 5 4 1 1 5 .986 
5 10 8 2 1 10 .973 

10 15 16 - 4 1 15 .959 
15 18 24 6 1 18 .951 
20 21 31 8 1 21 .942 
30 26 46 12 1.25 32,5 .911 
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Designers hope that through the use of good design and fast 
repair techniques, the down-time due to tuhe failures can he kept to 
an average of 5$ over the life of the plant. The following references 
provide more information on this subject, (8), (9), (lO), (ll), and (12). 

High reliability tubing is essential, and this justifies the 
use of copper-nickel. There is hope, however, that low-cost materials, 
together with less severe prooess conditions can still meet'the 
performance criteria. In fact, it may be possible to use steel tubing 
if a low-cost, high pH scale~free process can be developed. Titanium 
is another material which is promising from a reliability point of view, 
and one plant with titanium tubes has operated for several years with 
no failures Harvey Aluminum's plant in St. Croix, Virgin Islands. 

Cost reductions also appear possible in the evaporator shells. 
Concrete is the most promising material, providing the present problems 
of softening and spalling duo to hot brine can be solved. A recent issue 

(13) 
of Water Desalination News4 describes the use of irradiated plastic 
polymer concrete for seawater and hot brine environments. Preliminary 
results indicate that this new material suffers about one-tenth of the 
corrosion-errosion damage of ordinary concrete when subjected to 143°C 
(290°P). 

Capital cost savings may also result from improvements in heat 
transfer, such as the fluted tubes previously mentioned. 

Perhaps the most important way to reduce the capital cost of a 
plant is to make it larger. We are all aware that the -unit cost of 
large-scale plants go down with increasing.size. This is the case with 
industrial and nuclear plants and. the same is true with desalting plants. 
The need for large size water plants already exists and nuclear desalting 
plants of very, large size should derive important benefits from the 
economies'"of scale. These potential improvements add to our confidence 
that 20-30 cents per 1,000 gallon water can be achieved in large-scale 
nuclear desalination plants within the next decade. 

First among the promising applications of nuclear desalting 
is the supply of water for municipal and industrial uso where there also 
exists a need for large quantities of power and thus a need for dual-
purpose plants. 
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Potential applications of dual-purpose plants include major 
cities and industrial areas such as Shevchenko in the USSR where a 
150 Ш(е) power station and 66 Mgd desalting plant is nearing completion, 
Israel, where a 40 to 100 Mgd plant is heing considered, Almería and 
Catalonia in Spain, and the cities of Singapore and Tokyo. These 
applications are attractive because of the large municipal and industrial 
water needs, the higher costs associated with further development of 
their natural water resources and the existence of a suitably sized 
electrical power grid to absorb the power output of the dual-purpose plant. 

Another attractive application is in Northwestern Mexico and 
Southwestern United States. At.the end of 1968 the Agency, Mexico and 
the United States completed a study^"^ of nuclear power.and water 
desalting plants for this area. The team found that largo nuclear dual-
purpose plants such as shown in Figure 9 were feasible and the first 
plant with a water output of 1,000 Mgd and a gross power capacity of 
1,000 MW(e) could be constructed approximately ten. years after the 
decision to proceed. The water produced by plants of this size is 
needed by both countries to reduce groundwater overdraft and to aid 
in supporting municipal and industrial growth. The water deficit for 
the region is projected as increasing from about 1,300 Mgd in I98O to 
2,500 Mgd in 1995) assuming no new agricultural development. The 
estimated water costs, as a function of the time period of construction 
and the fixed charge rate are shown in Figure 10. Note that 20 bent 
water is obtainable by the early or mid 1980's. 

ADDITIONAL MJCLBAS DESALINATION PLAUT CONSIDERATIONS AND 
RECENT DESALINATION DEVELOPMENTS 

Before we leave distillation, it is appropriate to consider 
some of the newer developments which may influence desalted water costs. 

Higher Temperature Operation. Increasing the top brine temperature has . 
often been suggested as one way to lower desalted water costs. Brine 
temperatures are now limited by the scale-free operating limits of CaSO^, 
as we have already discussed. However, several techniques promise to 
solve, or at least to modify this restriction. One is the use of the 
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seeding technique, whereby a number of small CaSO crystals are 
4 

circulated with the recycle stream in the expectation that these 
crystals will act as preferential sites for additional CaSO to form. 
This concept is more than ten years old, but has not been given extensive 
trials in large plants, übe success so far has been limited, but there 
is reason to believe that, with further development, scale-free operation 
up to a temperature of 143°C (290°F) can be obtained. Other treatment 
methods, such as the magnesium-lime-soda treatment now being tried at 
the Clair Engle plant in San Diego could permit scale-free operation at a 
top brine temperature of 

160°C (320°F). In this regard, it is interesting 
to note that the Kaiser Cement Plant at Moss Landing, California, uses 
the magnesium-lime-soda process to produce magnesium oxide for refractory 
materials, and since the process operates at a pH of above 8.5, thé 
piping and tanks of the plant are steel. The corrosion of this equipment 
during the more than 10 years of operation has been minimal. 

What would be the effect of increasing the top brine temperature 
to 160°C? It would, of course, extend the flashing range from a present 
8 9 o с (90°-250°P) to 128°С (90°~320°p), a factor of 1 . 4 , with a similar 
increase in the production of desalted water. I;n a single-purpose plant, 
this would reduce the energy costs by 30$ (for the same heat transfer 
conditions per' stage). But the higher temperature brings with it à 
higher pressure six atmospheres. The brine heater must be designed 
for this pressure, and the top stages designed for pressuresrranging 
from zero to 6 atmospheres.' The extra shell cost would add about 15-20$ 
to the total plant, cost, so that thí? net water «ost reduction is 
relatively small. 

In dual-purpose plants, as the higher brine temperature moans 
a correspondingly higher turbine exhaust pressure and lower power 
production, it is quite clear that going to higher brine temperatures 
is detrimental. However, the water-power ratio is increased and in 
some cases, the higher temperatures may have some justification. 

Increasing the top brine temperature above lôO°C is clearly 
un4conomical for all cases because of the rapidrincrease in pressure 
with each incremental increase in top brine temperature. 
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3Sfon-Bas,e Load .Applications. There have been a number of feasibility and '.. 
optimization studies conducted to estimate the cost of water and power 
which would result from.dual-purpose.nuclear desalination plants. In. 
nearly all of these studies a baser-load mode of operation has been 
assumed. The dual-product feature of the' plant, however, may offer 
attractive economic advantages to a mode, of operation that continues, 
to maker the maximum use of the low cost nuclear energy afforded by the 
nuclear installation, but permits a certain amount of flexibility so '• 
that more power is generated during peak-load periods and more water is 
produced during the • off-peak periods. 

....The benefits which may be obtainable by designing a dual-purpose 
plant have been recognised by others,, and a comprehensive review and: 
preliminary evaluation of the systems has been.made by Franzreb and 
Spiewak^ 

The International Atomic Energy Agency, in recognition that a. 
lower unit cost of desalinated water may result from non-base load 
designs'has instigated a co-ordinated study-of nuclear dual-purpose 
desalination plant designs suitable for non-base load applications. 
The objectives of this study are to determine the additional investment-
and annual operating cost of nuclear dual-purpose, desalination plants 
designed to permit substantial, increases in the power-water ratio during 
peak-load periods over the investment and operating costs of a plant 
designed for base-load operation, and to compare the additional annual 
cost with the increase in annual revenue which, could accrue due to 
production of the more valuable peak load power. 

The systems studied are as follows s 

(a) flexible turbine and variable báck-pressure operation. 
(b) condensing turbine operating in parallel with the evaporators. 
(c) two evaporator units designed to operate either in series 

or parallel—and paralled with a condensing turbine. 
(d) the use of hot brine storage in parallel with a condensing 

turbine. 
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Preliminary results indicate that for the first three -systems, 
the flexible turbine system (system a) is suitable for a relatively 
small additional peak power generation, the condensing turbine-parallel 
evaporator (system b) is suitable for larger incremental power generation 
and the parallel-series system (system c) is the most suitable if 
relatively large poak.power generation can be absorbed. From this point 
of view the three investigated systems are therefore complimentary. 
î!he possible range of incremental net peak power generation is 
approximately 10-13% for system a, 13-30$ for system b, and 30-47$ for 
system c. 

The hot brine storage system (system d) permits operating the 
reactor and desalting plant at rated load at all times (except for 
outages and scheduled repairs), and provides a system where only the 
turbine-generator operates at cyclic load. The results of the study 
indicate a saving of 10$ or more in unit water costs. This system 
is described in reference (16). 

(17) 
Conjunctive Use of Desalted Waters A paper presented by Burley4 '' 
described the economic benefit of installing desalination plants» 
conjunctively with conventional reservoirs, where the desalination 
plants would operate only during periods of drought. Ho pointed out 
that a reservoir operates by storing water in times of plenty for use 
when demand exceeds the natural supply. In some dry years the level in 
the reservoir will fall so low that water has to be rationed. In the 
United Kingdom the risk of the reservoir failing (running dry) once or 
twice in one hundred years is acceptable (a higher reliability would 
involve excessive expense in building a larger reservoir). The rate 
of discharge from the reservoir which gives this an acceptable reliability 
is termed the "reliable yield". 

Thus, a "'typical reservoir could have a reliable yield of 
42,000 m^/d. At this yield, there will be times when water is spilling 
over the top of the reservoir, but if the yield is raised to 51,000 m^/d, 
the reservoir fails too frequently. If a desalination plant is constructed, 
however, and operated in conjunction with the reservoir, the 51)000-m /d 
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supply can Ъе maintained by operating the desalination plant only when . 
a drought is imminent. In this way the reservoir is kept emptier and 

is thus ahlo to catch and store a greater portion of the run-off whilst 
the intermittent operation of the desalination plant (with a load-
factor as low as 5$ in some cases) maintains an acceptable; system 
reliability, 

Burley found that for one existing reservoir the yield could be 
"increased from 42,000 to 51,000 m^/d by, operating a 14,400-m"^/d 
distillation plant for;only 11$ of the time, and the cost of supplying 
the 9,000~m^/d increment was 40$ below the cost of supplying the 
increment by base-load desalination. 

Salt production« The fact that one of the consequences of using the 
desalination procosses is the production of a concentrated brine stream 
has lead many people to consider salt production in. combination:with, 
desalination. This.is, in fact, being commercially dohe in Japan and 
Kuwait, countries which do not have a natural salt supply. 

In considering salt production, One should recognize that the 
brine from a desalting plant is rather weak — being generally 6̂ -9$ ' 
saline, and the economics of solar salt ponds or other evaporation 
techniques are thus only slightly improved by using this brine instead of 
using seawater. Nevertheless, where there is a market: for salt, or 
for chlorine and caustic, one can consider salt production. The , 
following references may be useful in further study of this subject! 
(18),(19), (20), (21) and (22). 

Other Desaliñati-on Systems. Now before I clôsè, le""t mo say a few words 

about the non-distillation desalting processes. 

We have already observed that a phase change, such as occurs in 

distillation, can be used to separate fresh water frdm sea water. 

Freezing is also a phase change and can be used to desalt, water. Ice 

crystals formed from sea water contain only fresh water, and when 

properly washed and melted, produce desalted water. Plants using this , 

principle are available in the 65,000 to 100,000 gpd size range, and are 

competitive with distillation. However, because of the difficulty of 

building large compressors, the freezing process does not lend itself 
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to large-scale applications. 

Another commercially available desalting process is electro-
dialysis. In this process, salt ions are induced by an electric current 
to pass through semi-permeable membranes, leaving behind the depleted 
or lass salty stream. This procesa is particularly suited to brackish 
water applications since the power costs are proportional to the feed 
. water salinity, but the process is not economical for desalting sea 
water because the power costs are excessive.-

A second and potentially more important membrane process about 
which I want to speak is reverse osmosis. This process makes use of a 
pressure differential to drive water through semi-permeable membranes. 

We.are all familiar'with osmosis. Osmosis is illustrated in the 
upper view in figure 11, which shows two containers, one with fresh water 
and the other with salt water, separated by a semi-permeable membrane. 
The osmotic pressure causes fresh water to pass to the salt water-side, 
in an effort to reach equilibrium. This flow will continue until the 
osmotic pressure differential which drives the process is balanced by 
a static pressure as shown in the lower figure. 

If we apply to the salt water side a pressure greater than the 
osmotic pressure we can reverse the flow and cause fresh water to flow 
from the salt water side to the fresh water side —». hence desalting. 
The salt flux, and the water flux through the semi-permeable membrane 
is described by thé equations shown in table V. 

i. • ', 
TABLE У 

Reverse Osmosis Membrane Equations (idealized). 

F « A( с!4- P ~ All ) w , i 
p^ = • в( С) 

Water flow through membrane 
Salt flow through membrane 
Membrane water flow constant 
Membrane salt, flow constant • 
Static pressure differential across membrane 
Osmotic pressure differential across membrane 
Concentration differential across membrane. 

s' 
A 
В 

Zi . P 
Л. 1 ' -

Л С 
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As you can s ее, för a given membrane, the water flow is proportional 
to the static pressure differential minus the osmotic pressure differential 
but the salt flow is dependent on the concentration differential. 
It follow that a higher pressure differential will increase the water 
flow, but net the salt flow, and hence the purity of the product water 
is increased with higher pressures. 

"The osmotic pressure which must be overcome in desalting sea water 
is about З50 psi, but in oxder to reach the high flux rates and low 
product salinity desired, sea water units work with 1000 to 1500 psi 
differentials. 

When we look at the construction of an R.O. membrane and its support 
we see that the pressure differential is an important overall design-c&ia-
sideTStijm. In figure 12 we see a section of an R.O. membrane. It has 
long been known that certain materials were semi-permeable — that is, 
would pass water more freely than they would pass salt. Cellulose 
acetate is one of these materials. Because water flux was vary small, 
the process was of little interest until i960 when Loeb and Sourira jail 
of UCLA developed a membrane structure that would pass significant 
quantities of water and retain the' high salt rejection characteristic. 
Loeb•s membrane has a very thin, dense "skin" of cellulose acetate which 
is the working layer. This 25 micron layer can pass 20 to 30 gallons 
of water per day per square foot, with better than 98$ salt rejection. 
The working layer is cast on a "gel" of porous cellulose acetate which 
is about 0.005" thick — so that the membrane.is about as thick and of 
the same material as the cellophane around your pack of cigarettes. 

This membrane- must be supported so that it will withstand the 
1000 psi or more pressure differential. Currently, three configurations 
are being developed" for this purposes 

a) porous fiberglass tubes with the membranes on the inside? 
b) membranes supported on a layer, of .small glass beads bonded 

to a separator material, and so constructed that a spiral 
roll can be wound as shown in figure 13j and. 

c) .the casting of the membrane in very fine, hair-like hollow, 
fibers, which, because of their small diameter, can withstand 
the high pressure differentials. 
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I am sure you recognize some of the problems of these membranes — 
such as thé tendency for plastic deformation of the porous "gel" to 
occur under pressure, with the subsequent reduction of its porosity 
and reductions in flow — and the possibility of plugging or rupture, 
of the working surface. Less obvious problems are the tendency for 
bacteria to attack the membranes, effects' of aging, and other difficulties 
.in securing a long working life. 

While R.O. was discovered in i 9 6 0 , it was not until 1965-66 that 
membrane development had reached the point where' long lasting, high flux 
membranes could work on sea water. The first sea water units began 
operation in the. mid-1960's and a life of several months was obtained for 
the membranes in these first models. A life of б months or more is now 
achievable but a life of two to three years is a minimum for economical 
operation on..sea water. 

A typical sea water .R.O. system is shown in figure 14. Note that 
two stages may be necessary to obtain the desired product purity and that 
energy recovery can be used to reduce the energy consumption. 

In.considering the economics of.R.O.? it is important to note that 
the production per square foot of surface is about the same.for R.O. as 
for distillation. The material cost of a square foot of heat transfer 
surface for the distillation plant is. in the order of $3, but the cost 
of the material to make a square foot of H.O. membrane.and its support 
is less than 50 Thus, it is hoped that the R.O. plant capital cost 
can ultimately be auch lower than a distillation plant. 

Wo should also look at the energy cost of the R.O. process... Two-
stage R„0, plants require about 4.0 kWh'r per 1,000 gallons, which, at a 
5 mill* power cost, is an energy cost of 20 cents per 1,000 gallons. 
Single-stage R.O. plants require about.12 Kwhr per 1000 gallons, which 
gives us an energy cost of 6 cents/1000 gallons for 5 mill",- power. With 
the advent of the advanced reactors, these power costs will be reduced 
by a factor of two or three, and S.O. will become much more competitive. 
You may note that the power requirements .of R.O. are such that for a 
100 Mgd desalting plant, SO to I.60 megawatts of power are needed, and thus 
large-scale R.O. plants could be coupled with nuclear power stations. 



Furthermore, since water can he stored, E.G. plants which run only, 
.during off-peak periods, can Ъе used to Improve the electrical system -
load factor. 

, E»0. developments hear fetching during the next few years so 
that we may benefit from its improving competitive position. _ ' 
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Figure 1 
Schematic diagram of the single-effect submerged-tube 
distillation process 
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Figure 2 
Schematic diagram of the multiple-effect submerged-tube 
distillation process 
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Schematic diagram of the vapour compression process 
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1 Mgd, 2 e f f ec t , väpoür compression demonstration plant 
at Eoswelï, Néw Mexico, U.S.A. 
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Figure 9 
Artist's conception of the proposed 1000 Mgd, 2000 MW(e) 
dual-purpose plant for Southwestern U.S. and Northwester 
Mexico 
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Figure 10 
Estimated water cost for the proposed U.S.-Mexico 
dual-purpose plant 
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Figure 11 
Osmotic pressure across a semi permeable membrane 
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Schematic diagram of the reverse osmosis process 



LIST OP REFERENCES 

(1) Population, Technology's Desperate Race with Fertility, 
by-D.M. Kiefer. Published, in Chemical and. Engineering News, 
October 7, i960, pages 118-144, and October 14, 1968, 
pages 90»107 

(2) Advanced VTE Heat-Transfer Surfaces, 
by L„G. Alexander, J.D. Joynor and H.W. Hoffman 
presen+ed at the OSW Sumposium On Enhanced Tubes for . 
Distillation Plants, 11-12 March, 1969, Washington, D.C. 

(3) Experimental Results of Rising Film Operations with 
Enhanced Heat Transfer Surfaces, by K.F. Frank and R.D. Rhinesmith, 
presented at the OSW Symposium oh Enhanced ' Tubes for Distillation 
Plants, 11-12 March 1969, Washington, D.C. 

(4) Conceptual Design Study of a 250-Million Gallons Per Day 
Combined Vertical Tube-Flash Evaporator Desalination Plant 
OSW Research and Development Progress Report No. 391 

(5) Development of Mathematical Model and computer Program for 
Optimization of VTS Saline Water Plants, OSW^Research and 
Development Progress Report lío. 404 

(6) Scalo Control in Saline Water Evaporators - A Review of Current 
Status, OSW Research and Development Progress Report No. 411 

(7) High-Temperature Desalination Plants for Nuclear Power Stations, 
by R.A. Tidball' and J.G. Gaydoes, presented at the ÍAEA • 
Symposium on Nuclear Desalination, 18-22 November, 1968, 
Madrid, Spain 

(8) Desalting Plant DOTO-Time, predicted by Formula, 
by N. Arad, S.F. Mulford, and J.R. Wilson 
Environmental Science «md Technology, Vol 2, N0.6, June I968 

(9) Prediction of Large Desalting Plant Availability Factor 
by N. Arad, ,S.F. ïfulford and J.R, Wilson 
Desalination, Vol.3, No.3, 1967^ pages 378-383 
(Notes This article is a condensation of,reference 8) 

\ 

(10j Survey of Condenser Tube Life in'Salt Water Service 
OSW Research and Development Report No. 278 

(11) First United Nations Desalination Plant Operation Survey, 
United Nations'Publications Sales No. Е.69.11.ВЛ7 ' 

(12) A Method for the Evaluation of the System and. Cost-Effectiveness 
of Large Seawater Distillation Plants, prepared for OSW 
(by N. Arad), by Planning Research .Corp., Washington, D.O., 
PRC R-II42, and PRC R-II9S 

(13) Desalination, • Vol. 6, lid. 2,. June.19691,. page 268'. 



(14) Nuclear Power and Water Desalting Plants for Southwest United 
States' and Northwest Mexico, Sept 1968, (TID - 2468I) 
(available from U.S. Clearinghouse for Federal Scientific 
and Technical Information, U.S. Dept. of Commerce, Springfield 
•Virginia, USA, 22151 

(15) Flexibility in Production of Power and. Water from Nuclear 
• Desalting Plants, by J.K. Franzreb and I. Spiewak, ORNL, 
Report No. ORNL-TIÍ-I564 ÜC-80 - Reactor Technology 

(16) Hot. Brine Energy Store, by P.H. Margen, Energy International, 
May I969 , pages 16-20 

(i?) The Use of Desalination in Conjunction with Conventional 
Water Supplies, by M.J. Burley, and J.C. Clarke, presented at 
the IAEA Symposium on Nuclear Desalination, 18-22 Nov. I968, 
Madrid, Spain 

(18) , A Feasibility Study on the Utilization of Waste Brines from 
Desalination Plants, Part I, OSW Research and Development 
Progress Report No. 245 

(19) A Feasibility Study on the Utilization of Waste Brines from 
Desalination Plants, Part II, OSW Research and Development 
Progress Report No. 246 

(20) Recovery of Salts from Saline Water via Solvent Extraction 
(Final Report), OSW Research and Development Progress Report 
No. 406 

(21) Recovery of Metal Salts from Concentrated Brines by Chelation, 
OSW Research and Development Progress Report No. 435 

(22) Dual-Purpose Nuclear Power Plant with Incorporated Production 
of Salt, by H. ICakihana, presented at the IARA Symposium on 
Nuclear Desalination, 18-22 November, 1968 



APPENDIX A 

INTERNATIONAL SURVEY COURSE 01 
ECONOMIC AND TECHNICAL ASPECTS OF 

NUCLEAR POWER 

Lecture on 

TES USB OF NUCLEAR ENERGY. • ' 
FOR SEAWATER DESALINATION 

by 

Joseph R. Wilson 

APPENDIX A 
DETERMINING THE FEASIBILITY OF TOCLSAR DESALINATION 

In seeking the solution to the \sater supply problems oí" a 
region or city, consideration should be given first to the development 
of present freshwater resources. Where such resources are fully 
developed or are remote and expensive to develop, consideration should 
also be given to the production of potable water by desalination of 
seawater or brackish water* Where desal ted water requirements are 
large, and especially where nuclear power may be economically competitive 
with fossil fuel, nuclear desalination may be the most economical 
solution to the water shortage problem,. 

Determination of the economic feasibility of nuclear desalination 
should be undertaken as a part of an over-all and continuing water 
development plan to define and resolve the water supply problem in the 
most economical way. 

m WATER DEVELOPMENT PLAN • , s 

The first step in the formulation of a water development plan 
is the assembly and evaluation of background information on the water 
and energy resources of'the area. Á number of surveys should be carried 
out to obtain this information as well as information on possible 
solutions, to the problems. 



APPENDIX A - 2 

Evaluations of energy requirements and. resources should Ъе an 
integral part of the water development plan since the solution of water 
shortage problems is, - in.general, related to the production or use of 
energy. The development of rivers or the use of dual-purpose power-
desalination plants can result in the production of considerable 
quantities of electrical power and this can reduce the cost of water. 
Moreover, most desalination processes require, large amounts of mechanical 
or electrical power for their operation (e.g. for pumping^ for vapor 
compressors, etc.) 

To provide the background information necessary in determining 
the water and energy needs of an area and in determining the resources 
that are available to meet these needs, the following surveys should 
be made s 

(a) Population surveys to determine the locations, timing 
and amounts of water required to support the population N 

projections 
(b) Municipal water systems surveys, to determine the present 

capabilities and projected requirements of the systems 
used to convey and distribute water for-municipal needs. 

(c) Agricultural surveys to determine the influence of food 
production on the entire economic and population 
structure of the region or nation 

(d) Industrial surveys to determine the water needs resulting 
from industrial development 

(e) A climatoiogical conditions survey of the nation or region 
(f) Surface water resources'.surveys which should include both 

the fresh and brackish mter surface flows 
(g) Underground water resources surveys (or surveys of aquifers) 

which also should include both fresh and brackish water 
aquifers) 

(h) A seawater sources survey and a study of the problems 
associated with possible sitas for desalination plants 

(i) An energy survey of present and projected energy needs 
and availability 

(j) An economic conditions survey to investigate the economic 
climate of the nation or region. 
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After the background surveys are completed, at least in 

preliminary form, steps may be taken to define thé overall water 

shortage problems and to set forth possible solutions. 

The resulting plan should include the following? 

(a) A list of priorities and a water development timetable. 

(b) A summary of present and expected municipal water 

requirements. ' . 

(c) A summary of present and expected industrial water 

requirements. 

(d) A summary of present and expected agricultural requirements;»¡ 

(e) Solutions requiring the development of natural hydrOlogical 

resources for fresh water. 

(f) Eventual possibilities for reclamation schemes and water reuse 

(g) Solutions of water shortage problems by means of sea water 

desalination and information on the water sources for such 

processes. 

(h) Conclusions regarding effects of energy requirements and 

resources on water development. 

Since the water development plan is to be the basis for sub-

sequent work, it should include all the descriptions, maps, tables, 

graphs, evaluation materials and references necessary to present a clear 

and detailed picture of the water shortage problems and of their possible 

solutions« 

SELECTING THE MOST PROMISING SOLUTION 

Having prepared the water dêvelopment plan« one should then 

establish the guidelines for the preliminary feasibility studies on the 

possible solutions, and for the determination of the most promising 

course of action. In so doing, it should be noted that water facilities 

are usually designed with sufficient capacity to supply water demands 

for several years ahead. Thus, during the earlier years of operation, 

until the demand finally reaches the design capacity, it is likely that 

the plant operating factor may be relatively low. Since, in a 
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feasibility study, the calculated unit cost of water is a direct 
function of the assumed plant operating- factor, a realistic selection 
of an average factor covering the life of the facility is an important 
consideration. 

In this regard, one should note that the average demand can be 
met either in small increments which conform closely to the projected 
curve or in larger steps that do not conform as closely to the curve. 

Figure I illustrates these two methods of meeting the demand 
curve. 

FIGURE I 
ME1H0DS OP MEETING THE-'DEMAND CURVE 

i ^ i 

Seawater desalination processes can be readily adapted to meet 
the water demand "projection curve, as shown in view (a) of Figure 1, 
since plants or plant expansions can be planned and built according to 
the incremental needs. Sometimes, however, economies of sise can be 
realized by a larger seawater desalination plant even if the full output 
of the plant cannot be utilized during its early life. 

Hydrological development would', in general, follow the pattern 
shown in view (b) of Figure 1 since it would not be practical, for 
example, to build a small dam and canal system and to enlarge these 
facilities progressively in several steps> The same considerations 
apply in determining the sise of the conveyance system required to 
deliver water obtained by nuclear desalination. 

! .. Also it should be noted that certain alternative solutions may 
require very long periods of time for completion^ therefore, consideration 
should be given to the satisfaction of the water development timetable. 
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In evaluating those alternatives that would provide considerably lower-
cost water but would not meet the timetable, careful consideration 
should be given to the effects of a temporary delay in rater development 
on the overall growth of the region or nation. 

Preliminary feasibility studies should be performed on those 
possible solutions which earlier studies selected as being most 
promising. Depending upon the circumstances in a particular nation 
or region, the possible solutions may belong to some or all of the 
following three categories s (l) freshwater developmentj (2) reclamation 
and re-use of-water, and (3),seawater desalination, 

(1) Freshwater Development 

As an integral part of the studies of water shortage problems, 
the available freshwater sources should be.examined and evaluated to 
determina their development feasibility. The background information 
compiled in the water development plan can serve as a basis for studies 
on the development of freshwater resources. The studies should consider-
both the development o.f surface waters, such as rivers and lakes, and 
the development of underground' freshwater sources by means of a well-
drilling program.. If requirements so dictate, dual-purpose hydro-
electric projects should be considered. 

Since adequate guides exist for studies on tho development of 
freshwater sources, the topic is not discussed in detail in this lecture, 

(2) Reclamation and Reuse of Water 

-. In an area with an abundant supply of water, little, consideration 
is' usually given to the reclamation and reuse of water, since this 
generally cannot be economically justified. This applies both to 
municipalities and to industrial and individual users. If a water , 
shortage problem develops, however, efforts should be directed not 
only toward the development of new sources but also toward the v 
reclamation and reuse of existing supplies, . Although, this topic is 
not covered in this lecture, it should, however, be considered in the 
overall solution of a water shortage problem. (A good reference on 
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'water re-use is American Institute of Chemical Engineering, Chcmical 
Engineering Progress Symposium Series^ N0.76, Volums 6.3, 1967, Water 
Reuse)« 

3. Seawatsr Desalination 

In areas where natural supplies have been fully developed, it 
is. appropriate to de termine the unit costs of water produced in plants 
using the most promising seawater desalination process(es), for 
comparison with the unit costs of water produced .by other alternative 
solutions. In this determination, it is important to consider whether 
the water and power needs of an area, can be better fulfilled Ъу a 
single-purpose water conversion facility.or by a dual-purpose -power-
water facility. This determination is "based on a study' of the future 
fuel resources and reserves, hydropower 'potential, energy demands, 
energy availability and energy costs ever the period of time considered 
by the 'water development plan. In general, single-purpose plants would 
be suitable for locations where the power-to-water-demand ratio is very 
small or locations where the region has sufficient installed generating 
capacity and water is the commodity in demand. If the region has a 
substantial potential market for energy, dual-purpose facilities would 
show advantages over single-purpose plants. Dual-purpose plants normally 
consist of a power plant comprising a steam generator, a turbinç-
generator and auxiliary plant equipment, and a water production plant 
utilizing a distillation or evaporation desalination process with 
turbine exhaust steam as its heat source. The advantages of dual-
purpose plants result from the fact- that the heat source (boiler or 
reactor) and its auxiliaries would have a higher rating for a dual-
purpose plant than for a single-purpose plant with-either the same 
electrical or water output. The large size and rating result in lower 
unit costs, because''of economies of size. Another advantage is the 
fact that when the power generation and water desalination processes are 
combined in a dual-purpose plant, the energy utilization is improved ... 
so that the total energy required by the dual-purpose plant is smaller 
than the sum of the energy required by a single-purpose water only 



ÂPPEKDIX A « 7 

plant and a single purpose power-only plant of the same total, 
capacities,, This, in turn, results in higher overall efficiency 
and lower fuel costs« Yet another advantage is the economics 
resulting from sharing of certain utility, administrative, maintenance 
and storage facilities, and operating and maintenance personnel. 

The characteristics of a dual-purpose plant require that 
additional factors Ъе considered in its preliminary feasibility study. 

One such set of factors is the power, cost and power credit' 
considerations. Dual-purpose plants produce two different products, 
electrical power and water; thus, the value or cost assigned to one 
product will affect the cost calculated for the other product. For 
example, if a fictitiously low value is assumed for power, the cost 
of water would have to absorb the power subsidy. The preliminary 
studies should be based upon a realistic and equitable assignment of 
cost to one product, so that a realistic cost may be calculated for 
the other product. The IAEA's Technical Reports Series N0 . 69 , 

"Costing Methods for Nuclear Desalination", describes several 
procedures for the allocation of unit costs of power and water. „ 

Another factor "to consider is the power to water ratio. The 
energy survey establishes the projections for power demands that 
can be met by additional generating units. The additional power 
generating capacity needed during the proposed lifetime of the ,water 
plant is used to determine the power-to-water ratio for the dual-
purpose plant being studied. This ratio, which can be sed in 
such units as megawatts/million gallons per day (Mff(ë)/Mgd), plays 
an important role in the selection of the power-plant cycle , 
arrangement in a dual-purpose plant. 

While a large number of possible steam power-plant cycles are 
suitable for a dual-purpose plant application, all are variations of 
the following three basic cyclesand the choice between these cycles 
is largely determined by the power-water ratio» 
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- (a) The backpressure or noncondensing cycle, shown 
schematically in Figure 2. 

(b) The condenaing-baokpressure cycle, shown in Figure 3. 
(c) The condeneing-extraption cycle, shown in Figure 4, 

The typical range of application for each type of cycle, as a 
function of the power-to-water ratio, is as follows s 

POWER-WATER R&TIO (MW(e)/Mgd) 
Nuclear Fuelled Plant Fossil Fuelled Pjant 

Min . Max Min Max 

Backpressure Cycle 1,6 6 2 8 
Condensing-Backpressure 
Cycle 

.6 25 8 25 

Condensing Extraction 25 No limit 25 No limit 
Cycle 

When the desired power-to-water ratio falls below 1*6 (for nuclear) 
or 2 (for fossil plants), it is necessary, to obtain at least some of the 
heat directly from the steam source? the plant then becomes a 
combination single and dual-purpose facility. 
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In selecting a particular desalting process for the preliminary 
feasibility studiesj the process characteristics should be matched with 
the particular design capacity requirements, energy and fuel 
availability, and other considerations for the plant application being 
studied. While it should be possible to select one particular process 
type as the most favorable, it might be necessary to perform studies 
on two processes that appear to be competitive. 

After completion of the preliminary feasibility studies on the 
alternative courses of action, such as nuclear desalting, and developmeni 
of available fresh water resources,. a summary should be prepared to 
compare these alternatives on a common basis. 

This summary should include the following elements г 

(a) The unit water coats for the several alternatives should 
be compared on an equitable basis. The cost of water conveyance to the 
distribution centers should be taken into consideration in this 
evaluation. The capital costs required for the alternatives should 
also be compared as an aid in determining possible methods of financing 
the program.. 

(b) A comparison should be. made of the time schedules.for the 
availability of water from, the several alternatives studied. This 
analysis should include a comparison with the time schedule of 
anticipated water requirements. It should also consider how the unit 
water cost would be affected by a low plant operating factor during the 
first few years as a result of an over-supply of water, and how the 
development of an area would be affected by a temporary under-supply of 
water. 

(c) The summary should identify the uncertainties in the studies 
on the variovis alternatives, since these uncertainties would have to 
be cleared up prior to or during the detailed feasibility study; it 
should identify areas in which the technology is being developed, 
where successful development would result in lower capital and water 
costs? and it should identify areas which would benefit from additional 
development work or detailed studies. 
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(d) The summary should identify the secondary bsnefits from 
the various alternatives, such as the production of power from a dual-
purpose facility and the effect this powér production might have on 
the industrial growth of »the area, 

(e) The summary should include a specific recommendation of the 
alternative which appears to he the best choice for the detailed 
feasibility study. The recommendatión should include a plant capacity 
range chosen to meet area requirements. The summary may recommend 
more than one alternative, if a particular alternative cannot be judged 
to be clearly the most attractive prior to the detailed feasibility study 

(f) The summary should include a tentative time schedule for 
the proposed project, including planned dates for the completion of 
the detailed feasibility study, for :the start of detailed design, for 
the completion of plant construction and for the start of commercial 
operation. Such a tentative time schedule would provide an overall 
time guide for the project. 
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GEBEHAL DESALINATION REFERENCES 

GENERAL REFERENCES 

1. Indexed Bibliography;; of Nuclear Desalination Literature - 1, 
ORNL-KDIC-3, UC.8Ô, Reactor Technology, available from (a) . 

2. Office of Saline Water, Department of Interior, USA, Saline 
' Water Conversion Report.for I962 and published annually 
thereafter, available from (a) 

3. Office of Saline Water, Research and Development Progress Г 
Report, (moro than 4OO différant reports on desalination) 
Office of Saline Water, Department of Interior, USA, 
available from (a). Notes A list these reports is given in4 
the back of reference 2 above, with new titles being 
announced periodically in U.S. Department of Interior press 
releases. 

4. Saline Water Conversion Engineering Data Book and supplements :^ 
1 and 2. Office of Saline Water, Dept. of Interior, U.S.A., 
available from (a) 

5.' Desalination, the International Joúrnal on the Science and 
Technology of Water Desalting,- published by Elsevier Pub-
lishing Company, Amsterdam, The Netherlands 

6. Water. Desalination Report, published monthly by R.L. Smith, 
1732 Church St.,- H.W., Washington B.C., USA 

7. Desalting Digest, published bi-monthly, National Press Bldg„, * 
Washington, D.C., USA • . , 

8». Desalination Abstracts, published by tho National Council'for 
Research and Development, Center of Scientific and Technological 
information, 84 Hachashmonaim St*, P.O.B, 20125, Tel-Aviv, 
Israel» 

9. Oak Ridge National Laboratory reports, (more than 50 reports 
have been issued under various.-ORNL - TM hkmbors, relating to 
specific studies mado by or for the Laboratory). 

10. University of California saline water reports, (a number of 
reports have been issued relating to specific work of the. 
La Jolla, Richmond, UCLA and Berkeley campuses. 

11. First International Symposium on Water Dosalination, 
October I965, Washington, B.C. (proceedings are available 
from a) 

12* International Conference on Water for Peace, May 1967 
Washington, B.C. (proceedings'are available from a) 
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13. Engineering and Economic Feasibility Study for a 
Combination Nuclear Power and Desalting Plant for the 
Metropolitan Water District of Southern California, 
(TIB 223ЗО, Vol's I, II,' III, available from a). 

14. Engineering Visibility and Economic Study for Dual-Purpose. 
Electric Power - Water Desalting Plant for Israel, Jan I966 
(available from a) 

15« Nuclear Power and Water Desalting Plants for Southwest United 
States and Northwest Mexico, Sept 1968, ('PID - 24681, avail-
able from a) 

PNI SEP NATIONS REFERENCES r 

1. Water Desalination in Developing Countries, ST/ECA/82 
(available from b) 

2. The .esign of Water Supply Systems Based on Desalination 
ST/ECA/1Ô6, (available froitrb) . 

3. Proceedings of the Interregional Seminar on the Economic 
Application of Water Desalination, Sept-Oct 1965, 
ST/TAC/SER.C/90, (available from b) 

4* First United Nations Desalination Plant Operation Survey. 
Sales No. E.69.II.B.I? (available from b) 

IAEA REFERENCES 

li. Technical Reports Series No. 24, Desalination of Water 
Using Conventional and Nuclear Energy (available from 0) 

2. Technical Reports Series No. 51, Nuclear Energy for Water 
Desalination, (available from o)r 

3. Technical Reports Series ;No. 69, Costing Methods for Nuclear 
Desalination, (available from o) 

4 . Technical Reports Series No.' 80, Guide to the Costing of 
Water from Nuclear Desaliñaticn Plants, (available from _c) 

5. Technical Reports Series No. 96 , Cost of Water from Single-
Purpose MSF Plant" with Vapour ;Recompression, (available from a) 

6. Value to Agriculture of"High-Quality Water from Nuclear 
Desalination, Proceedings: of a. panol .(available from c) 

7. Proceedings of the Symposium- on Nuclear Desalination, 
Madrid,. Spain, 1968, .(available -from .Elsevier Publishing 
Company, Amsterdam, The Netherlands). 
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.8. Feasibility of Nuclear Reactors for Sea Water Distillation? 
IAEA Research Contract Report, March 196? (available from o) 

UNITED KINGDOM REFERENCES 

1» Desalination, -and Its Role in Water Supply (available from 
the British Information Service) 

2. Compendium of Papers on Desalination, UKAEA., Reactor Group, 
Risley, Warrington, Lancashire, UK (another compendium is 
in press) 

3. Proceedings of the Conference on• Desalination,. September 
1966, Water Research Association, Medmenham, Marlow, 
Buckinghamshire, England 

4» Papers of the Joint Symposium on Nuclear Desalination, 
London, 30 October 196-7, held at the Institute of Civil 
Engineers by the British Nuclear Energy Society and the 
British Nuclear Forum. London, British Nuclear Society, 
С 1968. 

(a) Clearinghouse for Federal Scientific and Technical Infor-
mation, National Bureau of Standards, U.S. Department of 
Commerce, Springfield, Virginia, USA 22151. 

(b) United Nations Sales Section, New York, USA, or other 
US sales offices. 

(cj IAEA, Distribution and Sales Group, Kärntner Ring 11, 
A-1011 Vienna Ï,'Austria, or other UN sales offices. 
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Introduction 

In dual purpose nuclear power stations producing both electricity 
and desalted water/ high pressure steam at about 250°C enters a back 
pressure turbine and is discharged at about 125°С into the first, stage, 
of à multistage sea water evaporator. Since these two temperatures are 
essentially fixed for technical and economic reasons, the ratio of 
electricity and water produced is also fixed. At least it is under 
optimum design conditions. This situation is acceptable as long as 
both products can be 'fully marketed.; however, in some applications more 
water is needed than electricity or vice versa. When the power require-, 
ment dominates, water production can be reduced without much of an 
economic penalty by using an extraction turbine rather than a back 
pressure turbine,. On the other hand, when the water requirement domi-
nates, reduction in electricity output by bypassing steam or by some 
other device appreciably increases the cost of desalted water. Studies 
indicate that water costs might be increased by one-third in a "water 
only" plant. To avoid this 'dilemma, it was suggested several years ago 
that.when there is no external, market for the electricity produced in a 
dual purpose plant it might be advantageous to use the electricity on-
site for the production of industrial chemicals and metals. Thus the 
idea of the Agro-Industrial Complex was born. 

Basic Components of. the Complex 

The basic components of such a óomplex are illustrated schematically 
in Figure 1. As shown in this figure the complex consists of a dual, 
purpose nuclear reactor station producing both electricity-and desalted 
water. The electricity' would be consumed in adjacent industrial processes 
and for pumping water, while the desalted water could be used either for 
municipal and industrial purposes in an industrial complex or in an ir-
rigated agricultural complex located in a coastal desert region. 

There are many different forms that energy-centered complexes can 
take. Possible complexes might include only the reactor coupled with 
an energy-consuming industry as is now being considered for Puerto Rico . 
or with pumping stations for lifting and transporting groundwater to 
agricultura.! irrigation projects. An example of the latter ease is des-
cribed in an OREL report 4292 describing an irrigation scheme using 
pumped groundwater for the Ganges Plain in India. -

The June 1967 Summer Study 

In order to investigate the technology and economic feasibility 
of the complex approach, the Oak Ridge National Laboratory assembled a 
study group, during the summer of 1967 under the direction of Professor 
Ed Mason.of MIT. 
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Figure 1. Agro-Industrial Complex 
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The principal question set by the team was: How and to what ex-
tent could the low-cost energy -anticipated from nuclear reactors be 
used effectively to increase, both, industrial ana agricultural production, 
with .particular attention being given to applications in developing 
countries? . 

The.study proceeded along two parallel lines: first, "building . 
block" information on industrial processes and farm crops was developed, 
and secondly and simultaneously, information was obtained cbncerning 
the geography, demography/and economics of several coastal desert 
regions of the world. Specific categories investigated were as follows: 

1. Costs of power, steam and desalted'water were established on 
plants using current reactor and evaporator technology, and also on 
cost ranges projected or anticipated from plants using advanced breeder 
reactors and advanced evaporator concepts. 

2. The effects of the cost of electricity upon the costs of 
various electro-intensive chemicals, fertilizers, and metáis. 

3. The effects of the cost of water on the total production costs 
of a .variety of selected crops. This work entailed the development of 
water-yield relationships, quantities and costs for fertilizer, labor, 
seed,, etc., and. the capital costs involved in developing coastal desert 
regions for growing these crops under year-around intensively managed 
farming. 

4. The economics of combining a nuclear electric generating 
station,, an industrial complex, and an agricultural complex into an 
agro-industrial complex were looked at. 

5. The geographic factors, such as topography, soils, climate, 
mineral resources, economic .factors, and shipping costs, which would 
influence the nature and feasibility of nuclear-powered agro-industrial 
complexes in various parts of: the world. This included a preliminary 
review of the social implications and possible problems of implementa-
tion in developing countries. 

Three types of economic analysis were made to indicate the profit- • 
ability of the concepts considered: 

1. For industrial products - the maximum cost of electricity 
which would give the same manufacturing cost as obtained by using an 
alternative non-energy-intensive process. 

2. For industry or agriculture - the maximum power cost or water 
cost which would give a production cost equal to the current selling 
price. 

3. For industry or agriculture or.for complexes involving each or. 
both - an Internal rate of return which represents the cost of money at 
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which the present value of the manufacturing cost; including investment,, 
equals the present value of the income from product sales. 

In selecting' products to be produced in the industrial sector of 
the cçmplex, preference, was given to processes in which a large fraction 
of the product cost is attributable to the cost of electrical power) 
steam and/or water. Consideration was also given to the product needs 
and export potentials of developing nations. Based on these two criteria, 
three classes of products .were selected, namely, fertilizers,, metals' and 
sea water chemicals. The costs of producing 17 such chemicals via the 
industrial complex approach were compared with costs of alternative non-
electrolytic methods to arrive at the optimum industrial sector. 

The results were somewhat surprising in that the cost of electricity 
was found to be the major cost item in only one case, namely, the production 
of ammonia using hydrogen from water electrolysis. Data for typical prod-
ucts are summarized in Table 1. It is seen that in the case, of phosphoric ' 
acid production, the cost of raw material dominates where as investment 
costs and raw materials costs are more important in. aluminum smelting. 

Figure 2 shows how these manufacturing costs compare with costs of 
alternative production methods when measured by the breakeven power cost. 
The main parameters in each case are the cost of money, plant capacity 
and raw materials cost. The length of the lines in each case indicate 
the sensitivity of a given parameter to the break even cost of electri-
city. The vertical dotted lines show the break even cost of electricity 
at the reference conditions indicated to the right of each line. 

The internal rate of return, .i.e.-, the interest rate at which a 
project breaks even was calculated for 72 different industrial complexes 
producing varying amounts of ammonia, phosphorus, aluminum, and caustic-
chlorine or mixed fertilizers such as ammonium nitrate, urea and nitric 
phosphate. In cases where all four products were produced in a non-U.S. 
complex thé internal rate of return varied from about 12$ to 30$ depend-
ing on the product mix. Power was assumed to be purchased at A mills/ 

1 Kwhr. 

When secondary fertilizers were produced along with ammonia in the 
complex, the internal rate of return varied from 21$ tov 59$ showing the 

' highly profitable nature of these products. 

The .production of iron, steel and magnesium metal was also considered 
in thé '1967 study, but available economic data were insufficient to make 
complete' comparisons of various alternatives. The preliminary results 
were sufficiently promising, however, that further studies were recom-
mended in this area. 

The Agricultural Sector 

Ten crops were selected for purposes of analysis 'and comparison from 
a wide variety of crop types, including grains, legumes, oil and fiber 
crops^ and vegetables and fruit. The "'crops include some of the mos't 



5 

Table 1. 

Importance of Electricity in the Cost 
of Selected Industrial Products 

Product = 

Production Rate, t/day 

Electricity Çost^ 
Capital Cost(2) 
Raw Materials 
Total (Including Labor) 
4, Electricity Cost 

Ammonia Phosphoric Acid 

1000 1500 
, —_ 0/ton Product 

25 ' 19 
10 . 
55 

Aluminum Chlorine 

9 
_2 
37 
67 

89 
21 

274 1000 

40 10 
140 10 
120 . 11 
360 33 
11 30 

^ A t 3 mills/Kwhr. (?) 
4"yAt 10$ fixed charge rate. 
^"^Phosphate rock at 09.60/ton, bauxite at 08.00/ton, salt at 03.00/ton, 
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important and widely grown food species and include a useful range of , 
alternatives for efficiency in water use, sensitivity to water cost, 
and production of basic or high-quality diets. With the exception of 
the cotton crop, all the ten crops listed by type in Table 2 are' grown 
primarily for human food. Cotton was included because it's fiber is a 
valuable raw material in many underdeveloped countries and the oil 
from cottonseed is a useful food product. 

Table 2 

Crops Selected 

Grain - Wheat, Sorghum 
Vegetables - Beans, Tomatoes, Potatoes 
Oil Crops - Safflower, Peanuts, Soybeans 
Fruit Crops - Citrus . . ' 
Fiber Crops - Cotton 

The costs of water and irrigation equipment form a relatively large 
part of the operating and capital costs of the food factory. Hence the 
crop water requirements and irrigation system layout are critical features 
in the economic evaluation of the agricultural sector of the complex. 
This, of course, depends on the specific locale being considered; how-
ever, for illustrative purposes values of consumptive water use were 
calculated for the given crops using the long-term average values of évapotranspiration measured fey the UAR at the El-Arish climatological station. 
Using these data on crop-water-yield relationships and 1965-1966 world 
prices, the internal rates of return for various crop mixes were deter-
mined as shown in Figure 3. It is seen in this figure that the price 
one can afford to pay for water and still earn a 10$ rate of return is 
in the range of 8-13^/kgal. A 30$ increase in these prices, however, 
would increase... the allowable price of water to 22-27^/kgal. This sen-
sitivity of allowable water costs to the price of farm products is the 
most Important factor influencing the economics of an agro-complex 
based on desalted water. 
Overall Economics 

Combining the nuclear reactor, turbine-generator, evaporator, 
industry, and farm into one large nuclear agro-industrial complex, 
necessitated the development of a physical model and an economic model. 
The physical model shown in Figure 4 :is based on use of a relatively 
flat coastal desert region and includes provision for all the required 
facilities to operate the complex including a town and small, family 
farm plots (not shown) for the farm employees and some of the industrial 
workers. This model also includes the required facilities for storage 
and shipping of all raw materials and products. 

The economic analysis of the complex consisted in the itemization 
of capital expenditures, operating costs, and receipts from1the sale of 
products. This was done for two levels'of reactor/evaporator technology 
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Figure 3 
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at several sizes for both United States and foreign cases. The internal 
rate of return was computed as a figure of merit for each case and was 
about 15-16$ for the best cases. Bypassing about 85$ of the steam to 
provide only enough power to operate, .the desalting plant and the farm 
(no industrial power) decreased, the internal rate of return for near-
term technology from 14.6 to 7.4$ and for the" far-term complex from 
16.5 to 10.1$, 

Application of Concept 

Five coastal desert regions around the world were studied as 
potential areas for the location of an ägro-industrial complex. These 
were located in India (.Kutch.), southeastern Mediterranean •( Ш 8 ), Baja 
California, Peru (Se chura). and Western Australia. The individual locali-
ties were studied to test the sensitivity of the many assumptions made 
in. relation to actual conditions existing, in the world so that the 
breadth of the applicability of the agró-dndustrial complex could be. 
estimated. The main parameters investigated were climate, soils, topo-
graphy, physical resources, and transport.facilities. As a result of 
this preliminary survey, the 1967 study group concluded that there are 
several areas throughout the world where the. agro-industrial complex-, 
idea might be feasible. More detailed information on costs, availability 
of raw materials, and markets for the products would, have to be developed 
for a realistic evaluation of a specific application. A summary of the 
study has been published as 0RNL-429I,, July. 1968,, and a detailed report v 
as 0RNL-4290, November 1968. 

The Middle East Study ' 

Just before the 1967 Summer Study was getting- underway, the Middle 
East area 'had received considerable publicity because of a proposal by 
Eisenhower-Strauss to locate nuclear deslating plants in the Middle East 
as a means of solving water problems..arid 'thereby reducing tensions between 
Arab nations and Israel. Interest in this, proposal was increased in 
August 1967 when Senator Baker and 52 other senators introduced Senate 
Resolution No. 155 calling on the Administration to pursue the idea of 
constructing nuclear desalting plants in the Middle East as a means 
toward achieving a stable and durable peace.. 

In response to this request, ORNLwas asked to study the applica-
bility of nuclear desalting in the Middle East in more detail. As a 
result the Middle East Study Group,, consisting of about 20 full or 
part-time staff and numerous other participants was formed in June 1968. 

The first job of the group was to evaluate the natural resource 
characteristics of the five countries concerned (UAR, Israel, Jordan, 
Lebanon, and Syria) to further pinpoint potential sites for large scale 
nuclear desalting. At this point one additional criterion was added 
to those used in the 1967 study, namely the need by the individual 
counupies ox* groups OÎ COU&'GI* ies for large blocks of electrical capacity 
which, is generated in large dual-purpose desalting plants, Whereas the 
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1967 study visualized plants producing 2000 Mw(e), the projected power 
needs of the Middle East countries are too small to consider such large 
units as"shown-in Table 3. 

Table 3 

Projected Power Capacity of Middle East Countries 
. Installed Capacity, Mw(e) 

Year Egypt , Israel Lebanon, Jordan, and Syria 
1,200 
1,500 
1,750 
2,000 
2,350 
2,750 
3,200 
3,700 

It is seen that even one 500 Ш(е) unit would represent from 10$ to 20% of the 
total capacity of the UAR or Israel by 1978 or so. The other countries would 
have to be interconnected with another grid to justify a unit of this size. 

Based on power requirements, therefore, the three possible applica-
tions of desalting in the Middle East that might be considered are a 
plant for the UAR alone, a plant for Israel alone, or a plant serving 
the needs of the entire region. Because of political problems associated 
with this latter application, the study group first turned its attention 
to the UAR case, involving the development of the coastal desert west 
of Alexandria. 

One word here about the timing of nuclear desalting plants in the 
Middle East; Because of the lead time for carrying out necessary R and 
D and building pilot and prototype plants, it appears that 1978-80 is 
the earliest date one could expect to have a commercial nuclear desalting 
plant in operation. The evaluation, therefore, attempted to utilize 
advances in technology which should become available within that time 
period. 

The next criterion is climate.. Both the UAR and Israel have 
abundant sunshine and temperatures' conducive to year-around cropping. 

Regarding the availability of suitable land, visits to the UAR 
by OR33L teams verified the existence of large areas of unused land ; • , 
which could be cultivated using desalted water. This area is west of 
Alexandria as' shown in Figure 5. 

1976 . 4,200 . 1,850 
1978 5 >100 ' 2,200 
1980 6,200 2,600 
1982 7,300 3,100 
1984 8,700 3,700 
1986 10,200 4,400 
1.988 11,900 5,100 
1990 13,800 5,900 



Figure 5 
M E D I T E R R A N E A N 
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Characteristics of the Agro Complex for the Middle East 

The modular approach was adopted according to which each unit 
would consist of a dual purpose heat source, either oil-fired or nuclear 
producing a net electrical output of 480 Mw(e). Steam discharged from 
the1 back pressure turbine is sent to a combination multiEtage flash-
УТЕ evaporator, sized to produce water at minimum cost. Thus the 
evaporator capacity depends on the type of heat source as shown in 
Table 4. 

Table 4 

Characteristics of Nuclear and Oil-Fired Desalting Plants 

Nuclear Oil-Fired 

Thermal Capacity, Mw(th) 2788 1905 
Gross Electrical Capacity, Mw(e) 577 545 
Steam to Evaporator, 109 Btu/hr 7.2 3.4 
Evaporator Performance, lb steam/lO3 Btu 9.6 10.2 
Desalted Water Production, Mgd 200 100 
Power Station Auxiliaries, Mw(e) 59 25 
Net Generated, Mw(e) 548 520 
Evaporator Power,.Mw(e) 28 15 
Farm" Water Pumping, Mw(e) ~30 15 
Caustic, Chlorine Power, Mw(e) /v-10 . 10 
Net to Grid, Mw(e)^ 480 480 
Irrigated land, 103 Acres <~50 25 

Each Mgd of desalted water is used to irrigate about 250 acres 
of land producing a mixed crop of citrus, cotton, winter vegetables, 
wheat and corn. 

The actual optimum cropping pattern is difficult to project because 
this depends on the water use, planting and harvesting schedules, yields, 
and prices of the individual crops. A computer program has been developed 
at OREL to investigate this problem in detail. The main uncertainties 
are yields and prices. Depending on the marketability of high cash crops 
such as citrus., cotton and winter vegetables, 15$, of the acreage will 
probably be devoted to citrus, 25$ to winter vegetables and simmer 
cotton, and 60$ to winter wheat.and summer corn. 

Economic Evaluation of Agro-Complexes in the UAR 

To evaluate the profitability of such a venture requires that one 
first assign a value for the net power produced since this is a dual 
purpose operation. Our approach has been to assign a value for the 
power equivalent to its cost, in a power-only plant with 'äbout the. same 
electrical output (i.e., 500 Mw(e)). Power costs estimated by ORNL 
based on current plant prices are 4.9 mills/Kwhr for the nuclear plant 
and 4.7 for the oil-fired plant.: These indicate that under the assumed 
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fuel costs of 15^/MBtu for nuclear and 30^/MBtu for oil a 500 Mw(e) 
nuclear plant, is not quite competitive with an oil-fired plant. 

For dual purpose operation, however, the situation is quite.dif-
ferent because the incremental unit heat costs of the larger nuclear 
steam supply system are actually slightly less than those for the larger 
oil-fired boiler as shown in Table 5, 

Table 5 

Incremental Investment Costs, in Dual Purpose Plants 

/ Nuclear Oil-Fired 

(20° (100: Mgd) 

Capacity (Power Only) Mw(th) 1540 1280 . 
Capacity (Dual Purpose) Mw(th) 2788 1905 
Differential Capacity Mw(th)-' 1248 625 
Base Plant Cost, 0 millions 106 68 
Incremental Cost, 0 millions 24 - 14.: 
Incremental Unit Cost,.0/Kwt 19.2 22.4 

The resulting costs of desalted water attributable to the steam 
supply system are 4.2^/KgaI cheaper in the nuclear dual purpose plant 
than in the oil-fired plant, as shown in Table 6, mainly because of 
the lower fuel costs. The evaporator capital cost is also lower in the 
nuclear case because of its lower performance ratio resulting in an over-
all 8.2^/kgal lower cost of desalted water. Thus at the scale being 
considered, nuclear desalting plants appear to be more economical than 
oil-fired desalting plants'. 

Many people claim that it is not proper to allocate only incre-
mental costs to the costs of desalting; however, this is equivalent to 
the total cost of • operating the plant minus a credit for the power at 
what it would have cost in a power-only plant. This seems to me to be 
the most reasonable approach. 

Evën with this approach,' however, it is seen that the cost of de-
• salted water under the assumed conditions io more than 28{¿/thousand 
gallons. No allowance has been mâle for possible higher costs for 
overseas construction which might add another 7^/Kgal to-the cost of 
water. Comparing these numbers with the value of crops which might be 
produced as shown in Table 7, it is seen that growing field crops will 
lose money for the enterprise. Only high cash crops such as winter 
potatoes, citrus, tomatoes and strawberries can earn a return of 10$ 
or more. The question now becomes "can such crops be successfully 
marketed in the amounts that would be produced in a large agro-complex?" 
Recent market studies by A. D. Little indicate that because of competi-
tion from present suppliers and the low rate of growth of the market 
for îiigh cash crops, the answer is probably no I 



15 

Table 6 

Costs of Desalted Water, ;(/Kgal 

Nuclear Oil-Fired 

Capital (Steam Supply System) 
Fuel 
Steam Plant O&M 

Sub Total 
Evaporator Capital 
Evaporator, O&M 

Total 

3.1 
6,1 
0.4 

9.6 
13.6 
5.0 

28.2 

3.0 
10.2 
0.6 

13.8 
17.6 
5.0 

36.4 

Baßis, incremental costs over base plant 10$ fixed charge, 
85$ plant factor. 

Table 7 

Crop Values 

Price Allowable Water 
Crop ton/acre ¡¿/lb cost, V/Kgal* 

Soybean 1.8 4.9 5 
Corn 4.5 2.9 15 
Wheat 3.0 3.1 16 
Peanut 2.0 9.5 20 
Cotton Fiber 0.6 35.0V 
Cotton Seed 1.0 0.9J 

¿.X. 

Oranges 15.0 3.0 30 
Tomato 30.0 1.2 60 
Potato 15 ;0 2.4 100 
Strawberry . 15.0 15.0 100 

*To earn 10$ net on investment. 
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Thus, the high cost of desalted water poses a dilemma. Field crops 
are unprofitable and high cash crops unmarketable. How might this problem 
be solved? Four possibilities can be considered (1) reduce the cost of 
water, (2) improve yields of basic crops, (3) count on higher prices, and' 
(4) add. synergistic industries to the agricultural complex to improve net 
income. 

Means of Reducing Water Costs 

Turning first to ways of reducing water costs the given costs are 
based on current reactor technology. 

a) Advanced Reactors 

Advanced reactor types, such as thermal and fast breeders, won't 
have lower incremental investment costs, however, fuel costs will be 
lower by 5-10¡¿/MBtu. This is equivalent-to a reduction in the cost of 
water of 2-4^/Kgal. .With lower cost exhaust steam, evaporator costs 
would also come down about this same amount. Water costs, however, 
would still not reach the 15j¿/Kgal:range of interest. 

i > -

"h) Advanced Evaporators 

The second area of possible cost reduction is the evaporator which 
is the largest contributor to the water costs. Our estimated costs, 
however, are already based on advances in technology which are expected 
to be realized in the next decade. The major development will be to 
further improve the efficiency:of heat transfer by using special ex-
tended surface tubing. 

It is difficult to say what additional new developments will be 
achieved. Thus no allowance can be made for these at the present time. 

c) Improved Yields —, 

The next possibility would be to improve crop yields per unit of 
water utilized. Compared to the high assumed yields and efficiency of 
irrigation, however, the potential here is not great. Each plant re-
quires a minimum amount of water to offset évapotranspiration loss. 
The assumed water requirements are already close to that point. Agri-
culture research may result in improved varieties but here again the 
high yield of. Mexican wheat is unlikely to be surpassed in the fore-
seeable future. We are proposing that ORNL undertake the construction 
and operation of the Ecotron, a controlled environment facility for 
determining just how various factors influence growth rates and water 
use. The results should permit one to accurately establish the condi-
tions for optimizing plant growth and water usage. 

d) Higher Prices 

Turning now to the question of higher priées, it is generally 
believed that the spread of the "green revolution" throughout the 
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•world will result in reducing prices for the basic food grains. We 
realize though that seIf-sufficiency in basic food supply may be im-
portant enough as a national objective to justify local prices higher 
than world prices. Raising the price of wheat to 4^/lb, for example, 
would permit the use.of desalted water costing 30^/Kgal. Another way 
of putting this is that growing wheat with desalted water will not im-
prove the foreign exchange position of a country such as the IIAR, how-
ever, it may provide p, measure of national security. 

e) Aquaculture 

Another approach to improving the overall profitability of a 
nuclear desalting center may be to add other industries which have 
some sort of a synergistic relationship. For example, the warm flowing 
sea-water effluent from the plant may create an environment ideal for 
growing shrimp and oysters. These are high cash crops with a probably 
limited market, however, the returns per unit of investment would be . 
very high. As much as 200 tons of oysters can be grown per acre under 
proper conditions. At 25^/lb (well below world prices) the net return 
per acre would be of the order, of $50,000. Why aren't others engaged 
in such a profitable enterprise? Right now, that is what we are trying 
to find out. 

Water Chemicals 

The warm concentrated effluent from the evaporator can also be 
used as feed for salt production by solar evaporation and for the 
production of potassium-magnesium sulfate, bromine and potash. The 
returns from sale of these products are all high enough to justify the 
investment in processing plants provided adequate markets can be found. 

g) Heavy Chemicals 
The use of incremental or off-peak power for producing various 

other heavy chemicals and metals is also being considered in the study. 
As in the case of incremental heat costs, the costs of adding extra 
capacity for producing on-site power over and above that that can be 
accepted on the grid is lower than the base plant costs, resulting in 
power costs about 3 mills/Kwh. Products which might be considered on 
this basis are electric furnace iron, electric furnace phosphorus, 
oxygen, caustic chlorine, aluminum, magnesium, etc. The main problem 
with heavy chemical production is the marketability of the products. 
Because of the small scale of operations, competition on the world 
market is likely to be difficult. Thus one has to rely on the domestic 
market. 

h) Food Processing 

The upgrading of farm products by adding a food processing in-
dustry to the complex is another possibility. Apparently thé world 
market for dehydrated vegetables, particularly potatoes and onions is 
growing much faster than that for raw vegetables. The cash value of 
processed foods can be increased 100$ with a relatively small added 
investment. 
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i) Protein Production 

A final method of upgrading field crops would, be to raise beef or 
poultry. Here the market is not the limiting factor but rather the ef-
fiency of converting grain to protein. At 10$ efficiency, the economies 
are marginal. Higher efficiencies might be achieved, however, making 
meat raising a profitable ta.siness. In regard to animal protein production 
new developments are in the.wind. Experiments: at LSU indicate that some 
single cell organisms can convert cellulose (i.e., corn stalks, old 
Kleenex tissue, wheat, straw, etc.) Into protein at 1000 times the rate 
achieved by cattle. The product is essentially odorless and tasteless 
but has not yet been approved by USFDA for human consumption. One ap-
proach. would be to use the cellulomonàs organism to upgrade cellulose 
waste to.a protein-rich cattle, poultry or she11-fish feed. We are just'' 
now starting to look- at the economies of such a venture. 

Application of Agr.OrŒndustrial Complexes in Israel •. 

Referring to the map shown in Figure 6, Israel has no coastline 
area suitable for agricultural development as envisoned-in. the agro-
industrial complex. In addition, the national water carrier reduces 
the penalty of transporting desalted water from the seacoast to inland 
use points such as the northwestern Megev. The population of the 
country seems to preclude the opportunity of large increases: in either 
agricultural or industrial production for indigenous markets. Elemental 
phosphorous might represent a potential export market commodity that 
would absorb significant blocks of power; however; such production ap-
pears more practical near the ore source (Dead Sea area) rather than 
at a seacoast site used for power and water production. Consequently, 
the concept for Israel is that of a dual-purpose (power/water) plant 
feeding power into the grid and water into the national Water Carrier. 

The Israel water supply for 1980 includes provision for 200 MCM 
(170 Mgd) of desalted water from seacoast plants located near Ashdod, 
This requirement could" be furnished by the 40 Mgd plant proposed by 
President Johnson beginning in the mid-1970's followed by a 130 Mgd 
plant constructed to begin operation in the late 1970,:s. If Israel's 
water requirements continue to grow at a reduced rate of 2$ per year, 
250 Mgd additional desalting capacity would be required about 1983. 
• A reasonable site for the 1983 plant would also be near Ashdod. 

Application to Jordan, Lebanonj and Syria 

Information on acreage that could be developed in Jordan, Southwest 
Syria, and Southern Lebanon is not complete. However, it is known that 
the 125,000 arable acres in the Jordan Valley could be double cropped if 
additional water were available. A relatively large amount of arable 
land is available in the Sinai adjacent to the Gaza Strip (400,000 acres) 
and in the southwest region of Israel 100,000 acres). Arable land 
may be quite limited in the Rift Valley between Eilat-Aqaba and the 
Dead Sea.. 
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Based on the preliminary considerations, a possible regional con-
cept was developed as follows: Israel presently withdraws about 300 Mgd 
from the headwaters of the Jordan River for her own use which it dis-
tributes by means of the national water carrier. If this water require-
ment were supplied by desalted v/ater produced at plants located on. the 
Mediterranean Coast, the natural water could be used inland at its source 
for refugee resettlement and for new communities. Additional inland, 
water requirements could be met by desalted water, produced on the coast 
and pumped to Lake Tiberias vi a; the Israel national water carrier. 

Water production for resettlement in the Sinai, the Gaza Strip and 
Southwestern Israel could be separately furnished by seacoast plants. 

From many alternatives, one-,possible .concept for a'regional project 
is shown in Figure 7* It includes a total of four 2^0 Mgd dual-purpose 
plants - two located in Israel, and two in the Sinai. The northern plant 
in Israel replaces part of the Jordan River headwaters which-are then ¡ 
used in Jordan, Lebanon and Syria. The southern plant in Israel furnishes 
the remainder of the lost Jordan water and part of Israel * s planned de-
salting needs. The water from the remaining two plants would be used 
for refugee resettlement and for new communities. 

Of the total 1000 Mgd of new water supplies created by the plan, 
170 Mgd would meet Israel's water development plans to the year I98Ö 
and 83О Mgd could be available for refugee resettlement. 

Summary of Middle East Study 

To summarize where we stand today on the Middle East Study, it 
seems clear that a number of factors are involved which make nuclear 
desalting complexes somewhat less attractive than indicated by the 19^7 
Summer Study. Among these are the following: 

1. Any overall regional plan involving both Israel and Arab 
countries is highly sensitive to political problems. To gain general 
acceptance, any plan needs to display some benefit to each of the inter-
national participants in addition to providing solutions to the refugee 
problem. It is not clear how this may be achieved. 

2. National desalting programmes in the ÜAR and Israel might be 
implemented in the : absence Of settlement of political problems, however, 
the viability of such programmes depends on economics and other local 
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factors. For example, the size of individual units is considerably-
smaller than considered as the reference case in the 1967 Study leading 
to higher unit costs, 

3. Escalation of costs of labor and materials since 1967 has in-
creased investment costs, whereas, world food prices have not increased 
similarly. In fact, the higher yield strains pf wheat and rice may 
lead to over-production of'these basic food crops and bring prices down. 

4. Market studies show that the export potential for high cash 
crops (i.e., tomatoes, onions,.etc.} is limited. 

5. Lack of indigenous raw materials in the UAR and Israel may 
limit the size and character of the industrial sector of any .complex. 

6. Alternatives to power-desalting projects may offer more Im-
mediate solutions to the problem of economic growth, in the countries -
concerned. These include, deemphasis; of agricultural expansion in Israel 
in favor of greater industrialization and better use of Wile water in 
Egypt. 

Despite the seemingly.poor.economic features of nuclear-desalting 
plants in the Middle East, the countries visited by the study team 
(Israel, Jordan, Lebanon, and the UAR) are very interested in desalting 
and nuclear power as advanced technologies that hold great future promise 
for their countries. They recognize the long time period required to 
prepare for the practical application of these technologies and are 
anxious to begin that preparation through studies and pilot projects 
designed to provide local education and training and to resolve local 
technical and economic questions. 

Non-economic factors, moreover, such as the national objective of 
becoming self-sufficient in basic food supply, or of providing a focal 
point for the initiation of an agricultural or industrial revolution, 
may justify nuclear desalting in the Middle East area. 

Finally; synergistic enterprises carried out in conjunction with 
large scale desalting plants may make the overall venture profitable. 
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As is known, expectations with respect to nuclear power.have changed rather 
radically.. Initially, immediately after.the 1955 Geneva Conferenoe *n the Peaceful 
Uses of Atomic Energy, expectations-were extremely optimistic. At that time a 
number of experimental nuclear reactors were working reliably' in several parts ' 
of the world, and the world's first commercial nurlear power station, a 5000-kW 
facility ,with a. uranium-graphite water—cooled channel-type reactor, was 
commissioned at .Obninsk in, the. USSR in 1954. Relatively large commercial 
electricity-generating units of the ''first generation" were then constructed,, 
including the 100-MW Beloyarsk power -station and the 2Í0-MW Novo^V»ronez,h power 
station in the USSR, and also nuclear power stations in Great Britain, the4United 

Statés, France and Italy. It emerged from this experience that the cest of ..., 

constructing these first nuclear power stations was twe or three times that of 

constructing power gene^äting stations of similar capacity based on fossil.fuel. 

The áttitúdé to' atoMc power stations, especially among experts on traditional 

power engineering, consequently changed to à clearly pessimistic one. The over-

all result has-been that the development of nuclear power stations in general is 

progressing' more slowly than'was initially hoped. 

New positive assessments of nuclear power stations resulted from the develop-

ment of a "second generation" of atomic reactors having an.electric capacity of ! . 

300 MW and ^ver. The capital investment on nuclear power stations equipped with . 

such reactors has been reduced to the level of expenditure on constructing power 

stations of similar capacity based on foesil fuel.,, and the cost of electricity ' 

generation in a number -of regions is lower than it. w^uld .bè using conventional 

power stations. Programmes for the construction of nuclear power stations both 

in the USSR and in other countries have therefore been considerably expanded 

69-6348 



recently. First and foremost attention is being devoted to nuclear power stations 

with thermal neutron reactors, which have been fairly thoroughly developed from a 

scientific and technical point of view and have proven themselves in operation. 

Fast neutron reactors are still in the development and pilot-plant stage, but 

Soviet experts are confident that.these reactors will begin to occupy their due 

place in nuclear power engineering in the not-toö-distant future. The attitude to 

fast neutron reactors .jn %he USSR is indeed shown quite clearly by the fact that 

two large prototype power units with reactors of this type, cooled with molten 

sodium, are being constructed at the present time. The first of these, with a 

capacity of 350 MW(e), is^being constructed at Shevchenkö, and the second, which 

has a capacity of 600 MW(e), is being erected on the same site as the Beloyarsk 

nuclear power station. At the same time, setbacks with the Fermi fast neutron 

reactor in the.United States have naturally not gone unnoticed. Hence we have in 

mind the development of' fast gas-*cooled reactors as an alternative. Relatively 

l'ittle work has bèen done on this, however, as our leading experts on fast reactors 

believe that sodium reactors will be a success. We may add that experts from other 

countries, particularly those who took part in the World Power Conference in Moscow 

in August 1968,fshare this opinion. 

Of the thermal neutron power reactors in the USSR, the most common are the 
• л water-moderated, water-cooled vessel type and the graphite-moderated channel type. 

In our land-based power engineering the first water moderated and cooled 
reactor has already been working for some five years with complete reliability at 
the Wovo-Voronezh nuclear power station, about 5OO km south of Moscow. The electric 
capacity of this reactor is 210 MW. The reactor vessel is 11 m high, with an 
outside diameter of 3°8 m and a wall thickness of 100 mm in the main part and 180 mm 
in the upper part, where there are the tube connections. The total weight of the 
vessel is 180 tons. The vessel cover is flat, 5OO mm thick and about 50 tons in 
weight. It is attached to the vessel with pins 130 mm in diameter. The vessel and 
cover are fabricated of low-alloy steel, and for protection against corrosion are 
lined with stainless steel. There are 12 tubes 500 mm in diameter welded to the 
upper part of the vessel in two rows one above the other. Circulation loops in the 
form of stainless steel piping 5OO mm in diameter are welded to these tubes. A 
number of other reactor components - pumps, fittings and also the tubing of the 
steam generators through which the water of the primary circuit passés - are made 
of stainless steel. 
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The core of the reactor is 3 m in diameter and 2.5 m high. It consists of 
fuel assemblies with a hexagonal cross-section. The distance across the hexagon 
is 144 ram and the diameter of the circle circumscribing it is 165 mm. The wall 
thickness of a fuel assembly is 2 mm. The gap between fuel assemblies in the core, 
making poâsible easy insertion and removal of each, is 3 mm, giving a pitch of 
147,mm for the fuel assemblies. There 349 fuel assemblies in all. 

Each fuel assembly contains 91 cylindrical fuel elements with a length of 
2.5 m. A fuel element consists of pellets of sintered uranium dioxide 8.8 mm in 
diameter loaded into.a.tube with an external diameter of 10.2 mm, the thickness of. 
its zirconium-niobium alloy wall being 0.6 mm. The fuel elements in an assembly 
are arranged in a triangular lattice with a pitch of 14.3 mm, making the smallest 
gap between elements 4«1 mm. In order to prevent fuel elements from touching, 
spacers are installed at 250-mm intervals along the elements. 

2 
The, pressure in the reactor primary circuit is 100 kg/cm , with, a corresponding 

saturation, temperature of ЗЮ°С. The water .temperature at the reactor inlet is 
252°C and at the outlet 27,2°C. The water throughput of the loop is 5600 mVhour 
and the flow rate of the water in the tubing approximately 10. m/sec. The through-
put of water through the assemblies has been established on a preliminary basis 
as approximately proportionate to their heat output. The maximum flow rate of 
water in a fuel assembly is 4«3 m/sec. 

In the secondary circuit saturated steam is generated with a pressure of 
30 atm. abs. and is passed to the turbines. In the single-reactor plant in the 
case under review, there are three turbines operating at 3000 rpm, each with a 
capacity of 70 MW. This type of turbine was produced on the basis of medium- and 
low-pressure components from a standard 100-ÎW turbine for high steam parameters. 
As the water moderated and cooled reactor in question was the first of its kind and 
therefore in a sense experimental, no special low—speed turbine was designed for it« 

This first unit, of the Novo-Voronezh nuclear power station is in continuous 
operation, its total power output now approaching 6000 million kWh. The unit shows 
stability and reliability in operation. When it was designed it was assumed that 

i 

the average burn-up would be 10 000 IWd/t. The enrichment of fresh charges of 
fuel was accordingly set at 2 I n practice new fuel is loaded once a year, when 
one third of the assemblies are replaced in accordance with a set programme. The 
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average burn-up in fact amounts to 13 000 IWd/t, while the maximum is 19 000 MWd/t. 

The operations for replacing the fuel assembly are smoothly organized and are 

carried,.out ..efficiently and relatively quickly (replacement of one third of the 

fuel assemblies, i.e. 116, takes about 14 days). 

' Under the operating regime adopted, ¡ the fuel elements remain in the reactor 

for three years. The total number installed in the core exceeds 30 000. After 

three years a few of them are no longer hermetically sealed and emit fission 

fragments, into the water. As a result the. radioactivity of the wattier due to 

contamination, by. corrosion products and fission fragments amounts to 
—5 —4 / T 

10 -10 Ci/litre. This level of radioactivity does not cause'any particular 

operating difficulties, however. Consequently no measures against fission-fragment 

radioactivity are taken before the reactor is shut down for reloading. 

The technical and.economic performance of, this first unit is very satisfactory. 

In 19^8 the utilization factor of the unit was 86% and the cost of the electricity 

produced was 0.95 copecks, per kWh. This¡ figure is relatively high, but under the 

conditions obtaining in the, Voronezh region it is completely acceptable. 

On the basis pf the experience obtained in building and operating this first 

vessel-type, water moderatëd and cooled nuclear reactor, new reactors of this type 

with capacities of 365, 440, 500 and 1000 MW(e) have , been and are being developed ,; 

in the USSR. Their characteristics are given in the following table. 



Main characteristics 

' - 5 -

Table 1 

of vessel-type, water moderated and copied power reactors 

Electric ..power, ; .210 , З65 440 • 50Ô 1 000 

Steam pressure at turbine . 30 ,30 45 60 60 
2 

inlet, kg/cm 

Efficiency, % . , . ,, 28 . : .28 32 34 34 

Pressure in primary circuit, 100 105 125 170 , 170 

kg/cnr 

Number of circulation loops 6 8 6 2 4 

Water throughput of loop, 5 600 5 ¿00 6 500 17 000 17 000 

m3/h , , " 

Water temperature at core 252 - 265 ~ • : ¡ 

inlet, °C 

Water temperature at outlet, °C 2J2 - 300 . -. / 

Power density in core, 46 80 83 89 . 101 

kW/litre - ; . . . 
Mean thermal flux, kcal/m h 0.26x10 - 0.4x10 

Coefficient of volumetric 

non-uniformity of heat release. 4.5 - 2.5 - . . т •.••-. 
Length of fuel element, m '•"'"•" 2.$ ' 2.5 v- 2 .5 . 3.5 
Diameter of fuel element, m 10.5 9*1 9-1 ' 9*1 , 9*1 
Mean burn-up, MWd/t 13 000 28 000 .27 000 36 000 44 000 
Fuel enrichment, f - • •"TGÎÛ 2 .-• .. . 3 : . 3.3 4 4.4 

Capacity of turbogenerator, 70 : 73 . . - . .220 500 500 

Cost of installed power, roubles- • • 326 .v l86 ,-.-,,,• 1 2 7 , - . 1 3 0 

per № ;,... -. v.; •. : • i .- ..,....•• 
Cost of electricity; copecks . 0.95 0.7 O.5 - 0.4 
per kw/h .:in ....... 
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Power units with water moderated and cooled reactors and capacities of 365 

•and-44O 4W-(.e)~.are....GUPrently -under construction, in particular at the Novo-Voronezh 

nuclear power station^ where they will constitute the secondhand tMrd units 

respectively. It may also he mentioned that power units with water moderated • 

and cooled reactors of 440 MW capacity will be installed at nuclear power-stations 

ife the People's Republics of Bulgaria and Hungary and in the German Democratic: :. . 

Republic, which are being built with technical assistance from the USSR. 

As will be seen in the above table, an increase in the capacity of individual 

reactors is achieved partly by an increasè in the total heat extraction, carried' ' 

out by increasing the throughput of pooling water and raising the temperature to 

which it is heated,! so that there is a corresponding rise in pressure in the 

primary circuit. The increase in the capacity of individual reactors is mainly 

achieved, however, by improving the area of heat release in relation to the core 

volume. Thus in the first reactor the coefficient of volumetric non-uniformity 
5 2 • 

ткas 4.5, the mean thermal'flux was Ю.26 x 10 kcal/m h and consequently the 
maximum thermal flux was 1.17 x 10^ kcal/m2 h. In a reactor with a capacity of 
44О MW, on the "other hand, the coefficient of .volumetric non-uniformity is 2.5 
and thus at approximately the same maximum thermal flux, depending on heat-exchange б " 
conditions, the average'thermal flux-increases to O . 4 ¡x 10 , so that the increase 

in the total thermal capacity ofrthe reactor attributable to this alone is in 

the ratio of = 1.53. 

With the adoption of a single reactor with a capacity of 1000 MW, however, 

as can be seen from the table, it is necessary to increase the total surface area 

of the fuel elements substantially by increasing their length from 2.5 m to 3.5 m. 

In addition, a considerably greater throughput of water through the reactor is 

required, for which purpose tubes'750-800 mmin diameter have to be used in the 

loops instead of 5OO mm tubes. -
2 

The pressure in the primary circuit in this case will be I70 kg/cm » There 

must then~be'''a corresponding -inerease_jLn..;the...wall. thickness of the reactor vessel, 

which attains 300 mm in the upper part. There also has to be some increase in 

the height of the vessel, while its external diameter rises to 4«3 m, this being 

the limit for purposes of transport by rail. Moreover, in reactors with 

capacities of 440, 5OO and 1000 MW the cover is no longer flat, as in the 210 

and 365 MM reactors, but spherical. 
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It should, also Ъе mentioned that , in a reactor of 44.0 Ш. capacity the heat 
release along the core radius is rendered uniform ,by adopting two radial zones 
having different lattice properties;., the breeding, pröperties of the outer zone 
being slightly; great-er' than those qf the inner. This is achieved by moving the 
absorbing rods and also by using neutron absorbers in the fuel assemblies. The 
material selected for use as an absorbent contains boron and is loaded in tubes 
having the same size as the fuel elements, Tubes containing the absorbent are 
installed^ in a fuel assembly in place of ,six. fuel elements. The absorbent is 
loaded in the tubes with a concentration varying along their length, the highest 1 
concentration coinciding with the centre of the core. This evens out the release 
of energy throughout the core. A further factor leading to a uniform energy 
release all the way up the reactor is. the correspondingly greater poisoning and 
slagging of the fuel in the middle part of the core than at the ends. 

The application of'an absorbent is also important in that it permits ; 
compensation of part of the excess reactivity allowing for fuel burn-up. In "the 
new large reactors the planned burn-up, as shown in the table, is 30 000 to 
40 000 MWd/t so that the'excess reactivity allowing for burn-up will amount to Of a. 
In addition, about 10% of the reactivity is needed to compensate the temperature 
effect and xenon and samarium poisoning. . Thus at the. beginning of a run, i.e. 
after replacement of the degraded fuel by fresh, the reactor core has an excess 
reactivity of about l&fo when cold. This figure is of course a high one, and 
compensation of such exceps reactivity is a rather complicated matter. It is 
accomplished mainly by using.compensating assemblies, In the case under'review 
there are a total of 349. fuel assemblies, ,73 of which are compensating assemblies. 
Each compensating assembly consists of two parts - a lower part constituting a 
normal fuel.asserably, and an upper part executed in the form of a hexágonal steel 
channel, of. the 'sam^;dimensions as the fuel assembly and inside which the 
absorbents-are. placed. , . When a compensating assembly is in the down position the 
reactivity of the core is reduced owing to two effects, namely the insertion of 
absorbent''into it. and the withdrawal of fuel from it. This design feature is 
without doubt completely successful. Nevertheless, the presence of such a large 
number of compensating assemblies (73) which aré moved by means of electric drives 
clearly illustrates the considerable complexity of the system. — 
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In this connection, a particularly promising method of compensation for 

excess reactivity in water moderated and cooled reactors is the use of an aqueous 

solution of a boron-containing substance. This method is being used in the USSR 

at the present time at the Novo-Voronezh nuclear power station to compensate for 

reactivity during renewal of the fuel;in the reactor. The method provides 

substantial assurance that the reactor is kept in a sub-critical state during 

reloading, and also during the movements of the control system assemblies which 

are. necessary during fuel reloading or maintenance work on the control system. 

Use of the method during operation of the reactor requires some care, however. 

The problem here is the inevitable occurrence, in large water moderated and cooled 

reactors of so-called "surface boiling": of the water, i.e. the formation of steam 

on the surface of the fuel elements, notwithstanding the fact that.the average 

heat content of the flow remains lower than at saturation temperature. With the 

formation of steam there is a corresponding reduction in the volume of water in 

the core. , Consequently, when the reactivity is compensated by a solution in the 

core, the total amount of abosrbent will also be reduced. It is thus necessary 

to be certain that under operational conditions the overall temperature coefficient 

of reactivity or the effect related to Capacity cannot become positive. 

The crux of this problem is illustrated by the graphs given in Fig. 1, where-

the horizontal axis shows the steam content of the throughput by weight and the 

vertical axis the real steam content by volume. On these graphs the points left 

of zero steam content by weight refer to a water flow with an average temperature 

lower than the saturation temperature. The heat content of the flow is 

characterized here by an apparent negative steam content. These graphs were 

obtained by experimental work at the G.M. Krzhizhanovsky Power Engineering 

Institute when heating a vertical tube with a diameter of 15«7 mm and measuring 

the steam cöntent by transirradiation of the tube with a beam of comparatively 

soft gamma quanta of energy,0.088 MeV from tellurium-127. The pressure during 

the experiment was 100 kg/cm , the flow rate 1.5 m/sec and the heat flux about 

1.0 x 10^ kcal/m2 h (upper curve) and 0.5 Ï 10^ kcal/m2 h (lower curve). 

It can be seen from the graph that in the region before boiling there, can in 

fact be a steam content by volume of up to 0.1 or even 0.3, depending On the • 

thermal flux and the flow rate of the water; In this region an increase in the 



thermal flux is accompanied Ъу an increase in the steam content by volume, but 
when there is an increase in the water.flow-rate under,otherwise equal conditions 
the steam content by volume decreases. 

The achievement of uniform heat release across the core was referred to above 
as a new step in the development of water moderated and cooled reactors in" the 
USSR. As the next step mention may be made of the partial replacement of the 
stainless steel in the primary circuit by carbon steel. In contrast to the 
first reactor, the inside of the vessels of the 365 and 440-MW water moderated . 
and cooled reactors is not lined with stainless steel. There is quite a marked 
preference, in the larger reactors, for using carbon steel (without a stainless 
steel lining) to fabricate the pumps and the large-diameter valves of the primary 
circuit* This preference is based on the numerous experimental results, obtained 
both in the USSR and in a number of other countries, showing that under the 
conditions of operation of the reactor primary circuit and in the presence of an 
appreciable amount of dissolved oxygen in the water, a rather hard oxide film is 
rapidly formed on a carbon, steel wall, which protects the metal from further 
corrosion. During operation of the reactor the presence of dissolved oxygen in 
the water flow*is caused by radiolysis of the water. Thanks to this, the 
corrosion rate of carbon steel, under the operating conditions of water moderated 
and cooled reactors isi practically the same as that of stainless steel. To 
illustrate this we shall quote actual data on this problem obtained at the 
ОЛЯ. Krzhizhanovslçy Power Engineering Institute during operation of a circulation 

2 О 
loop, at a pressure of 'JO kg/cm and a flow temperature of 280 C, but without 
radioactive irradiation. 
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• •.-.••:. V Table .2' 
Total corrosion of-r steels over 1000 h, in g of iron per m^ of contact 

surface at a pressure of "JO atm abs., a .temperature of 280°C, 
a water flow-rate of 7*5 m/sec"and à pH of 7 ' ''' 

Type of 
steel 

Water 

0„ = 0 0.» 2-0«, 5 
m g/ 

Steam-water mixture St earn 

02 = 0 20-40 . 02 S 0 20-40 
mg/litre тд\ 

IKhl8W9T 
Stainless steel,. 

22K 

Carbon.steel 

20 Carbon.steel 

10.1 

73.3 

81.2 

1.1 

2.6 

-3.6 

4.4 

52.3 

4.2 

З.З 

4.i 

1.9 

5.6 

З.4 

2.9 

3.8' 

It will "be seen from the table that in a flow of de-aerated water and a 
steam-water mixture, the corrosion of carbon steel when the oxygen concentration 
is approximately zero is approximately 10 times as rapid as that of stainless steel. 
When oxygen is present in the flow, however, the corrosion rates of these steels 
are approximately the same, and in absolute terms the corrosion rates for carbon 
steels are even slightly lower than those for stainless steel in a flow of de-aerated 
water. In a flow of steam the corrosion rates of all steels are'comparatively low, 
both in a de-aerated medium and in the présence of a considerable oxygen concentra-
tion. In view of' the above there are good prospects that in the future the use 

of stainless steel in the primary circuit of water moderated and cooled rèactors 

will be reduced to a minimum.^ 

Thanks to this there will be a corresponding and marked reduction in capital 

expenditure, together with increased reliability, as carbon steel has better 

strength and weldability characteristics, than stainless steel or carbon steel with 

a stainless steel lining. At the present time the main difficulty with respect to 

the wide application of carbon steel in the primary circuit is the absence of data 

on its ocrrosion under real operating conditions, so that the extreme caution 

regarding carbon steel shown by a number of experts is to a certain extent 

justified. At all events, there is no doubt that further progress in this 

direction is merely a question of time. 



A very important task,, as before, is to ensure that the fuel elements are 

leak-tight. In the USSR much work is being done all the time on improving the 

mass fabrication of fuel elements. ; Nevertheless, operating experience in this 

respeot is still limited. At the Novo-Voronezh nuclear power station fuel 

assemblies which are dubious with regard to the hermeticity of the fuel elements 

can be subjected to visual inspection by periscope in a hot cell. For the 

inspection the 'wall of the fuel assembly is first partly cut open to reveal part 

of thé fuel element bundle. Inspections of this kind have revealed longitudinal 

cracks in the cans of some'of the fuel elements in the outer rows of the bundle. 

Additional data on this problem have been .obtained during operation of a vessel-

type boiling'reactor, at Mel ekes,s. . .In this reactor use is made of the same fuel 

assemblies as in the water moderated and cooled reactor of the Novo-Voronezh 

nuclear powei* station. The Melekess reactor operates at a pressure 

of 70 kg/ cm , 

has natural water circulation and a .steam content at the outlet of the central 

fuel assemblies of up to 14fo by weight. Visual inspection showed that the surface 

of the canning of damaged fuel elements from this reactor had also undergone 

longitudinal cracking. In addition, it has been noted that in this reactor 

damage is mainly sustained by the fuel elements right in the corners of the 

octagonal fuel Aa,ssembly, and mostly in the upper part of the element. Thèse 

facts are highly significant.1 |n all probability the situation is that the 

corner fuel elements are in contact with a flow having an increased steam content, 

since it is known from experimental data that under annular boiling conditions 

the fluid adheres to a greater extent to a non-heatèd,wall than to a heated one. 

Consequently during the boiling of the water a high concentration of the 

impurities present in the water occurs on the surface of the corner fuel elements, 

with low-solubility impurities (metal oxides and hardness salts) separating out 

in the form of a deposit. The formation of a deposit leads to an increase in 

the temperature of the zirconium can, which loses strength at a temperature of 

375-40O°C and ruptures owing to the internal pressure caused by a mixture of 

the initial gas (helium) and gaseous fission fragments. The presence of a small 

amount of deposited materials on the fuel elements can be observed visually, 

although conclusions as to the' link between fuel element damage and deposits 

cannot be drawn directly from these observations. 
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Thus, from experience in the operation of water moderated and cooled reactors 
we may, it would appear, conclude that one of the reasons for damage to their 
fuel elements is the deposition of the low-solubriity impurities present in the 
water. All possible measures must therefore be taken to prevent the occurrence 
of such deposits. In this connection, complete desalting is required of the water 
used to fill the primary circuit of a water-cooled reactor. An additional 
requirement is the continuous purification of the water during the operation of the 
reactor, which is carried out by purging'the circuit at the rate of 30-40 tons of 
water per hour. The water is cleaned of impurities and returned to the circuit. 
In the first reactor purification is carried out in an evaporator. In subsequent 
Soviet reactors the process is effected in ion-exchange filters. Another 
important aspect is the control of quality of the water in the primary circuit 
and the restriction of its impurity content to the lowest level currently accepted, 
i.e. a molecular concentration in the ppm range. 

In the operation of a nuceear power station a further important feature is the 
processing of slightly radioactive water from various sources, deactivation wastes 
and also the water from the laundry and shower rooms. All these liquids are 
processed by evaporation and returned to the power station system, except for a 
small amount which is surplus to requirements. Some difficulties here are 
associated with the fact that these liquids exhibit strong1 foaming during 
evaporation, so that foam may be entrained with the steam. In order to prevent 
this, we have designed a special device to break up the foam. The device is 
shown schematically in Fig. 2. During the evaporation process the steam,together 
with the foam,passes through tubes 10-15 mm in diameter at the relatively high 
velocity of 20-25 m/sec. The foam is consequently broken up, and what emerges 
from the tubes, is steam and liquid droplets, which are precipitated« After this, 
the .steam flows into the steam line, while the liquid, separated off, flows back 
into the water circuit. The steam is then condensed and the condensate is 
further purified in ion-exchange filters. 

The evaporating plant is steam-heated and made up of two parts: the main 
evaporator and an- associated final evaporator, in which material from the main 
component is evaporated to the solid state. The final evaporator is designed 
to handle 100-200 litres of water per hour. It is relatively small, but has a 
large heating surface. For this reason only the lower part of its heating- surface 
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operates initially. As deposition occurs the liquid level gradually rises. When 
the final evaporator is completely full of deposited material it is disconnected 
and disposed of to dry storage, a new final evaporator being installed in its 
place. During treatment of the water from the laundry and shower rooms liquid 
soap is precipitated in the final evaporator. This is run off and, as has been 
shown experimentally, solidifies. 

The above applies mainly to vessel-type water moderated and cooled reactors. 
As already indicated,, development work is also being carried out in the Soviet 
Union on the channel-type reactor with graphite moderator. . The first large 
reactor of this type, with a capacity of 100 Ш(е), went into operation in 1964 '„,. 

at the Beloyarsk atomic power station in the Urals. It is a two-circuit reactor 
with boiling of the water in the channels of the first circuit and nuclear super-
heat of the steam takes place-within the reactor in superheating channels. The 
fuel channels with the boiling water and the steam superheating channels are made 
of stainless steel. The active section of the channels is 6 m in length. 
Channels of this design are well known, having been used in the world's first 
atomic power station at Obninsk. 

The second channel-type reactor at the Beloyarsk atomic power station has a 
capacity of 200 MW(e). Prom the design point of view it differs from the first 
mainly in that it has a single circuit, the steam generated in the evaporating 
channels of the reactor being separated from the water in a drum-separator and 
passed directly to the steam superheating channels. The pressure of the super-
heated steam is in both reactors about 100 atm and its exit temperature about 
5OO C. Uranium enriched to 3% is used in thé evaporating and steam superheating 
channels of these reactors, • 

Experience has shown that with these reactors it is possible to locate during 
operation channels with damaged fuel elements and that it is fairly simple to. , : 
replace degraded or damaged channels by new ones. However, the cost of fabri-
cating fuel elements and fuel channels from stainless steel thin-walled tubing -
and consequently the cost of power generation - has proved to be relatively high.. 
In future reactors of this type zirconium channels and cylindrical fuel elements 
ill zirconium cladding will be: used, the necessary zirconium alloys having in the-
meantime been developed. 
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Heat physics studies have shown that, when the water in a channel is "boiling 
and the steam content is relatively high (Í0% or more), under crisis conditions 
the rational channel length is 3o 5-4 m„ This result is important in that it! 
implies a much lower fuel load and should lead to fuel economy and to greater 
reliability of the fuel channels. 

This conclusion regarding the rational length of fuel channels was reached 
after many years of work by heat physicists in several countries. It appears to 
have been reached first by Kirby aлd Macbeth in the United Kingdom. It is actually 
a natural conclusion stemming from the physical fact that at high steam flow 
velocities (of the order of 15-20 m/sec) the fluid detaches itself from'the channel 
wall with almost limiting intensity, so that a reduction in the specific thermal 
flux through an increase in channel length increases the "critical" velocity of the 
steam in the channel - and hence total steam production in the channel (i.e. its 
power) - only slightly. The development of boiling-water channel-type reactors 
with graphite moderator in conjunction with the development of water moderated and 
cooled reactors represents the second approach adopted in the Soviet Union, where 
it has a long history. It is reasonable at the present stage to assume that the, 
parallel development of these two reactor types is the correct procedure, since it 
is unwise to put all one's eggs in the same basket. Prom a practical point of view, 
the parallel development of'< channel-type reactors and water moderated and cooled 
reactors is also justified by thé fact that, even with wall thicknesses of 200 mm 
and more, the vessels of the latter typé of reactor are still not sufficiently 
reliable.' The vessel walls of such reactors are subjected to high pressure and to 
intense fast-néutron irradiation which causes the-metal atoms to be knocked out of 
their position in the lattice, with the result that the steel changes its structure 
(in particular,-its plasticity gradually decreases). .These processes-, together with 
other problems relating to the strength of reactor vessels, are being, widely: studied. 
However, we: do not yet have .sufficient; experience and there consequently remain some 
misgivings regarding the long-term strength (over, periods of up to 30, years) of 
vessels. The position is complicated further by the fact that when a reactor goes 
into operation its vessel becomes extremely radioactive and hence difficult, of 
access for inspection and maintenance purposes, r. 
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In a channel-type reactor, on the other hand, the:latter problems are entirely 
absent ? only the fuel "channels are exposed to intense irradiation and can, ..when 
damaged, be replaced by new one& without much difficulty. • 

Some attention is also being paid in the'Soviet Union to vessel-type boiling-
water reactors. It is proposed'to use this reactof type with natural circulation. 
mainly at small self-contained atomic power stations in remote regions. Large, 
boiling-water reactors, with forced circulation/ do not enjoy s t r o n g support in. the 
Soviet Union. As" far as I can judge, this is dué to the complexity of the'thermo-гг. 
dynamics and of thé movement Of the tijb-phase flow (and also to the inherent non- -
steady state). Essentially, the misgivings expressed at the time when the first . .. 
boiling-water reactor went into operation in the USA' under Professor Zinn still 
exist. Since there is no fully developed theory oftwo-phaseflow,it is impossible 
to predict the ccurse of the physical processes in the core, particularly as they 
occur very rapidly. Consequently, it is difficult to determine-in. advance (i.e. at 
the design stage) the parameters for stable reactor operation and even more so the 
conditions under which a given maximum power will be achieved. It is obviously 
unpleasant to take risks in this respect, particularly as far as large plants are 
concerned, although the United States already has very considerable experience in 
the reliable operation of reactors of this type. In our opinion, by virtue of the 
physics of the process, vessel-type boiling reactors are on the whole inferior to 
non-boiling reactors with regard to reliability. 

In conclusion we shall discuss briefly the economics of atomic power stations. 
Data relating to water moderated and cooled reactors are presented in Table 1, 
where it can be seen that current reactors are designed for a fairly high fuel 
burn-up of 3О-4О 000 Mild/1« It has been precisely the success in achieving a 
relatively high nuclear fuel burn-up (as compared with initial predictions), 
together with the increase in the unit power of reactors, which has led to the 
favourable economic indices possessed by the atomic power stations now being 
designed. The position here is governed by the relatively high expenditure on 
fuel element fabrication, as a result of which the cost of finished fuel elements 
is much higher than that of the fuel contained in them. It is therefore important 
to obtain in the reactor more energy from each fuel element batch so as to reduce 
the fuel element fabrication component of the power generation costs. High fuel 
burn-up is achieved by means of greater initial enrichment, the excess reactivity 
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at the beginning of a run being compensated by the introduction of neutron 
absorbers into the core.. Towards the end of the run a correspondingly.larger 
amount of fission fragments accumulates in the core. Consequently, with higher 
burn-up. the conversion ratio, determining the rate of plutonium production, 
decreases. As a result, the conversion ratios of all reactors with a comparatively 
high burn-up are approximately the same (about 0.6). It follows that,"'with'regard 
to plutonium production and hence with regard to the use of natural Uranium, all • 
current types of power reactor with high burn-up differ only slightly from one 
another, and other factors, including the experience already gained within the 
country concerned and the cost of power generation, play a correspondingly more 
Important part in their evaluation. In accordance with this approach, and tinder 
the conditions prevailing in the Soviet Union, it is appropriate that we pursue 
atomic power generation with thermal neutrons on the basis of vessel-type water 
moderated and cooled reactors and of the channel-type reactors to which reference 
has been made above. 
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Problems of introducing nuclear power into devéloping countries » 
(M.A. Khan) 

Introduction 
The purpose of this paper is to indicate the vast gap in the utilisation 

of nuclear power between - advanced and developing countries, identify some of the 
major problems encountered in the introduction of nuclear power into developing 
countries and suggest some possible approaches to overcome them. 

Section Is 
Nuclear Power development has now reached the stage where it has . 

become a well established alternative to conventional means of generating power 
and most of the industrialized countries of the world, are taking it for granted 
that within the next'30 years about half of their electric power requirements 
will be met by nuclear plants. During the coming decade, nuclear installed 
capacity will increase by a factor of 10 from about 31.000 'MW in 1970, to 320.000 
to 350.000 MW in I98O. In step with this development nuclear industry too 
will -undergo a phenomenal growth5 for example, the total annual expenditure for 
nuclear plants will increase from 3°2 billion in 1970 to over 14 billion in 
1980 (Table i). i By the end ftf the next decade,, the annual expenditure in 
the fuel cycle çlone will exceed 5 billion dollars. It is evident that the 
estimated expenditure of 80 - 90 billion dollars in nuclear power plants during 
the next 10 years signifies the confidence which power industry, utilities and 
national governments have placed in the potential benefits that will accrue from 
use of nuclear energy. 
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TABLE 1. PROJECTED WORLDWIDE GROWTH OP KUCLEAR INDUSTRY-i/ 

Item im 19Ô0 м м п м м 

Installed. Capacity 31,000 ж 32,000 

Atmual Expendí ture 
In $ million for 

isw Plants 2,500 9,000 

fcel.Cyple (Total) 700 5?00Q 

(i) Uranium Concentrate and 
Conversion 

250 1,800 

(il) Fabrication 130 1,400 

•£&ti) Enrichment. 320 1,800 

Total llucl«ar Industry 3,200 14,000 

Cumulative Expenditure, in millions 
(1970 - 80) 80,000 

l/ ; Based on worldwide extrapolations from estimates for US industry given 
in The ííuolsar Industry, USAEC, Hov. 1968. 
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As compared to these developments in advanced countries, let us have 
a quick look at the situation in developing countries» Of the total 300 power 
reactors, currently in operation and under construction or firmly ordered at 
f1 a present time, only 10 are in 5 developing countries, namely in India, 
Pakistan, Argentina, Korea and Greece, It is expected that within the next two 
years 3 or 4 more developing countries may announce their plans for their first 
nuclear power plants. According to: the current projections, the installed 
nuclear capacity in the developing countries of the world "by the end of I98O 
will amount to about 16,000 - 20,000 KW, which is about 5^ of the estimated 
world nuclear capacity at that time/: 

At this rate it would therefore appear, that nuclear technology, 
instead of helping to close the gap between advanced and developing countries, 
might only serve to. widen it» This situation,, on the face of it, is somewhat 
paradoxical о If nuclear energy is indeed able to offer lower cost electric 
power which is admittedly an essential ingredient for accelerated economic and 
industrial development, then it is the developing count ries, lacking in energy-, 
resources which should turn towards nuclear energy,. The, economies resulting 
from nuclear energy.are likely to benefit the advanced countries which already 
have access to cheaper energy resources, while many large developing countries 
which are short of indigenous energy ..resources and pay more for imported 
fuelsj are not likely to find it easy to exploit nuclear power. 

The present world wide energy picture indicates several contrasts. 
About one half of the total energy consumption in the world is confined to 
8 countries which represent 12<f0 of the world's populations another 84 countries 
which constitute 55fo of the world's population account for only 5^ of the 
world energy consumption» There is no doubt that some of the developing 
countries, especially in the Middle East, are blessed with abundant oil and 
gas reserves b u t i n general, the developing countries of the world are not 
so fortunate. For instance, the per capita known reserves of fossile fuels 
in the countries of the Far East and.South East Asia, excluding mainland 
China, are only of those in North America and 5<f0 of those in Western Europe, 
The per capita annual consumption of electric power in these countries is 
l/lOth of that in Western Europe and l/20th of that in North America. Thus, 
most developing countries of the world have low per capita consumption of 



energy,, especially of electric power5 have limited për1 capita indigenous 

resources s and-could.benefit from cheaper power which" nuclear'energy can •' 

offer in order to expedite their industrial development„ 

Having seen the -sharp contrast between the advanced and developing 

countries in terms of exploiting nuclear energy which exist now and is likely 

to increase in...the foreseable future,, let us examine ,some of the reasons which 

are responsible for this lack of progress -in using nuclear power in the less 

developed countries. • "".' 

-1 Section Il s: 

L Awareness of the Potential of Nuclear Power 

With some exceptions the government authorities in thè developing 

countries have not shown full awareness of the potential contributions which 

nuclear energy could malee towards their economic development» The government! 

in these countries have a multitude of pressing social, economic, and other 

problems which preoccupy them to the extent that forward planning Is given 

lower priority- Nuclear energy is considered to be too advanced and top-, 

sophisticated to warrant near-term or even long-term considérâtion» A simile-

attitude is displayed towards other new technologies and new: techniques in 

medicine, agriculture and industry,, There seems to be .a great, deal of. 

reluctance ot change the established pattern for generation and distribution 

of electric pçwer. In certain cases it is easier to get capital intensive 

hydro-power projects approved than obtain consideration for nuclear.power 

plants as ал alternative» 

If these countries are to benefit from nuclear energy in the future, 
the governments should review their policies and become more receptive, to 
considering the unlimited potential of nuclear energy and the need for early 
initiation of, appropriate programmes, so that when in the years ahead nuclear 
power.: becomes even more economicv they will be ready to exploit it fully. 

2» Organization 
Introduction of nuclear technology into a developing economy is a 

formidable task which can be accomplished only through effective organization 
and planning. While many developing countries have not found it necessary 
to set up atomic energy committees or authorities, several have indeed 



established their respective Atomic Energy Commission,, These bodies have 
a difficult task in selling the idea of using an exotic source of energy with 
its many unknowns and-face an uphill task. While these commissions need 
strong support; it should be recognised that they can play only a limited 
role in releasing the large-scale use of nuclear power» Ultimately it is 
the power utilities and economic planning authorities which have to be convinced 
of the merits of nuclear power and agree to adopt it. It is therefore 
necessary that appropriate inter-agency groups be created representing, 
besides the atomic energy commissions, the various power authorities and 
utilities.,, financial and economic planning bodies and industrial organisations 
to develop a realistic programme fbr the exploitation of nuclear energyс In 
most cases such essential and basic groups do not exist and there' is a', lack 
of communication, understanding and' coordination among the major agencies 
involved in power planning» . :„ ..... 

3° Case for Nuclear power 
Before a country formulates a national policy and sets up an 

organisation machinery and commits:its limited technical and economic resources 
for the exploitation of nuclear power, it is most essential that there should 
exist a real case for introduction of nuclear power in the country« This 
case or justification should be soundly based and take into account all 
indigenous or imported current resources and fuel and the projected fuel 
and energy requirements of the country as determined by realistic economic 
expansion programmes„ The country must ascertain if it really does need a. 
new source of energy and about when* ; This investigation may be put under ; 
the general heading of? Economic and Technical Feasibility of Nuclear Power 
and should be carried out thoroughly and objectively. At a minimum, a 
country must have a long-term need for nuclear power which can provide 
justification for undertaking a well planned and coordinated programme. It 
has been observed that in many developing countries the. case for nuclear 
power is not made convincingly enough to win the.necessary support within 
the country or from outside» This fundamental step is difficult to bypass. 
Although a country can commit oneself to a nuclear project, it is hard to 
embark upon a nuclear power programme which is what really counts, without 
having a sound justification« 



4° Technical know-how 
The question of introducing nuclear power forms a part of the larger 

problem of introducing advanced.technology into'developing countries« This 
requires a great deal of preparation as well as the education and training 
of technicians , engineers and scientists / but it does not imply that' developing . 
countries mast wait for decades before they can begin to benefit from nuclear 
power. There is a différence between acquiring sufficient know-how aid to design, 
fabricate and build nuclear poxver stations within.a country and acquiring 
ability to erect such plants with outside help and operate and maintain them 
satisfactorily» Many developing countries can do the latter within a short 
time» . It normally takes 5 years to complete a nuclear power station which 
gives enough time .to train the staff for that project, provided people with 
conventional station experience and other basic skills, are available,, But 
before embarking upon a nuclear project, it is necessary for a country to ; 
have a small group of well-informed and trained technologists who can with 
such outside assistance as necessary, make assessments of nucleár, vs»con-
ventional alternatives 5 advise on the implications of selecting a power 
reactor of certain type and design. They must know what outside technical 
advice the;country needs and where to go for"such advice« The formation of 
such, a- group implies that well in advance of embarking on a nuclear power 
project, the country should train a group of- engineers and scientists for 
making necessary plans» This is firstly not eaisy to justify for certain 
countries- and secondly, unless it is very well organised and times, there 
is some danger of losing the members of the group to other industries within -
the country or outside for lack of sufficient progress in the country's 
nuclear programme« 

5 ° Financing 
: The developing countries have a chonric and serious shortage of 

capital, especially foreign exchange, to meet their ever increasing-require-
ments« They, have too many competing demands for very limited supply óf' 
local and foreign capital« The economic planners are therefore reluctant 
to invest-'in capital intensive nuclear plants while with the same money they 
can build more conventional kWs« The international loaning agencies and 
banks seem to she.re the same view,« One can easily understand their 
attitude» However, one cannot always plan on the basis of short-term and 
immediate considérations only« One must also plan with the long-term future 
in view. In many casés conventional plants with lower capital investments 
and high ranging expenses can be very costly for a country as compared to., 
the nuclear alternative« 
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Cooperation from o-uxside 
The developing countries have received considerable help from • ''• 

several advanced countries in initiating their peaceful nuclear progress . 
especially through the bilateral programmes . Some of these programmes 
have now been phased out while the need for outside help has increased, ' 
As mentioned before so far only nine nuclear powér projects in developing 
countries have been started« Apparently there are a number of other 
developing countries where prima facie cases for nuclear power exist and 
the projects could materialize with some outside help. In addition to 
Government help, the industry interest can also play a major role«' -The • • 
nuclear industry in advanced countries can help in developing standard 
reactor designs and plants readily applicable to the conditions in 
developing countries. '"What it perhaps needed is a systematic programmé' 
for developing standardised unit sizes and thereby achieve maximum 
economies through duplication within à limited timé. 

Section Ills " 
The specific solutions to these basic problems will vary from 

country to country depending upon its special circumstances and the stage 
of industrial and scientific development. However, one can;outline some 
broad principles and considerations which could be helpful in formulating 
appropriate approaches to these major problems. 

1° Better understanding of nuclear power 
In order that there is wider public support and backing for nuclear 

power programmes, a better and fuller understanding of the potential 
contributions of nuclear energy to the economic and technical development 
of the country should be created. •:. The atomic energy commissions should 
play the leading role in educating public opinion. This is a long term 
and continuing activity because even in advanced countries the public and 
administrators are not'always-aware of the facts and tend to be misled 
by small special interest groups who oppose the use of nuclear power for 
alleged reasons of public health, safety, and conservation. 

2. Organisation 
A well-constituted atomic energy body with adequate responsibility 

and support from the government authorities is a necessary prerequisite 
for development of "atomic power in a country. Such a body could furnish 



."the motivating force necessary to push,a certain programme« . But again, the 
atomic energy commission cannot.and. should not in the long run try to go 
it alone« Right from the start it should establish close working relationship, 
with educational' and research institutes,, universities, industry and 
government agencies and planning authorities« . In particular,, good under-
standing with the power utilities, are important. The role of .the atomic 
energy commission as a regulating body and for providing technical support 
and advice is more easily acceptable to the utilities than that of a r 
decision-maker in selection of nuclear versus conventional alternatives or 
operation of a nuclear power station« 

3« Case for Nuclear power 
Ais stated before, a soundly based case for nuclear power must exist 

•and should be made in a clear and convincing manner to obtain the necessary 
support« In the early stages the atomic energy commission or corresponding 
body could on its own undertake preliminary studies to determine if a long-
term 'heed for, reproducing nuclear power does really exist« On the basis of thi 
need and degree of urgency,, a modest programme of education and training 
may be included in the overall nuclear energy.programme of the country. Thus, 
if a research reactor centre is established, it may be used for educational 
and.training purposes and some of its senior staff members could be trained 
in nuclear engineering and technology to serve as the-nucleus of a team for 
evaluating-the application of nuclear power in the country« 

One must be careful in deciding how many people should be trained 
and to what extent, so that the country does not have too many specialists 
trained far ahead of engaging in a specific project. or: too few people for 
• anticipated requirements« Such a balance can only be established within ~ -
the context of the situation in a particular country« 

' It is perhaps useful to^note that a country may have to make.a 
number of studies and feasibility reports on nuclear power before a project 
materializes« This may, on the face of it, seem to be rather wasteful, but 
in fact it is not always so« The process of convincing the authorities ;., 
within.a country, especially the economic planning bodies, regarding the 
potential of nuclear power, is a slow one, and they are quite used to 1 

study various projects several times before making a commitment« 
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Purther; each exercise involves increasing numbers of people 

examines new facets of the problem and, hopefully, generates more information,, 

The very consideration of nuclear power in most develo'ping countries has led to a 

rethinking of the entire power planning system and even technical•education 

system in certain countries,, It has forced a more rigorous analysis of 

the conventional plant cost and economics, more critical examination of the 

projected power requirements,, better evaluation of available energy resources. 

These gains in themselves more than justify the effort which goes into 

feasibility stud'es. Besides, they enable the- country to develop a high-

level team which can perform necessary evaluations for developing a power 

programme. 

At some stage a country would require a detailed and comprehensive 

feasibility study of nuclear' power which is not just the feasibility of a 

specific project, but which enables' the country to draw a long-range 

programme for the development of nuclear power and thus provide the perspective 

within which individual projects can be viewed. 

Let us briefly examine the main elements of such a comprehensive 

study and how it could be organised to best advantages We take up the 

question, of- organisation first, becausè of its importance» The most 

practical way would be to set up a nuclear power study group representing 

appropriate national power and energy .organisations and having, the help of 

outside consultants and advisers as necessary. The organisation and 

composition of such a group may have a, great influence in obtaining acceptance 

and later implementation of any recommendation resulting from the study. An 

idealized approach is shown in chart No.l. 

The basic principle should be the encouragement and active involvement 

and participation of the key governmental and private organisation concerned 

with the development of power. The major electric power and water utilities 

(if desalting is involved) must be encouraged to take an active part because 

ultimately they will have to make a decision to build a nuclear plant and 

find necessary finances. The group should not be, too large and unwieldy 

but no important agency should be'left out. Sometimes, it may be more 

practical to set up subgroups which could provide the necessary input for 

the work of the main group. Whether various agencies participate directly 

or indirectly in the work of the group is a matter which can be decided 
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depending upon the situation in a country, hut a feeling of active partici-
pation and contribution should be given to the main agencies concerned« The 
power planning body or its equivalent in the Government should bless the 
establishment of such an ad hoc nuclear power study group« Its terms of 
reference should include the development of a long-range programme optimized 
to offer the most economical way of meeting the power requirements of the 
country or the area in question, taking into account the possible use of 
nuclear energy. It should then draw up a detailed plan and divide tie 
work among various departments which should carry out the required detailed 
investigation. Certain tasks as the evaluation of hydro and fossile fuel 
resources and carrying out of power market surveys may require a considerable 
time if the basic data have not been gathered before. The agencies dealing 
with financial and economic affairs should be drawn in as early as possible, 
because they usually offer the greatest amount of resistance to introduction, 
of new technologies« / 

All this may appear to be somewhat too idealistic, because even in 
highly advanced countries it,is not easy to assemble such groups and make 
the individual agencies cooperate; wholeheartedly. This, however, should 
not discourage one, beCaree the underdeveloped countries cannot afford the 
luxury of inadequate planning for too long. 

In order to provide a concrete illustration of the main elements of 
a nuclear power facility study and the possible work programme,' we can take 
the example of the "Pre-investment Study of Power Including Nuclear Power 
in Luzon, Philippines"« This study was sponsored by UNDP and executed by 
the IAEA.. The United Nations Development Programme allocated $477 = 000 and 
the Philippine Government contributed a total of $223«000 In terms of local; 
services and materials towards this study. It took nearly two years to 
complete. 

The main items of the work programme are listed in Fig« 1 
The first phase of the study was concerned with the evaluation of indigenous 
energy resources, namely hydro, coal and geo-thermal and oil and gas. This 
was perhaps one of the first attempts towards a thorough and coordinated 
assessment of such resources in the country. The hydro-resources were 
found to be the most difficult to assess, because the necessary river flow4 
and rainfall data for various basins over a long enough period of time were 
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not available.,, as was the case with geological data. The multipurpose nature 
of certain proposed projects, added further complication,, It seems that the 
hydro projects have been favored for so long that their drawbacks in terms of 
very.high capital costs, seasonal availability and difficulties in cost 
allocations among various users and long-term required for the realisation, 
are not fully appreciated in connection with, oil and gas reserves, it was 
found that while one could take into account the known and established 
reserves.. it was difficult to judge how much could be uncovered with 
further explorations, in fact it is becoming increasingly difficult for 
countries to attract foreign capital for- exploration work because most 
major companies seem to be more interested in selling available oil than 
making new discovereies in far away places. 

The power market survey proved to be a very useful exercise because 
it enabled the utilities concerned:.to relate their projected demand to the 
industrial and economic development programme of the country and see the 
impact of rural electrification. 

The next step was to try to match the available resources to the 
projected demand of electric power and find out if there was a real need . • 
for importation of fuel into the country. Since Philippines has limited 
indigenous hydro- and fossile fuel resources. it Was easy to establish 
that the country had to depend on importation of oil or nuclear fuel for 
meeting its future power requirements." The estimation of the future 
prices of imported oil prove to be ; more difficult than anticipated and 
several simplyf ying but conservative assumptions had to be made. But in 
any event it was felt that in comparing nuclear and conventional alternatives, 
the custom duties and taxes on imported oil which tend to be rather high, 
should not be included so that a fairer comparison in terms of the cost 
of the two alternatives to the economy of the country can be made. 

The estimation of nuclear and conventional power plants costs 
posed several questions. On the positive side the country had considerable 
experience in building oil fired thermal plants and had dealt with many 
sources of supply for equipment and service. The private utility concerned 
had been able to develop a great deal of experience, train a skilled labour 
force and build conventional plants in a record time at relatively low 
cost per kW. Therefore, no surprises were encountered in estimating 
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capital costs of oil fired stations« However, extrapolation of capital 

costs of nuclear plants from exporting countries to the conditions in the 

Philippines was not, an easy matter« In order to avoid the basic inadequacy 

of using the rule of .thumb of adding 2Cïfo - 25$ to the cost figures of 

nuclear plants applicable to advanced countries, it was decided to engage 

a consulting firm to make detailed cost estimates with reference to given 

sites« This firm concluded that the extra costs involved in the shipment 

and hpsdling of equipment from overseas and hiring of foreign outside 

consultants and specialists to supervise construction installation and 

start-up of the plant, would be-more than offset by efficient utilisation 

of skilled and productive low cost labour available near Manila area« The 

conclusion that a nuclear plant of 400 Ш could be built near Manila at a 
total cost not higher and perhaps lower than that in California, appeared 
surprising at first but on closer examination was found to be consistent 
with the experience in connection with oil-fired stations already built or 
under construction in the area. Later on when actual bids were invited, 
this conclusion was confirmed« . 

Using the normalised cost data for conventional and nuclear plants 
developed by the consulting engineers, the Electricité de France was 
engaged to perform a system planning study for the grid to develop an 
optimum expansion programe for hydro conventional thermal and nuclear 
plants over a 10 years period« The system planning study compared the 
relative economics of various combinations of conventional plus nuclear 
alternatives by using present worth techniques. A comparison of two 
programmes of 1000 MW each, one based on oil fired stations, another on 
nuclear stations, indicated that while the investment required in the 
nuclear programme would be higher by about 30$, the savings in running 
costs due to lower fuel cycle costs of nuclear plants as compared to the 
fuelling costs of conventional plants would generate substantial annual savings 
with the result that within a period of 7-8 years the initial higher capital 
investment would be fully recovered« After that the nuclear plants would 
generate substantial savings which could be used for expansion of the grid 
capacity. 

The study concluded that Philippines should give serious consideration 
to the use of nuclear power by early 1970 ? s end before making a decision invite 
bids for both conventional and nuclear plants. The private utility in fact 
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considered these recommendations and after some delay invited bids. While 
the cost of conventional plants fell within a narrow range, the bids for 
nuclear stations showed considerable'spread. The lowest bid for a 
nuclear station did indicate that it could be nearly competitive with the 
best oil-fired station,. However, for certain reasons, the utility decided 
to postpone the decision« It is> now expected that it will invite the bids 
again and a nuclear plant could be envisaged in the Philippines by mid 1970 s 
instead of early I970 's. ' ' ; 

Although the country did not proceed with nuclear power according 
to the time schedule foreseen in the'feasibility study, it benefitted from 
this analysis in several concrete;and; tangible ways such as?, • 

A. On the basis of this study the utility was able to negotiate a 
very favourable- contract with the;oil companies and get considerable 
reduction in oil prices for its future, as well as existing oil-fired 
stations« This has already saved the. utility several million dollars in 
foreign exchange« 

B. Various organisations collaborating in this study gained valuable 
experience. The utility was able to set up a special nuclear group drawn 
from its own staff and from senior engineers from other organisations who 
had taken part in the evaluation work. The utility is now well equipped 
with some outside assistance to prepare plant specifications., call for 
bids, evaluate them and make a decision independently. This know-how is 
proving to be a great asset. 

C„ The country has now formally adopted its atomic legislation which 
was drafted as a part of this study. It is now proceeding with developing 
procedures for licensing and regulation of nuclear power. Thus, it will 
be well prepared to handle all legal and regulatory matters pertaining to 
its first nuclear project without causing unnecessary delays. 

D. Under this project a number of Philippines scientists and engineers 
received overseas training not only in nuclear technology, reactor operations, 
but also in system planning, lost of these are now available to the 
country for its nuclear programme. 



After a country has been able to establish a technically and 
economically sound case for nuclear power within the context of its power 
expansion programme., it faces the next major hurdle of finding capital funds 
to implement its nuclear power projects» The fact that nuclear power may 
be economically justified in a developing count *y does not mean that 
necessary capital from internal and external resources will become available 
to implement nuclear power projects» The capital resources of developing 
countries are limited and nuclear projects which.are evidently capital 
intensive will face stiff competition from other important industrial and 
development projects» 

The.first step., of course is to assign necessary priority for 
nuclear power within the economic and power development programme of the 
country» In certain countries it may mean the inclusion of nuclear projects 
in the 5 years economic development plan of the country» This implies that 
the economic planning authorities in. the country are willing to allocate 
the necessary capital resources both in terms of local and foreign exchange, 
for implementing the nuclear power projects in preference to other 
alternatives» After such a policy decision has been made, the next step 
is to seek the additional foreign exchange for the project» The Government 
may choose to build a nuclear plant by using its own foreign exchange 
resources or raise the capital in the open market» This approach of "self 
sufficiency71 can be realized in certain cases but is not applicable to^all 
developing countries» The advantage is that by using its own resources, 
the country can have wider choice of sources of supply and benefit from 
international competition» 

Most developing countries have to rely upon considerable ainount of 
foreign capital aid in one form or another for their economic development 
programme and in most cases the overall amount of such aid is limited» The 
government may decide to use a part of the foreign aid capital which, it 
normally gets for a nuclear plant in preference to some other industrial 
project and this may not raise too many problems. But if the country seeks 
additional capital loans to finance its nuclear programme which are over 
and above what may be termed as "normal" level, then it can expect to meet 
considerable resistance to its request. 
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The major potential sources for financing nuclear power projects in 
developing countries may he grouped as follows s A) International loaning 
agencies, B) Multilateral groupsv C) Bilateral arrangements, D) Manufacturers 
credit, E) Commercial Banks, 

A. International loaning agencies s The major international loaning 
agencies, ares The World Bank (IBRD), The Inter-American Development Bank 
(IDB), The African Development Bank (ADE)v and the Asian Development Bank 
(ADB )O Out of these, the most important is the World Bank (IBRD) which 
has already given loans-amounting to over 3°1 billion dollars for power 
projects in developing countries. ^ At present the IBRD power loans, average 
about 25О million dollars a year„: The International Development Agency 
(IDA.), an affiliate of the IBRD, has recently provided soft loans of about 
$15 million for power projects in developing countries. The IDB has also 
been active in the power field, but the Asian Development Bank and African 
Development Bank has so far been concentrating on other sectors. It is 
estimated that the combined loans; from these international banks amount: to 
less than 3OO million dollars per year, (for power projects only). 

It is worth noticing, that so far none of these banks has yet financed 
a nuclear power project in a developing country. The IBRD in 1957 provided 
part financing for the SENN project in Italy but since .then it has not ... 
granted any loans for such projects, .; The position of the IBRD is that it . 
is prepared to consider nuclear power projects in developing countries and; 
will apply the same economic criteria,,;in evaluating them as it uses for , .. 
conventional power projects. 

The present installed electric power capacity in developing 
countries of the world amounts to: about 90 million kW which is growing at 
an average rate of 10 - 12^, This means that the annual capital requirements 
for construction of power plants and related transmission and distribution 
facilities in developing countries amount to about 3 billion dollars per 
year, about SOfo of which may be in foreign exchange. These international 
banks provide at present roughly 15$ of the foreign component of this amount. 
For the rest the countries must uée .their own funds or turn to other sources. 
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В» Multilateral and Regional Aids Under this heading, one may-
include such sources as the Colombo plan in which a number, of advanced 
countries provide grants and soft loans for development projects in a 
group of developing countries belonging in the Par East and South Asia* 
The Organization of American States (OAS) is another example of/regional 
organisation which provide economic assistance» Comecon, an organisation 
of Socialist Countries., also has an affiliated bank which provides credits 
for industrial projects, ' "Such sources have played an important part' in 
financing economic development, projects,, However, they have not yet had 
any significant role in financing any nuclear power projects» 

С» Bilateral Arrangements; In a number of instances advanced 
countries have provided^ "ilateral loans from power pro jects in developing 
countries which had been one of the major sources of financing» The 
countries providing such loans include USA, USSR, UK; Canadas Prance, ••'•'••••••• 
Fed» Republic of Germany/ Japan, Sweden and several others» 

All the nuclear power projects currently under construction or '-•'••'•' 
operation in developing countries have been financed under bilateral 
arrangements» These pro jects4 include the following:; " " 

L Tarapur Project (2 x 190 MW) plant, 
already in operation in India» It is financed under a US aid loan 

of about 100 million dollars covering both foreign and local currency 
expenditures and carrying an interest rate of ъ/Afo repayable over 4Ö years 
with 10 years of grace period» 

2» Rajasthan (2 x' 200 Ш ) station, now nearing completion in India, is 
financed under à bilateral loan from Canada at б̂ь» 

3» Ilanupp (125 MWe pro j ect)s . near Karachi in Pakistan is scheduled 
for'operation in 1970» The' foreign exchange component for the project was 
provided by;-Canada.; partly, in the form of a grant and partly as a loan "at 

4» Korean Nuclear Pro 3 ect ./of: 540 "Me is tobe completed by ' 1975 » 
About half of the project costs are being financed under a bilateral loan of 
about $65 million from the US Export/import Bank at Gfo interest» 



5« Greek Nuclear Project 

Recently agreement was announced for the construction of a 450 MW 

reactor near Athens to be financed under bilateral arrangement with the UK„ 

The terms of the loan are not yet known« 

Do Manufacturers Credits- : The major supply of electric power 

equipment have on numerous occasions adyanced short-term credit to cover the 

supply of power plant equipment« The periods of loan are,generally 5 years or so 

and the interest rates correspond to the prevailing market rates» These 

manufacturers credits have played a significant role in providing essential 

capital for completing the projects and facilitate repayments through sale of 

power revenues» In the future this source of financing may become even 

more significant if it can be used to cover fuel charges for nuclear power 

plants. 

The only case where a manufacturer has agreed to finance the entire 

cost of a nuclear power project in a developing country is the Átucha plant 

near Buenos Aires in Argentina. The reactor supplier has loaned about 

75 million dollars for this project ¡at 6f0 interest with 25 years repayment 

period beginning after the .commercial operation of the plant» In this 

case the manufacturer obtained the support and help of the government of 

the Federal Republic of Germany« Sio, in a sensev this could also be termed 

ambilateral" assistance. 

E. Commercial Banks ; So far the normal commercial banks which are 

both conservative and charge market rates have not been active in the 

financing of any nuclear projects in developing countries. But considering 

tĥ -t they participate in numerous other industrial projects they can be 

regarded as important potential sources for the future projects« 

The IAEA according to its statutes may upon request assist any 

member state to make arrangements to secure necessary financing from outside 

sources to carry out a nuclear project. However, in extending this 

assistance, the Agency will not be required to provide any guarantees or to 

assume any financial responsibility for the project. Thus, while the 

Agency has no financial resources of its own it can play some part in 

helping to obtain financial aid from international loaning agencies which 

belong to the UN family. 
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A developing country seeking financing for a nuclear project 
would Ъе well advised to explore all of the above mentioned sources of 
financing, because much depends upon the nature and timing of the project 
and the interest which a particular loaning Agency or a country has. in • 
financing a specific project. But it goes without saying that the first 
and the foremost consideration should Ъе having a really viable and sound 
project before seeking any financing for.it., 





PROJECT ENGINEERING 

by 

H. Howard Gott 

Preface 
. ¡ 

The context in which this paper is set down concerns nuclear power, and 

this paper complements a number of more specialist treatments of aspects of 

the subject. Although it is, in consequence, perhaps to be expected that 

the discussion given would be specifically for a nuclear power plant the 

principles and' methods of working involved apply equally to all kinds of 

power station projects though the actual fields of specialisation of team 

members, and the topics.of major discussion may vary from one project to 

another. 

Some confusion of terminology exists and is perhaps inevitable. The 

expression 'project engineering' is regarded by the author as synonimous 

with 'project management' in work which has predominantly technical content. 

It includes the establishment of what is feasible, prudent and economic in 

the definition of the project and the setting up, monitoring and adjustment 

of the requisite organisation to ensure that the course of the project is 

properly, foreseen and subsequently controlled in respect of time, expenditure 

and plant performance. ' 

The effort to speak in general terms is considered more worthwhile than 

to give a specific case history, but has the disadvantage that any principles 

which are set out may appear rather obvious. Be that as it may, there is 

room for considerable improvement in performance in many projects currently 

in progress. Project engineering is an art and. the writer hopes this paper 

will malte some contribution, if a modest one, to this art. 
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Introduction 

The use of the term Project. Engineering is comparatively recent and 
# 

recognition that it involves 'special problems' and that its practitioners 

should have 'special qualities* has become rather general. 

The writer believes that this is a special characteristic of the present 

time just as much as it is characteristic of the 'scale of work' which is 

currently so much under discussion. Much difficulty has been caused and 

still arises from purely personal antagonisms within projects,-between project 

leaders and technical men and it must be a primary objective of good organisation 

•to reduce the incidence of such conflict to the absolute minimum, and provide 

for speedy resolution of difficulties when, they do arise. 

It is beyond real doubt that much of these difficulties arise directly 

from our educational. system^from the almost complete lack of understanding of the 

nature of engineering in schools and universities, and the widespread belief 

that the teaching of a number of academic specialisations. To this corresponds 

a highly sophisticated division of labour among those concerned in any large 

project and a consequent but by no means permanently essential difficultyof 

understanding between the several specialisations» Leadership, so necessary 

in a project, can only be given with a fair understanding of the problems 

faced by all concerned, and a capability to exercise judgement over the whole 

field covered by all ' experts * 

Moreover, historically the taking of decisions and corresponding issue of 

instructions has always been associated with seniority or even.'ownership' and 

particularly where the project leader gives a decision which appears to be 

"against the interests" of a senior specialist, more or less serious personal 

problems can easily arise. Sound organisation and the establishment of 

satisfactory methods of working and particularly of full discussion at the 

outset can work wonders in eliminating all tendencies to personal friction 

in the team. 
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It does not matter if we are discussing a 100 MW or 1000 MW nuclear 

station, a 300 MW or 2000 MW fossil fuelled or hydro station, the essential 

problems of project engineering are very similar. Moreover in many utilities 

the leadership may well have to take on each in turn and it would be most 

unusual for.the utility at any one time to be concerned with one type of 

power' plant.. 

It is a matter for discussion, and usually some arguement, at what stage 

a proposal becomes a 'Project*. Many would say that this occurs when the 

project is fully defined and when the expenditure has been sanctioned. Whether 

the project leadership itself is concerned, with the selection of the project 

is not always clear. 

What must be established is that the project leadership, to have any 

reasonable chance of success, must either originate or fully accept the project 

definition. If this acceptance lacks insight or sincerity, the project is to 

that extent at hazard from the outset. 

Indeed in many ways a large project must be thought of as analogous, not 

to a single battle, but to a whole military campaign. The planning involves 

both 'Headquarters' and 'field' organisations, and .specialist units, and calls 

for discussion of strategic and tactical reserves. Moreover the campaign is 

not likely to be successful unless the field command regards it as feasibleÎ 

In previous papers on this subject, the author has dealt rather functionally 

with the various questions, but in this presentation will attempt a time 

sequential treatment. There are very real difficulties in the way of any 

portrayal which occupies, so to speak, only 'one channel' where so much work 

and so many ideas are in the real case operating in parallel. 

In any project some mistakes will be made; it is almost inevitable. 

One of the most important skills, which can be learned but not taught, is to 

detect such mistakes before they have become important. 

. Mistakes in strategy are not always revealed as such, most often they 

produce difficulties of relationship or detail faults whose true origin is not 
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always apparent. 

One has frequently found that even quite experienced project engineers 

find difficulty in getting a clear appreciation of the magnitude of the 

tasks they have to undertake, and in particular of developing a real feeling 

for the immense amounts.of money involved, which are so far outside personal 

experience that they may appear unreal. ' Look at it this way:- if we are 

discussing a project of £100,000,000 in a country in which the average hourly 

rate is 10s./hr., we have the following illustrative rough calculation 

Project value £100,000,000 

Hourly rate 10s. 

Equivalent man hours 200,000,000 

, at 2000 (nominal) hours/yr. 100,000 man years. 

Although the project will occupy h~3 years the major 

"spend rate" will be for say 2-g years, so we are 

occupying a labour force of about ^0,000 for 2-J years, 

or if the average family is.2.5, we are concerned with 

organising the total output of a mixed manufacture town 

of 100,000 population for years. 

An individual's experience on smaller jobs is not necessarily relevant to 

work on such a scale. 

Thé real purpose in emphasising the manpower requirements in this way is 

to point out that the project is in the end made by a very large number of 

workpeople, the number at work on the site, though large, will not, except 

for largely civil engineering projects, predominate, and the management has, 

äs a major responsibility, the task of ensuring that technical work assists the 

smooth application of manual skills and does not confuse them, by introduction of 

modifications at a stage which may interfere with the careful planning which 

is needed. 
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Project Definition 

It is the objective of the earliest stages of work, usually outside, 

and at a "higher level" than the project team itself-to define the project 

- what kind of station - oil fired or nuclear, what site, the programmes essential 

features, cost, and a number of other characteristics. One or two points need 

to be made here. 

1. - It is usually thought, and always hoped, that the statements 

comprising the preliminary definition will be completely 

mutually consistent, but a moments reflection will suggest 

this is unlikely to be completely true. 

2. Project Definition is both a document (or rather a series 

of documents forming an iteration) and the process of forming ' 

these documents. The series of documents must, as far as 

ever possible, have internal consistency and 'serial consistency'. 

Moreover they are in no sense abstract speculations; they are 

actual instructions. 

3- Note that I am speaking explicitly of the definition of the 

•Project and not of the definition of the resulting plant. The 

Project Definition in the sense I ám using it, and I believe no 

narrower meaning can be accepted, includes the definition of the 

object to be created and of the process requisite to this end. 

k. As in all iterative processes it is vital that each stage is. 

closely ana logically connected and that, both in principle and 

in reality, each stage is foreseen. Ideally, at each stage the 

Project Definition would indicate clearly what is 'prescribed' 

and what is 'discretionary' (Ref.1). Not everything can at 

any stage before the 'final' be regarded as completely 'prescribed'. 

But the successive definitions will contain, in increasing ratio of 

'description of the final product' in relation to the 'how to build 
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it' aspects of the project, and the final project definition 

will consist entirely of a description of this product (or let 

us say rather plant) and its' operating instructions. It should 

be obvious that this description must include all requisite 

analysis to enable an operátor or other involved party having 

the requisite technical competence to assess the hazard to 

personnel and to the plant itself. 

The writer uses the term Project Definition to include the assignment of 

authority and the corresponding acceptance Of'responsibility and emphasises 

his view that responsibility can only arise from such acceptance of authority. 

Much difficulty would be avoided were there greater clarity on this point. 

Organisation 

The primary requirement here is: a vivid sense'of leadership.^ 

Conventionally this is thought of as an attribute of a (single) strong 

personality. The writer interprets his- own experience of many large projects 

as being .at least suggestive that this is a necessary but not sufficient condition 

for success, and believes that the key to success may lie in a sensible Review 

Procedure. 

Difficulties will be met and may introduce sufficient internal strain to 

produce, in effect, a 'brittle fracture* of the organisation unless it is equipped 
i. 

to resolve these difficulties. 

In the language we have been using, the overall organisation must be such 

as to cope with the successive reviews - the successive Project Definitions. 

Here we must ask a question:- Does the first - Project Definition contain 

the whole of the prescribed element so that the project leadership has discretion 

over all that is not explicit in the first Definition? If there is any real 

basis for suspecting that this is not so then the project leadership lies partly 

outside that body which has been set up for this purpose. 

Claridgë (Ref.2) speaks of the use of a Project Board for the resolution of 



difficulties of this type, and there is no doubt that, given thoughtful • 

and resolute application, it can.give extremely good results. 

A Project Board has as its primary function the support and guidance of 

the project engineer, - by which title I designate the 'senior' full time man 

on the project - 'who has the authority to push the job through. 

The activities of such a Board need careful setting up, and. even the 

intervals at which it meets need careful thought, and in particular the manner 

in which individual projects are handled, in a multi-project organisation require 

close consideration and, probably, some development work.. 

The project engineer must, in the writer's view, have an authority which 

is, in all the 'external' relationships, absolute - so that for all practical 

purposes he is not 'by-passed' to 'higher authority'. 

The project will, of course, involve a number of contracts and the project 

board technique can, of course, be applied in each case. In individual contract 

the writer has himself applied this technique in only two cases of extreme 

difficiilty, but in each case the results were extremely good. In each case 

three parties were represented, in one case client, consulting engineer, civil 

contractor, in the other case client, main contractor/consortium, subcontractor. 

Close control over technical, prograjnme and financial matters is essential. 

In such cases of difficulty it is especially obvious that individuals can, oyer 

a period, find their responsibilities extremely heavy,. This is particularly so 

where the "correctness" or otherwise of decisions is unlikely to be verified 

in the near future, and where subsequent decisions have, to be founded on such 

unverified decisions. Considerable.loss of personal initiative and léadership 

can result from this feeling of unrelieved responsibility. The hypothesis of 

Elliott Jacques (Ref. 3) that the time span of influence of decisions should be 

a deciding factor in determining the equitable payment among managers, though 

not fully accepted by the present writer, has influenced his method of dealing 

with this problem by its implication that the senior man should, at appropriate 
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intervals, give to M s subordinate a discharge for his responsibilities and a 

corresponding re-affirmation of authority. 

In the practical cases mentioned, it seemed likely to be useful to 

recognise that two levels of activity were involved: 

Level В of determination of strategy, avoidance or where 

need be, resolution of major conflict between the 

three parties; priorities and cost control. 

Level С Technical and executive. 

C1 Engineering 

C2 Commercial settlements. 

The real work is done at level Ct; and is guided by regular reporting to 

level A. It is particularly important that these reports be accepted at 

level A which has no. real alternative but to consider the effect of any changed 

situation contained in the reports it has accepted, and issue the requisite 

instructions. It will occur to the reader that a Board of this type cannot 

issue instructions. This is both true and important. But it will be noticed 

that we are dealing essentially with a command type meeting, and the project 

engineer will ensure that the appropriate formal channels are used for the issue 

of the necessary instructions. 

This foregóing discussion is intended to emphasise the importance of clear 
i 

and regular discussion of the project in the higher levels of management, including 

particularly that level above project engineer - i.e. with the source of his 

authority. Any lack of frankness at this level is disastrous. Here the project 

engineer discloses to his chief the way in which the prescribed component of the 

Project Definition - or Project Brief as it becomes to him - is working out, how 

he is exercising the discretion allotted him. The emphasis on need for discussion 

need not imply time wasting, but the author believes that the term "management 

by exceptiori1 is more a slogan than a valid principle, and has found difficulties 

when, having authorised a project engineer to report only exception;-: or 'defects' 

the first difficulty reported is not merely in an unexpected area but has gone 
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too far for rectification with available resources within the programme. 

If reporting is only by fexception' it is extremely difficult to have'adequate 

"feel"of the job to make a prompt useful diagnosis, I believe this to be not 

merely'a personal difficulty but a real one. For the object of reporting 

exceptions includes the discussion of possible help from 'outside the project' 

- the allocation of some additional resources'to the project engineer. If this 

is done' lightly, financial control is lost, and perhaps executive control also 

if in some circumstances no help is given the programme, or technical content may 

be too much jeopardised. 

The Project Engineer 

Much Can be written and discussed about the desired characteristics of the 

project engineer. The writer Is, in fact, less able to discuss this in 

generalisations about the qualities of one individual than about the project 

engineer, and his immediate aides. The man himself has been given a Project . 

Brief of- some complexity. If it is a. nuclear station it will range from 

reactor materials questions to contract lav/; from financial control to labour 

management; from water treatment in the boilers to dewatering iii the foundation 

excavation stage; from programming to effluent treatment, and many, many other 

specialist domains. The project- engineer needs a certain type of dialogue 

with each domain. He needs to ensure that each problem is getting the correct 

treastraenfc, and above all to ensure that in respect of the design programme work 

is done in such a manner that decisions, taken are soundly based and neither 

require re-examination - which., however, cannot be entirely avoided - no do they 

unduly complicate the design work in its translation of principles into 

acceptable details. 

However versatile the project engineer technically, and this term, is used 

in a very wide sense, he will probably need,one or.two close aides of similar 

standing to his own to deal with the wide range of problems. In designing an 
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organisational treee it is frequently suggested that "a man has an optimum 

number reporting to him". The writer regards this as very oversimple. 

From the point of view of a specialist group requiring resolution of a problem, 

the immediacy of achieving a decision may be vital. The number of specialisations 

involved is certainly greater than the numbers regarded as conveniently 

"reporting" to one man, but then there' is frequently a grouping of some .... 

specialists under a more general group leader. The size of the project leader's 

team of immediate 'aides' must be related to the need for prompt resolution of 

difficulties, and this involves consideration of the probability of a number of 

difficult matters coming up simultaneously, and of the extent to which one believes 

that a leadership can be temporarily perhaps seriously overloaded and still hold 

initiative. It is, perhaps, increasingly important to insist,that all specialists 

participate or are at least present in the discussion of general problems. The 

position of a project engineer who can talk to,all specialists who have, however, 

no valid discourse among themselves, is not to be envied, and in the career 

planning- of project engineers the requirement to specialise successively in a 

number of areas may have importance. 

One point on personality. The project engineer must be fullyself-confident 

and believe his.team will be successful. He is in competition for the resources 

of his contractors with other project engineers who. must respect his judgement 

and- integrity and fear his wrath. 

Programming 

Some years ago programming was generally thought of almost entirely in 

terms of construction work on site, with manufacturing programmes in part 

accepted from familiar contractors. The importance of design programming was 

well understood only in a few organisations. Careful and experienced consideration 

of'the design programme is now more generally, but still inadequately regarded 
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as important- . 

Design work can, in discussion, be subdivided. If we assume, for a 

large power station, that all the components, boilers or reactors, turbines, 

feed pumps, etc., are without exception from established designs, then there is 

still a lot of design work to be programmed and organised. In a number of cases 

in the work of the Central Electricity Generating Boards, so called 'repeat 

stations' have been built. Change from one site to another makes even turbine 

and boiler house layout just sufficiently different that there is still a lot 

of work to be done, and although the total design labour force may be reduced, 

this does not necessarily reduce the time required. On a 2000 MW oil fired 

station in the authors responsibility, model techniques were used as in chemical 

plant work, for detailed layout work. This has proved very successful, but such 

work needs careful control.. Indeed the magnitude of thè design problem is well 

illustrated (Ref. k) by the complexity of these models made for just one of the 

500 MW units. This technique must be more fully developed in the immediate 

future, and in the training of engineers in developing countries might be given 

particular attention. 

Where design of individual components, turbines, etc., is required, it must 

be most carefully considered in relation to the programme. It will generally 

be found that the introduction of innovation in components puts an overall project 

programme at significant hazard, for usually such programmes are constructed 

on the basis that all component design and development work is closely to schedule» 

Moreover to get accurate reporting of design progress is, from contractors 

exceedingly difficult. Permission of excessive innovation is also a prevalent 

way of getting low availability, particularly in the early days of operation, and 

of getting otherwise avoidable contractual difficulties from contractors who 

are enabled to assert that they have been held up by others. 

The techniques of programming have been frequently described and this is 

no place to describe critical path network handling. Note, however, that these 

accounts are of the grammer of the subject, they are to real programming as- (for 
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my generation at least 1) Timoshenko is to bridge.design. Much more is needed, 

and the vocabulary of programming is essentially an engineering one, and it is 

essential that outstanding general engineers should be put in charge of programming. 

If need be they will soon pick up this new grammer. In a previous paper (ref. 5) 

I have pointed out that in my. ovm experience one of the greatest sources of 

difficulty has been to ensure generally understood and stable interpretations of 

the 'joins' or events, each of which has its own final structure. 

Like the 'Project Definition', the programme is continuously worked on, 

but at all times there must be one clearly^understood programme. When one 

hears of executives discussing impending revisions to programme as though 

this process invalidated tfye.extant programme one finds it difficult to say clearly 

enough.that the last issue is still operative. 

Finance and Contract Handling 

It is not practicable in a short páper to do more than mention a few points 

in relation to this most difficult of all subjects. 

The successive refinements of Project Definition and of programme are, in 

principle, associated with successively closer understanding of the financial 

implications of the project. But-it has apparently been overlooked in the... л 

discussion so far that there are several very, very real difficulties in the 

way. ' 

Viewed as a purely technical exercise the degree of precision which can be 

expected falls' short of what may by the ignorant be thought possible. But few 

éngineering processes involving new products are exact, and, estirtiating, depending 

On the precision of more 'primary' engineering processes, adds its own 

uncertainties in a way which makes ludicrous many of the theoretical 

(but without-, in fact, owing anything to theory) analyses of present worth 

of several competitive plant types. 
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Viewed as a purely practical matter, it will be noticed that there is one 

special feature about the financial and estimating aspects - they involve money 

which is related to the job in a way which makes it quite-different from all 

other parameters. It is perfectly normal practice as between customer and 

supplier to bargain with each other for money more than they bargain about 

other parameters, and these are of interest in bargaining only in proportion 

to their convertibility to money. 

Commercial practices intervene in any discussion of money, and it is necessary 

to distinguish rather clearly between estimated costs , and prices. 

The degree of confidence required in ah estimate must be considered carefully, 

and it must also be considered carefully if this would be disclosed - and the 

writer, for good commercial reasons would not do so. 

Let us suppose, for a moment, feat an estimate is required which will not, in 

any circumstances, be exceeded. This will imply that the sum of the maximal 

section estimates will be taken together, perhaps with an overall contingency. 

There is considerable variation in the confidence which can be placed on the 

estimates for the various sections of the works, as well as a great variation in 

the prices offered in tenders even for quite well specified work. 

There is no doubt in the author!r- mind that it should be possible, with 

careful refinement of design, with cost specially in mind, to reduce considerably 

the first estimate made for the initial project definition. 

Care must be taken in this design work, for which the project team must do 

its own estimating to consider all factors. A special plea must be made here 

for the design work to be carried to an advanced stage, and the interrelations^ 

between various 'types' of design carefully controlled before any manufacturing 

or erection drawings are put in hand. The. primary objective of this is to ensure 

that actual hardware production can be commenced without fear of upset by 

modifications, but the secondary aim of preventing too early expenditure on 

hardware in order to improve the 'spending curve' and lower the interest on 

capital laid down during the construction period is hardly less important. 
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The author recalls jobs whic have saved as much as £1 million in interest 

charges by sensible attention to this.' Moreover once a design feature has 

-been settled it must be regarded as finally settled. It.is perfectly possible 

to disrupt the whole programme if this rule is not observed. 

The civil engineering works, especially the excavations and foundations 

and cooling water works can show great; variability in estimating, and in some 

cases especially, of course, in alluvial sites a most thorough exploration is 

rewarding. If this has not been done! before the project definition, the 

result financially can be near disastrous. 

There has been, and will continue to be much discussion of the preferred 

form of contract. * There can be little doubt that political pressures on utilities 

, to accept always the lowest tenders have, in many countries, led them into 

difficulties. It is extremely difficult; to write a specification so exactly 

that, the price is the only variable in the tenders received, nor is the fiction 

that all tenderers are equally well placed to carry out the work any help. As 

Dr. Sagane says (Ref. 6) "However, dueto the qualitative difference or 

characteristics of the>Nuclear Plant business, it is impossible to manage the . 

business by. presenting very rigorous and Conscientious calculation in accounting 

as is normally expected. In this business, the management should satisfy 

themselves and also to be fully understood for their making decision based 

on the overall bases, but not on the one dimensional precision accounting". 

The utility which sets itself the single minded objective of buying on the 

market a nuclear plant which they can demonstrate at the time of contract 

placing as being the lowest priced on' the, market (even taking full and other 

operating costs into account) will usually be giving a hostage to fortune and 

need good luck for their statements to remain valid when the plant is due to 

operate. The utility which decides to pay a "réasonable" price and uses its 

•judgement, reinforced by the counsel of project men with experience in a similar 

field will almost certainly end with a better product at no high final cost! 
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. Let it be clearly understood that so far as the complete job is concerned 

it will be necessary to have a significant contingency sum available to sort 

out difficulties both technical and programme, and the difference between the 

utility holding this contingency and -handing it over to a contractor is a major 

component of the normal multiple contract jobs and the so-called turnkey operation. 

Broadly speaking, a utility which has, or is to develop the necessary 

managerial judgement and technical expertise to be able to operate fluently 

and economically a major plant such as we are discussing will'wish to involve 

itself in the project management, either doing it completely by itself or with 

the aid of expertise which it will hire. However the ,job is set up, the wise 

utility will concentrate on the management structure and the arrangements for 

financial, programme and technical monitoring of the project. More is to be 

gained or lost in this area than can surely come from an oversold technical 

advance in plant design. 

The writer believes strongly that the only way stability can be brought 

into the nuclear plant business is for a concentration on sound project 

management to take over from preoccupation with technical advances. Technical 

advances there must be, but within the discipline which enables progress to 

be made in closeness of estimating, controlling the amount of innovation so 

that at all times the programme for an individual station is more and more -

secure. Rather than talk about proven reactors we must insist on plant sufficiently 

well understood to be incorporated in stations whose programmes will not be 

interrupted by technical difficulties and which will proceed smoothly to successful' 

operation, leaving the supply company with some of its contingency in hand, and 

the contractors having made a (reasonable) profit! 

Mr. H. Howard Gott, — 
Associated Nuclear Services, 
Borland House, 
1V16 Regent Street, 
London S.W.1. 
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International Atomic Energy Agency 
INTERNATIONAL SURVEY COURSE ON ECONOMIC AND TECHNICAL .ASPECTS 
OP NUCLEAR. POWER" ' '•••.';, .f: 

(Vienna, 1 - 12 September".1969) 

HOW CAN THE LAW. HELP NUCLEAR DEVELOPMENT,? 

by. Werner Boulangeг 

I.' - The question raised in the topic of this lecture implies 
<?f course the statement that law can help nuclear development. This . 
assumption may seem surprising to a group like this, consisting of 
.scientists^ engineers and economists active in nuclear developments. . 
•Many «f you will feel that they have yet to meet a lawyer in their 
field.of.work who ceuld help them in their nuclear activities. Nevertheless, 
I maintain my thesis and shall try to prove it tc y<vu. 

It can he said that law is a system, to regulate the living 
together of men, in other w^rds to organize hjxman society. In another 
context I have stated that "the purpose and function of nuclear law is 
that <"if all law, -namely t* promote and to protect. In its special field, 
to promote the development of nuclear science and technology and to 
protect mankind against any hazards possibly c^naected therewith". I-
continued by explaining that "on the promotional side of- the palette we 
find many kinds of public measures, such as outright subsidies for 
nuclear research and-development, tax preferences for nuclear installations 
and nuclear insurance, indemnity and-public .coverage schemes for nuclear 
liability, 'channelling' of liability for nuclear damage and other 
provisions. On the protective side, nuclear law has two distinct aspects - . 
the protection against radiation hazards connected with the peaceful 
application of nuclear energy and radioactive substances, and the 
prevention of non-peaceful uses of nuclear energy by means of the safeguards-
systems developed for that purpose." 

6.9-6345 
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И » Let us now look at the various aspects of law in the nuclear 
field separately and in a logical order« 

1. The prospecting for and mining and processing of nuclear 
source material is frequently subject to the general laws governing mines 
and industry. To my knowledge many States, in particular in Latin 
America, reserve to the State the right to minerals found in the ground. 
The mining of radioactive materials-rhas in most countries .become of acute 
interest only in relatively recent years and therefore required special 
législation., This was sometimes achieved by amending existing mining 
laws; in other cases, the relevant provisions were embodied in the Atomic 
Energy Acts о As an example, I wouldL mention the Atomic Energy Act of 
New Zealand, which bears the date of 7 December 1945 and was- the ,first 
such Act promulgated in the world. , Its title "An Act to make Provision 
for the Control in .New'-Zealand of the Means of producing Atomic Energy 
and for that Purpose to provide for the Control of the Mining and Treatment 
of the Ores of Uranium and other Elements which may be used for the 
Production of Atomic Energy,, and to provide for the vesting of such 
Substances in the Crown" is indicative of the purpose of the Aet and may 
suffice to show in what direction laws concerning the production of 
nuclear, source material may go 

. If a given country were planning prospection for and mining of 
nuclear material and if that country had no laws governing that particular 
first part of the nuclear fuel cycle, administrative and legal problems • 
might arise with consequential-delays in practical work. . In other words; 
if lawyers and legislators are not thinking ahead and make the necessary 
laws in time,, they will fail-to remove hurdles which might stand in the 
way of nuclear development» In my view, only a country which does not plan 
or hope to 'prtfduce nuclear source material in the future can neglect this 
segment of the "law. 

2„ The field in which legal .norms are most-needed is that of 
health and safety. The radiation protection norms, as they are also : 

called, arc based on international standards developped and regularly 
revised by the International Commission on Radiological Protection (iCRP). 
Their recommendations form the basis of the standards' used and recommended 



to Member States by this Agency.. They were also accepted by the European 
Nuclear Energy Agency of the OECD, which recommended them to all its 
Member States for adoption, as well as by the European Atomic Energy 
Community (EURATOM), whose Member States are obliged by the EURATOM Treaty 
to apply them.. Adoption of these standards should guarantee, to the 
extent possible, that every precaution is taken to avoid exposure of men to -
hazardous doses of radiation, and that people who are professionally or 
accidentally exposed to radiation are properly supervised. On the other 
hand, these standards can also serve the purposes of the operator of a 
nuclear installation; if he proves that he has applied them while operating 
the plant, he can more easily refute unjustified claims for compensation 
for alleged radiation damageb Thus, promulgation of radiation protection 
norms makes nuclear energy more easily acceptable to the general public and 
also helps to forestall radiation damage which, if it happened, would 
certainly result in demands for very stringent limitations on the use of 
radioisotopes and other nuclear material. 

3. One aspect of nuclear law which seems to be very much on 
the minds of countries on the threshhold of nuclear power production are 
the legal norms governing the licensing of nuclear installations. We are 
all used to the fact that licenses are required for driving automobiles, 
operating a chemical or other potentially dangerous plant, so that I do 
not need to justify the requirement of licenses for nuclear activities. 
The purpose of legal norms in "this field is..very obvious, viz. to guarantee 
maintenancevof high technical and safety standards, so as to ensure safe 
construction and operation, of the plant. 

This is not the. place to discuss or compare the various licensing 
systems employed in Member States of the IAEA. They are very naturally based 
on national traditions -and legal practice, sometimes having regard to. the 
federal constitution of States. Therefore, they are not easily comparable. 
Nevertheless, щу Division is at present conducting studies of the various , 
systems^ used. We shall attempt, after we have received comments from 
Member Governments on these studies, to convene a panel of experts on 
licensing of nuclear power stations. With their help we hope to be able 
to distill.the. legally relevant and indispensable common factors with a 
view to proposing a model or framework for licensing regulations to be used 
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by countries in need of them. This work may take another year or so. 
When it is finished wc hope to have established what you might call a 
legal collateral to the "Code of Practice for the Safe Operation of 
Nuclear Power Plants" already elaborated and published by the Agency. 

4o What would be the legal consequences if despite the existence 
of health and safety norms and licensing regulations radiation damage is 
caused to third, parties either by the use of radioisotopes or by a nuclear 
incident in a nuclear installation? 

In the first instance, that of damage/caused by users of 
radioisotopes, be it in the field of/medicine, industry, or agriculture, 
the normal laws governing liability, for tort would seem adequate and 
sufficient. In the second ca.se, nuclear damage due to a nuclear incident 
caused bjr or in connection with the; operation of a. nuclear installation 
(power plant, fuel fabrication plant, reprocessing plant), the damage 
might reach big and even catastrophic proportions. At least that is what 
was feared in the early days of the; nuclear age and-what people at that 
time felt it necessary to provide for. ; In the, meantime, the nuclear 
industry has proved to be one of the safest ever; nevertheless, the' law 
for compensation of nuclear damages still makes provision: for possible 
catastrophies. I shall briefly explain how that is being done. 

More than 20 years ago,-a group of distinguished American lawyers 
proposed a system of objective and sole liability of the operator of a 
nuclear installation for damages caused by or. in connection with the 
operation of his plant. This means that the operator is liable regardless 
of fault on his part. He is held responsible for simply having furnished 
the occasion for the occurrence of thu damage by building and operating 
the nuclear installation. Similar examples of objective liability can be 
found in other fields, e.g. in connection with the operation of railroads 
and mines. 

The concept of solo liability of the operator of a nuclear 
installation is the real new and modern one. It mcari?, to use the technical 
term, the "channelling of liability" towards the operator. He is solely 
liable even if ho may not have given, the slightest ca.use for the nuclear 
incident producing the nucloar damage. In other words, no supplier of any 
part of a nuclear installation nor anybody who has to do with its operation 
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can, in principlebe held liable. In order to show you what this means 
in practice, I should like to give you. an example; . If a, conventional 
steam boiler blows up due to a faulty safety valve and it is proved that 
the supplier of this valve was negligent in manufacturing it, this•supplier ; 

is liable for (in juries and damages resulting from the explosion of the 
.'boiler. If one draws a parallel to nuclear technology,- every supplier, of 
a minor reactor component would bo liable, if he were-negligent, for. what 
may be a disaster. That moans that if all suppliers of maybe minor 
components could be. held liable and would have to take out insurance against 
the possibility of their causing a major nuclear incident, this would result 
in an accumulation of insurance costs, and would thereby raise the costs 
for-a. nuclear installation to an unacceptable-amount. This was the economic 
reason for legally "channelling"•all liability to the operator, to the 
exclusion.of liability of all other persons. The concept of sole liability, 
means also that the operator has, in principle, no recourse against the 
suppliers. They can therefore calculate without taking insurance costs 
into consideration. 

This-objective ànd sole liability would place a he.avy financial 
burden on the operator of a nucleax installation .if he were * not .compensated . 
to some extent by the limitation of his liability to a fixed amount, which 
may range from. $ 5 million under the Vienna Convention on Civil Liability 
for Nuclear Damage to $ 500 million plus under the American Atomic Energy 
Act. In a paper which I have read recently it was stated that in the US in 
1954 "private industry was not at all interested, in risking its assets 
without adequate insurance to indemnifjr for da-mages. A breakthrough in this 
reluctancc by private industry was achieved with the passage of the Price 
Anderson Amendment Of 1957 to the Atomic Energy Act of 1954"» " 

Under the American Atomic Energy Act as well as under the Acts of 
other countries, operators are obliged to maintain adequate third party 
liability insurance. This makes it necessary to have a potent insurance 
market. The risks involved oxceed by far the capacity of individual'insurance 
firms. For this reason, insurers in many.-countries have formed special pools 
for nuclear insurance.' The fact that there are very high risks of yet little 
known nature and extent, and-that there are only a small number of similar 
installations involved, defying the traditional 'insurance law" of a high 
'number of-similar risks, led-to the necessity of finding'ways to create • 
certain monetary reserves. This was in-some countries done by extending 
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preferential tax treatment te premiums paid for nuclear insurance. Adequate 
provisions in income and corporate tax laws have enabled insurance companies 
to build up financial reserves against nuclear risks faster than they could 
have done otherwise. 

Since, however, no national insurance market, even if taking 
into consideration international re-insuránce, seems potent enough to 
cover a major nuclear disaster, some Atomic Energy Acts ""and also the 
international conventions in this field provide for State coverage or 
indemnity for damages not coverable by insurance. 

During the discussions on the various international liability 
conventions, the exact titles of which are listed in the Annex to this 
paper, there were various proposals to set up an international mutual fund 
or guarantee system to cover major damages caused by nuclear incidents. 
Since this subject turned out to be too complex to be. solved by an inter- • 
national conference, a committee was charged with the study of the. questions ' 
involved. It concluded that any solution should bo left to the interested 
States or group of States and did not make any definite recommendations. 

There exists today only one system for international coverage of 
nuclear damage. It was established by the so-called Brussels Convention 
Supplementary to the Paris Convention'on Third Party Liability in the Field 
of Nuclear Damage. Under it damages up to a certain amount, which is fixed 
nationally, should be covered by insurance or other financial guarantee, 
above that coverage is provided by the licensing State up to t 70 million. 
Any damages exceeding this sum up to S 120 million will be jointly coveted 
by the States parties to the Convention. So far, however, only the'Paris 
Convention has entered into force for six countries ; the Brussels Supplementary 
Convention still lacks two ratifications. 

5. Whereas the international liability conventions I have mentioned 
so far are applicable only to land-based nuclear installations,1 a special 
convention concerning the Liability of Operators of Nuclear Ships was 
agreed upon by a Conference on Maritime Law in Brussels in 1962. It 
establishes objective and sole liability of the operator of the nuclear 
ship, limits the amount of his liability to about S 100 million and makes :' 
provision for the determination of the competent court, which is of particular 
importance for accidents which might happen anywhere on the seven seas. 
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The Convention has not yet entered into force, hut part of its provisions 

were embodied into various, bilateral agreements concerning the nuclear 

ships "Savannah" and "Otto Hahn". Thus, the foresight of the "international 

legislators" has proven of considerable value for the particular purpose, of 

making nuclear ships acceptable in foreign ports» 

I should also mention,that technical minimum requirements for 

nuclear ships were agreed-upon by the so-called London Safety of Life at 

Sea Conference as early as i960. Consequently, the International Convention' 

for the Safety .of Life at Sea,, i960, contains regulations and rules on the 

application of .the Convention to nuclear ships, approval of the leactor 

installation, radiation: safety , • the preparation of safety assessments 

(safety reports) and their-:submission to Governments of countries which 

the nuclear ship intends to visit, as well as the right to special controls 

.of such snips ¿ 

6. In the introduction I have mentioned that one part of nuclear 

latí is also aiming at thé prevention of non-peaceful application of nuclear 

energy. . This is commonly known as .safeguards law or the law of control 

; and inspection of nuclear activities:. I shall not go into details, because. . 

this would be outside the scope of today's discussion. However, it should 

be mentioned that in view.of the Treaty on the Non-Prolifqratipn of Hueloar 

Weapons it will be important for parties to that Treaty to have, their ovm 

national system of, supervision of nuclear activities. In many countries it 

will suffice to follow the advicc given by the International Atomic Energy 

Agency on.the establishment of a. records-keeping and reporting system to 

ascertain the whereabouts of nuclear.material. This system serves at the 

same time the purposes of the State or the enterprise concerned. You will 

readily admit this, when you consider the monetary value of enriched uranium 

and plutonium;and the resulting necessity to keep track even of minor 

quantities. 

7« If you have followed me so far, you will have easily deducted 

that there are manyfold tasks in this field for the national legislator and 

lawyer. But international conferences, which one might consider as inter-

national legislators, as wo11 -as lawyers acting for international organiza-

tions and national Governments, have as well contributed to the development 

of what we call "nuclear law-. 
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There, is one particularly.interesting "invention" made by lawyers 

in the nuclear i field, which has become known:as "joint undertaking" or 

"common enterprise". Names like Surochemic, Dragon, Halden Project and 

SENA may mean.more to you than the' abstract legal terms0 The times of 

the joint undertakings organized by the European Nuclear - Energy.Agency of . 

OECD (ENEA) like I have mentioned, seem.to be passed, but the common enter-

prise under 'the EURATOM Treaty is still flourishing, »aereas in the first 

case the main feature was the pooling:of funds and a joint international 

.programme and administration, in the second case the important thing seems 

to be preferential tax treatment and other benefits in rçturnfor dissemination 

of information« These are just examples of how lawyers in the international 

nuclear field can help to make things easier for their partners in the 

technical realm. The concept of "joint undertaking" may still seem 

interesting for countries which might pool resources for the establishment 

of a big nuclear installation which they could'not afford individually. 

What now is, has been and will be the role of this Agency in the 

field of nuclear law? You will find us cbntinuously active in the development 

and revision of radiation protection norms in all fields where they are 

needed. The Agency has also either sponsored or co-sponsorod international 

conferences which have led to the elaboration of international conventions 

for nuclear liability. 

At the end of November of this year we shall convene a Panel.on 

Nuclear Insurance and in the first week of December a study group for 

Radiation Protection Legislation. The reports of these panels will help 

Member States to take necessary action in the fields I have mentioned. In 

the coming year, we hope to convene a Panel dealing-with Legal Aspects of 

Pood Irradiation, which will study .the approach taken by national legislations; 

we hope that this will enable us to give better guidance to Member Countries. 
¡ 

in need of legislation in this field. We have also begun a study on licensing, 

regulations for nuclear power stations in various Member Countries. These 

studies will serve as working documents for another panel next year which, 

we hope, will recommend a model or framework for legislation in this field, 

which is becoming of increasing importance in a number of countries. 

We are also training '"nuclear" lawyers both in groups and . , 

individually. Last year the Agency held a two week's training course 

attended by 21 lawyers from developing countries and an additional dozen 
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lawyers who came at the expense of their Governments-. We sometimes give 
fellowships for special legal studies and take on lawyers for on-the-job 
training in the Agency's Legal Division. The contacts to the legal services 
of Member Countiies result in numerous requests for what we call "legislative, 
assistance". This means that Member Countries send us their Bills and 
Draft PiCgulations for comment and advice, which we are glad, to extend 
to them. This service does not only benefit Më'mber States, but also-helps : 

to,achieve harmonization of nuclear law the world over. Such harmonization 
is particularly important in the field of nuclear energy. If you- look at 
the international trade in nuclear fuel and radioisotopes of all kinds, 
you will realize that it is extremely helpful to have compatible laws in all 
countries, because they facilitate international exchange of nuclear 
substances. -, 

One could go into many more details to show how and where proper 
laws can help nuclear development. I' do not feel that I should do this 
here and now, but I hope that after listening to me you will at least 
admit that there may be possibilities for the lawyers not only not to • 
hinder but rather tó promote nuclea.r development. 
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S» Nákiéenovié 

Director . • 
Division of Operations 

I have been asked to speak today on safeguards., Much has been written 

about safeguards recently® It is not easy to cover in one leoture this 

large area9 which has several aspects — political, technical, administra-

tive, financial... I will try to concentrât© mor© on the points which 

represent, I think, the larger interest for this auditorium and, obviously, 

I will talk about the Safeguards System of the International Atoaic Energy 

Agenoy. 

This Agency was set up with two main objectives» I quote in part 

from the Statute; 

"The Agency shall seek not only to accelerate and enlarge the 

contribution of atomic energy to peace, health mid prosperity 

throughout the world, but, also, it shall ensure, so far ав it is 

able, that assistance provided by it or at its request or under 

its supervision or control is not used in such as way as to 

further any military purpose." 

The.manner in which the Agency should establish and apply & safeguards 

system ie also defined. It hass-

"To establish and administer safeguards designed to ensure that 

special fissionable and other materials, services, equipment, 

facilities, and information made available by the Agency or at its 
- , V 

request or under its supervision or control are not used in such 

a way as to further any military purpose; and to apply safeguards 

at the request of the parties to any bilateral or multilateral 



arrangement^ or at the request of a Statef to any of that 
State*8 activities in the field of atoaio energy." (the end 
of the flotation) 

On the basis of these fundamental directives contained in the Statute* the 
Agency has developed over a number of years its Safeguards System» which 
at this moment covers all facilities in the nuclear fuel cycle except enrich-
ment plant s о So the main purpose of these safeguards is to detect the 
diversion of significant quantities of nuclear material from safeguarded 
uses to the manufacture of explosive devices or weapons or for purposes 
unknown» and to deter such diversion by the risk of early detection. The 

authors of the quoted sentence "...so far as it is able" were» I think, 

realistic, because you will now eep how see how complicated this is and 

what the Agency's rights and limitations are. 

To enable the Agency to carry: out its safeguards functions, the Statute 

gives the Agency the following rights : 

To examine the design of facilities for the purpose of effective 
application of safeguards; 

To require the maintenance of inventories and operating records to 

ensure the accounting for source and special fissionable materials; 

To ask for reports periodically on inventories and on the operation 

of a facility? and 

To sand into the territory of States inspectors designated by the 
âgeпсу8 after consultation with the State concerned. 

Por the purpose of carrying out a review of the design of a nuclear 

facility? th® Agency is authorised to call for only general design features 

of the facility, and this is for the sol© purpose of satisfying itself that 

th© facility does not lend itself to the diversion of material but on the 

other baad allows for the effective application of safeguards. 



The second requirements namely® the maintenance of an inventory of 

nuclear material in each nuclear facility which is under safeguards, as 

well as a record of the operation of each. such, facility® the extent of 

any losses which may occur? etc* , can he said to he the sine qua non of 

any safeguards system, because a l l of the safeguards steps more or less 

flow from it. Every State possessing or using nuclear material will, of 

necessity, have soae cystens to account for, or control the use of this 

material. This is essential for three main reasons. First, nuclear 

material iss as you know very well, expensivee and like any valuable 

material, it needs to be accounted for properly and used in the most efficient 

manner. Secondly, the transfer of such dangerous material to subversive 

elements may endanger the State's national security, and, thirdly, what it 

is perhaps not necessary to oeation-here, nuclear material is extremely 

hazardous to health and any over-exposure to radiation can cause extensive 

physical damage* Thus safeguards also starts from the fact that proper 

accounting of every gram of material is extremely essential® 

On the basis of the records maintained by a State or a facility 

operators the State is required to submit to the Agency reporta at periodic 

intervalss giving the status of inventories. If there is any kind of untoward 

or unusual incident at any pl&nts such an incident is also required to be 

reported israediately to the Agency. 

Pinallyg the Agency has the right te send its inspectors into a eüuntry 

for the purpose of verifying reports which that oountry has made. It is, 

I think, universally conceded that in the present state of safeguards 

technology any kind o f safeguards without the right of oa-th®~spot verifica-

tion would b® meaningless. Incidentally6 th® checking and verification of 

a country6 в records by the Agency in fact aasouat to a® external audit 

servio®, which th© Agency is. rendering to the countries which place their 

nuclear programes under safeguards® • '/•' 



la connection with both the design review undertaken by the Agency 
® d physical inspections9 the fear has sometimes been expressed that 
commercial and industrial secrets might Ъе divulged to the inspectors who 
is tura might pass them oa to others.» Let us see whether there is any 
foundation for this fear» Neither during the examination of the design 
features nor in the course of an inspection of a plant are the inspectors 
likely to ask for such desiga details5 œaterials selections for important 
components or manufacturing processes, which can be said to be of a 

commercially very secret nature® Most of thé general design features9 

-rfhioh are of importance for the purpose of safeguards, are available in 

open literature. 

There is also some misunderstanding that the acceptance of IAEA 

safeguards results in шалу disadvantages? e»g«» safeguards may prevent a 
country from developing its atomic energy programme according to the State ' s 

«ra desire, or they may hamper the economic and technological development 
of a country8 or they шау prevent a country from taking advantage of the 

benefits which can be derived from nuclear explosives for peaceful purposes 

sad also of the benefits of the technological advances inherent in the 
research and development deœmded by such a demanding technology, that 

safeguards will pub additional burdens on ¿he facility operators which 

would iaterfer with operations and so oa. 

To counteract these objections and misunderstandings® I would like to 

axplain the precautions (or, better said, limitations) which have been 

written into Agency safeguardsi-

Tho Agency is required to iapleaeat safeguards in a manner designed 

to avoid hampering the State's econostie or technological development? 

Th® âgeacy'e inspectors cannot retjuest a State to stop the construction 

©г- operation of a nuclear facility to which its safeguards procedures 
artend (this sort of actios could only b® taken b¡y the Board of Governors 
e£ the Ageacj}| 



Th® Agency's inspectors may not place any additional "burden (for 
instance the installation of safeguards instruments) on a facility operator 
without having the agreement of the operators of the facility concerned? 

The Agency is required to take every precaution to protect commercial 

and industrial secrets . No member of the Agency staff can d i sc lose , except 

to the Director General and to such other members of the staff as the 

Director General may authorize to have such information by reason of the ir 

o f f i c i a l duties in connection with safeguards, any commercial or industrial 

secret or any other confidential information coming to h i s knowledge by 

reason of the implementation of safeguards by the Agency? 
The Agency cannot publish or communicate to any State, organization 

or person any information obtained by it in connection with the implementation 

of safeguards, except that г 
- Specific information relating to such implementation in a State 
may be given to the Board of Governors and to euch Agency staff 
members as require such knowledge by reason of their official 
duties in connection Kith safeguards^ but only to the extent 
necessary fer the Agency to fulfill its safeguards responsibilities; 

- Summarised lists of it ems being safeguarded by the Agency may. be • ' 
published upon decision of th® Board5 and 

- Additional information may he published upon decision of the Board 

sad if a l l States directly concerned agrees 
« The Secretariat' has a -¡system'of c l a s s i f y i n g as confidential ̂ papers '---, 

relating to safeguards® Each Member Stato i® requested to convey 

to the Agency, what information it decires should be treated, as 

- confidential and therefor® classified! 

« The board of Governors is required to approve a list of inspectors 

. after examination of their qualificationsf experience, antecedents, 

etc.g so that the Board is satisfied that each inspector i s sui table : 

'ta every way for undertaking the sensitive task which would f a l l t o 
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A Member State is consulted both informally and formally when it 

is proposed to designate an inspector for that State. The State 

has the inalienable right not to accept a particular inspector if 

it wishes to do so, and at a later date even to reject an inspector 

after he has been accepted? 

Even though, inspectors have the right of access to documents t 

facilities, persons, etc® in a Member State to enable them to carry 

out their safeguards functions, the right is restricted only to the 

extent necessary to enable them to do so 5 ia other words they do 

not have unlimited access in a country which has any nuclear material 

or facility under safeguards; 

Each State has the right to nominate one or more of its representatives 

to accompany an inspector during an inspection; 

Special research and development efforts are now being made- to 

further the application of the principle of safeguarding materials 

by the use of instruments and; techniques at certain strategic points; 

when, these efforts come to fruition, they m y provide an additional 

means of protecting commercial and industrial secrets. This may 

render frequent acoeas to certain areas of facilities by inspectors 

unnecessary and also b© instrumental ia reducing the frequency of 

inspection; and finally 

Some or all of the above points may be written in à safeguards 

agreeaent in order to make them binding» (it must be remembered that 
the Agency cannot implement any safeguards in a country unless there 

i s a safeguards agreement concluded with the country. ) The practical 

application of safeguards is defined in subsidiary arrangements, 

which cover, among other things, the reporting azul recording systems* 
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I should now like to в ay a few words on the interaction between a 

national safeguards system and an international safeguards system» As I 

said ea r l i e r i every State possessing or using nuclear materials i s bound ч 
to have some system to account for or control them. The Agency's Safeguards 

System, as you muet have realised«, cons i et s of t-ro related operations! a 

nuclear materials accounting system, which in effect prescribes the form, 

quantity and location of a l l nuclear materials subject to safeguards 5 and 

a ver i f ica t ion system9 which serves to assure the relevance and val idi ty 

of the accounting data. The verif icat ion system may inolude physical checking, 

surveillance of routine operations, independent measurement, and mathematical 

analysis of accounting data. 

liany of the elements required by an international safeguards systea 
will be found in a national or regional safeguards system, and at least some 

such elementa will be part of any nuclear materials management or cont ro l 

system. To the extent that .an existing system contains the elements required 

for implementation of international safeguards, the task of implementing 

safeguards -is simplified? however, such simplification does not reduce the 

necessity fo r the .international safeguards agency to achieve independent 

assurance that nuolear material is not being diverted, and I must emphasize 

th is par t icular point. 

The Agency wil l always make use of national or regional control systems 

to the extent possible, but this does not imply that the procedures estab-

lished by these systems wil l always be adequate. I t may soaetimes be 

necessary t o obtain additional data, or to request improvement in the methods 

of col lect ing these data, in order that th© safeguards objectives сал be 

sa t i s f i ed . Furthermore^ no matter what kind of a national or regional sa fe -

guards system, an independent assurance by an international agency seeins to 

be neoessazy and, I think, superior, as the systea tends to be universal. 



I shall now describe to you briefly - the present set-up of the 

Department of Safeguards and Inspection. The Department is headed by the 

Inspector Gonoral, Иг» Rudolf Roaotsch. ; It has two Divisions, the Division 

Of Operations and the Division of Development« Each Division has a Director 

as its head. The Director of the Division of J'evolopraent is Mr. Taniyaj Ï 

am Director of the Division of Safeguards Operations. 

The Division of Operations is responsible for the application of 

safeguards in all countries which submit "some or all of their nuclear 

facilities to Agency safeguards. For'this purpose the Division has three 

Sections, each with a different region udder its responsibility. One 

Section is responsible for Europe, a second for the entire region of Asia 

(including the Middle and Far East) and the Pacific, and the third for the 

regions of liorth and Latin America and Africa. 

V,'ithin the Sections one officer is designated as "country officer" 

for each State having nuclear facilities?! under Agency safeguards. The 

country officer is responsible to the Chief of his Section for processing 

at Headquarters all matters relating to the effective application of safe-

guards in each country assigned to him. Thin includes the technical pre-

parations necessary before the agreement enters into force as well as the 

implementation of safeguards once the agreement has entered into force. 

These responsibilities also include the establishment of practices for 

individual facilities. 

The Division of Operations aleo has an Accounts and Reports Section. 

Inter alia this Section processes rountine accounting reports, entering the 
j 

accounting data into the safeguards accounts, prepares routine inventory 

statements and other reports or statements as required, establishes standards 

and criteria for routine accounting reports, reviews safeguards agreements to 

ensure that procedural provisions are consistent with the safeguards system 
\ _ 

and current .-operational-1 methods9 reviews the agreements to ensure uniform 

treatment in similar cases end consistency with the Agency's established 
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policy and procedures, reviews operational methods and procedures with a 
view to ensuring uniform standards of iaplement&iiong conducts specific 
studies relating to operational tasks and requirements, etc. 

Because of rapid expansion in the Agency's safeguards activities, and 
the further expansion which is anticipated in consequence of the safeguards 
role whioh the Agency will play in implementation of two international 
treaties, namely, the Treaty for the Prohibition of Suelear Weapons in Latin 
America and the Non-proliferation Treaty, it was found necessary to give 
increased attention to the subject of safeguards research and development® 

A Division of Development in the Department of Safeguards and Inspection 
has accordingly been о et up one and a half years ago. This Division has the ... 
primary task of developing safeguards methods and technology, and deals with, 
systems studies, technical services-and training, and the application of the 
results of research and development work to individual facilities. It is 
also responsible for testing new procedures, methods and instruments. This 
Division has three Sections. 

The first Section has responsibility for systems studies, with an emphasis 
on NFT needs and consequent technical planning, for the development of 
technical services including methods of sampling and analysis and standards 
for analytical work and of the application of various technical devices 
and the determination where and how such services and devices oould be 
applied most effectively, and finally for the training of new safeguards 
staff. 

The second Section has responsibility for the establishment and 
execution of safeguards development projects, and for the development of , 
safeguards methods and techniques for principal types of plants and of 
inspection instrumentation to the point where such techniques and instruments 
can be utilised in operations«, 



The third Section works on the application of the results of research 

and development efforts to the procedures used for implementation of 

safeguards and reviews procedures in use so that they adequately reflect 

the stage of development achieved« The development of practical inspection 

procedures for all types of facilities, is cent red to this work, which is 

• closely co-ordinated with our normal inspections. 

The Division naturally works in the closest collaboration with the 

Division of Operations. It also maintains intimate contacts with those 

Member States of the Agency which are giving individual attention themselves 

to safeguards research and development. Significant work in this field is 

( being done by some countries$ and one of the important tasks of the Division 

of Development i3 to achieve co-ordination of effort, avoid duplication of 

work and encourage the exchange of information. 

Finally, the Department also has an Administrative Section which is, 

broadly speaking, responsible for giving administrative support to both 

Divisions of the Department. 
N 

In conclusion, a few words about the present size of our responsibility 

By June 30, 1969? the Board had approved^ a total of 41 safeguards agreements 

involving 30 States« These cover 70 reactor facilities and 37 separate 

accountability areas outside reactor facilities$ including fuel fabrication 

and reprocessing plants. The following (jumxtities of nuclear materials 

were under Agency safeguards as of 31 December 1963; 1.027 tons of source 

material, 31.203 kilograms of enriched material, and 529 kilograms of 

plutonium. 

The Agency's safeguards responsibilities in these facilities are 

carried ou-!, by 39 inspectors for general purposes asd 26 inspectors for 

special purposes representing 31 nationalities. 

Over the past 13 months we have spent a considerable amount of tins 

on making preparations for the safeguards role which the Agency is expected 

to play in the implementation of the Hon-proliferation. Treaty when it comes 
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into force« A considerable aaouat of work bas been don® on the interpre-
tation of th© various provisions of the Treaty, on analysis of these 
provisions, on calculating manpower requirements, the mode of operation 
of present safeguards and the шхшег in which they will be required to be 

adapted for ..HPT requirements, etc® Hie task has been very challenging, 
and we have been assisted in these tasks by a group of expert consultants. 
We are confident that we will be able to measure up to the challenge 
adequately and satisfactorily. 

In conclusion I wish to thank you for the attention with which you 
have listened to ay talk. I hopie that in th© course of this brief talk 
I have been able to give you a fairly broad outline and understanding of 
this subject, which is actually very complex. 





f 

CONTRIBUTIONS^ PROM PARTICIPANTS 

Country 

Austria 

Name 

R. Brosch 

China (Taiwan) K. Ling 

Colombia 

Germany 

R.I* Marino 

W.H. Hünlich 

Indonesia 

Korea 

Pakistan 

Romania 

I. Prajoto 

Chang Run Lee 

A. Matin 

Ion Udrea 

Spain 

Sweden 

J. Palacios 

•P.H. Margen 

Thailand 

Turkey 

P. Chungwatana 

N. Aybers 

T i t l e 

Austria on the way to a Nuclear 
Plant 

Present Status of Nuclear Power 
Development in Taiwan 

Power Planning in Colombia 

Brief Survey of the Nuclear 
Power Situation in the Fed. 
Republic of Germany 

Energy Situation in Indonesia 

Electric Power Situation in Korea 

Nuclear Power Programme in Pakistan 

Prospects of Introduction and 
Development of the Nuclear Power 
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Planning of First Nuclear Power 
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AUSTRIA ON THE WAY TO A NUCLEAR PLANT 
__ 

R. Brosch 
Kernkraftwerk Planungegeseilschaft т.Ъ.К. 

Austria's demand for electricity generated by nuclear power 
stations is obvious. It is easily to be seen from the following 
numbers which give a rough outline of the situation in the 
energy market of our country* 

On Januray 1, 1969 an installed capacity of 

M¥e total has been available 

4.821 MWe in hydroplants and 

2.235 MVe in fossil fired plants. 

In the year 1968 25.71^ G-Wh were produced which equals 

3.499 kWh. per head. 

In the years 1958 - 1968 the increase of produced GWh amounted 

90 $ which is an average growth of 6,6 $ per year. 

At the moment plants of 1.550, MWe are constructed or planned; 

but this is not enough to meet the energy-requirements of the 

next years. 

The various utilities have based their common power program 

mainly on these figures and on this coordinated power program 

is based the energy concept of the government. 

Initial production of nuclear generator electricity is forseen 

for thö year 1975. 

In March 1968 various utilities have iormed a planning group. 

Its duty is to carry out all investigations for an Austrian 
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nuclear plant and. to contact the relevant agencies. The final 
task of this group is to present a detailed offert of a nuclear 
power station meeting the special Austrian conditions. 

As far as technical and commercial : studies have been performed 
the preliminary results are: 

For Austrian conditions light water plants or gas-cooled plants 
seem to be more useful than others. Its site will be the Danube-
area - vest of Vienna. 

About 70 of the plant will be delivered by Austrian firms. 

The opening for bids is October 1, 1969. 

In the very next future a company.for building and operating 
this plant will be established. 

During the last years Austrian engineers.and scientists were 
working on problems dealing with reactors and plants.; These 
investigations were performed partly by utilities and mainly 
in our nuclear research centers in Seibersdorf.and in the 
Universities. A contract between the SGAE and the IAEA, which 
has been the beginning of a very sucsessful cooperation, 
has been concluded in 1959» Actually there are running two 
collant loops - one boiling water loop and one sodium coolant 
loop г where we get some knowledge of technical details for the 
coming nuclear age in Austria. . 

Lit.: Bundesstatistik der österreichischen E~Wirtschaft. 
(Bundesministerium für Verkehr und verstaatlichte 

., Unternehmungen) 

Betriebsstatistik: Erzeugung und Verbrauch elektrischer 
Energie in Österreich 1968 



PRISENT STATUS OP NUCLEAE POWER 
DEVELOPMENT IN TAIWAN 

K. Ling 

Taiwan. Power Company 
China 

Q&neral. 

Taiwan is a small island, only about 4OO kilometers in length and 
120 kilometers in width at its broadest point. It has a surface area of 
36,000 square kilometers, with more than 13 million inhabitants. The power 
system is ал integrated one, consisting of 27 hydro stations and 9 thermal 
stations. The total installed capacity as of the end of August this year 
is 2?240 MW, out of which about one-third is hydro and the remaining thermal, 
'.i'he largest thermal unit now is 300 Ш/. The system is interconnected by a 
154 kV transmission line running from north to south. A EH? system has 
recently been authorised for completion in 1972 - 73*to superimpose the 
present system for interchanging-of power among regions. Figure 1 shows 
the system growth curve showing th® expansion of system in installed capa-
city, 'peak load and average load. The power generation has been increasing 
at an average rate of 13.9$P@r annum for the past ten years. About 2/3 of 
the total energy ©snerated is from thermal. Of the total energy genera4'", 
30$ goes to industries and the remaining 20$ goes to residential - cas-
mer oí al uses. As a result, the daily load factor is as.high as 81 - 82$ 
in summer months and annual load factor around 70$« 
vhioT&r Resources in Taiwan 

Taiwan is rather poor in energy ressources. The most important indigenous 
energy resources' are hydro potential, coal and natural gas. Neither oil nor 
•uranium deposits of any significant amount have yet been found. The coal 
reserva is around 240 million tons. However* they are very thin in layer, 
only 0.6 m in average, and very difficult to extract. As a result, their 
production is limited, around 5 million tons a year, and their price is high. 
Sua to the increasing use of coal in other industrial sectors, the coal availabl 
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for power generation is decreasing уеаг-Ъу-уеаг. Natural gas is a new 
discovery in Taiwan? its proven reserves are around 27.2 billion cubic 
meters, equivalent to 43 million tons of coal. However, it will be put 
to most advantageous use for domestic lectors as fuel and for the petro-
chemical industries as a raw material»; Gas is insufficient as well as 
uneconomical for p'ower generation. . 

The technical hydro potential : in Taiwan. is estimated at around 4.2 
million kilowatts. ïet they become more and more difficult to justify 

in comparing with large size modern steam units. T'hey will, on the other 

hand, be used more advantageously to furnish peaking power to the system. 

It is estimated that by the year 1975*; 75/*> of "ЬЬе total energy for power 
generation will depend on importation,: either in the form of fuel oil or 
nuclear fuel. 

Nuclear Power Development in Taiwan 

Based on the feasibility study; fer;'a 5 00 Ш plant made in the early 
part of this year, nuclear power is already competitive with conventional 
thermal in Taiwan. The breakdown fuel: cost is around 35 I'S cents per million 
Btu, while the present fuel oil cost is around 40 i-TS cents per ïnillion Btu 
without tas and duties. 

We have now two nuclear projects,.both approaching the implementation 
i 

stage Î one is a power reactor -undertaken by Taiwan Power Company, which is 

the sole utility in Taiwan responsible : for power generation, transmission, 

distribution and sales. The other is a research reactor, sponsored by the 

Chun-shan fiesearch Institute. 

A, First Nuclear Power Project in Taiwan 

This will be a 500 MW class unit scheduled for completion by the end of 

1975« (JRefer to Taipov/er's power development programme. By that time, the 

system will already be large enougi to accommodate a nuclear installation). 

Aa T&ipower is a piiblic utility, and utilities are always very conservative, 

the reactor selected by Taipower is of.the light water typ©« . Tbe reasoning 

leads to the decision as followsî 



1. Actual operating performance - reliability and availability.' 
Since 'Taxpower system is an isolated one, no interconnection 
of any kind .is available; the first nuclear plant must be 
r e l i a b l e , and proven both in design and manufacturing-» By 
proven it i s meant that the reactor, of a commercial ' p r o t o - ' 

type of about the same size, has shown successful operation 
for a t l e a s t a year or two. 

2«. E x p e r i e n c e in s e i s m i c d e s i g n . Taiwan is located on t h e 

Pacific earthquake belt. The reactor t y p e selected must have 
d e s i g n e x p e r i enees a p p l i c a b l e t o t h e c o n d i t i o n s p r e v a i l i n g I n 

Taiwan fe-

3. Aval lability of nuclear fuel and other key materials "on a 
long-terra basis. This refers especially to heavy water 
supply in the case of a PHWR. 

4« Good nuclear industry support and service support. 

Source of financing. 

6. Power production cost. 

Bids on KSSS, nuclear fuel and T-G sets were opened in Taipei on 4 J u l y 

this y e a r . General Electric and West inghouse are the only two suppliers 
offering their bids. It is how in the process of clarification with the 
s u p p l i e r s » It, з.я e x p e c t e d that the award will be made before the end of 
this; month. A 79 million US dollar loan has already been agreed to by the 
Export and Import Bank of the USA for the p rocuremen t of U.S. equipment, the 
first core and the payment of the engineering fees. The p r o j e c t cost sub-
mitted to Exim Bank for loan application is US' $ 138.500,000 excluding tfee 

first core, ^ t has been adjusted for a larger plant c a p e o i t y as w e l l as in-
clusion. of n e c e s s a r y . e s c a l a t i o n and contingencies. It is now abotrt US $ 25O 

per kW, comparing with US $ 213 in the Feasibility Report, which is based on. 

1966 price level. 
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This, however, agrees quite nicely, with Mr. Lane*s estimate, given in 
his lecture the other day. Taipower has checked and demonstrated the economic 
justification of the project both on a project basis and. on a system-wide 
basis. This project has already been reviewed and approved by the Chinese 
Government on condition that Taipower. should make another detail study in the 
future for its second nuclear power project, taking into consideration all 
feasible types of reactors considered proven by that time. An independent 
consulting engineer unrelated to any particular country, yet familiar with 
the development of all types of reactors, might be sought for. 

B. The Research Beactor 

This will be a 50 Ш е unit. Negotiations have been under way with AECL 
for some time. A Candu type pressurized heavy water reactor bas been given 
the preference, with a view to training;-staff and preparing for the mapping 
out of a long-term strategy for the future.. 



POWER Р М Ж Ш й IN COLOMBIA 
byt Rafael!. Marino 

"División de Energía Electrica, Departamento Nacional de Planeacion, Bogota,Colombia, 

1. Introduction. 

The first figure shows a.- 'mac of Colombia, a country located 

in the northern part of South America. With an extension of almost 

1.4 million square kilometers, most of its 19.0 million1 inhabitants; 

live in the central and western regions while almost half of the 

territory (the eastern plains) is still largely unsettled and 

undeveloped, , 

Although the Colombian economy has been dependent mainly on 

agricultural products and the coffee production has been the primary, 

source of foreign currency, it. is clear now that an industrialization 

process is beginning. The effects of euch a process can already be x 

. measured in terms of improved standard of living and in a more steady 

monetary situation, 

2. The Electric Power System 

In the period from 1930 to 1966 the installed capacity increased 

from 60 MW to 1583 MW, that is, an average annual rate of growth of 

10 fo (see figure 2). During the sams period of time, the per-capita 

installed capacity has increased from 23 to 85 watte (see figure .3) . 

The present energy use is 310 kWh/year per inhabitant. Notice, 

however, that only 70' f¡> of the population enjoys electric- power 

service. The process of expansion, however, has not been a steady 

one and, in some cases, rationing of power has resulted from 

inadequate planning or execution of projects, while in others, it 

has been necessary to install emergency units to overcome'the effects 

of delays in commissioning planned generating facilities. As. any 

one would expect, a great effort is now evident in order to avoid 

similar situations in the future by preparing long term prograros and 

implementing their execution. 

Four years ago, the need to interconnect the large markets 

was recognized, in order to create a single market that could be 

served from larger generating plants built through a combined 

financial effort of the corresponding utilities. As a result, a 



.'T~&haped 530 kE.oî double circuit. ky grid, currently- tœder • 

construction, is expected for conrniss Inning oy mid 19?!» 

Only 30 у» of the present im-tslled capacity of the country 
is thermoelectric (И,еал>, gas or. diesel;)* ïho remaining 1100 Ю are 
hydroelectric, but represent a vexyi. small 'part of the known hydro 
potential. This potential succeeds 50-000, Щ out of which only 2.1 % 
has been developed. This enormous potential would permit to satisfy 
the needs of the country beyond year £000. Many of the already 
studied sites present, very attracti iré. projects, like the ea.se of. .. 

Chi vor (its first stage, 500 M1.'/, is expected for cciarai s s i on i r?g in 

1375) 5 which will, cost US $ loO ps.r kilowatt Vvfcen.its total 1000 Щ 
capacity is completed. 

Fossil fuel resources are also ;quit;e important in Colombie.,. 
Coal is exploited in Cauca Valley' at. Ш Ж 7/ton and near Bogotá .at 
US$ 9/ton. It 'has been found, however,•that if an intensive mining 
industry :1s created, it cannot produce coal at such a. low price, .. . -• 

Colombia exporte about 100 000 barrels/day of crude oil, and 
refines in its own installations what ig: required for local use. <• : •,•••• • . -V Jo • 
Bunker С Oil has a-, price of 22«5-p/nillión Btu. ' 

3» Institutional Aspects . 

The institutions! organisation of tie electric power servios 
in Colombia, is аз folloWà:• : ;., 

a) The two largest systems (Bogotá and Mede 11 in) are served 
by autonomous municipal undertakings.. Their aone.s .of . . 

. , influence extend only to surrounding coîamun.ities, 
b) The third largest city (Cali) is; served by a municipal 

entity that buys bulk power' to an autonomous development 
authority (like th® TVA in the USA.) with an area of/servi ее 
covering the whole Cauca Valley. 

o) All Of the remaining regionä .in the country are supplied . . ,. 
by 15 different departmen taï corporations. Over 50 ;^of the;.. v 

stock of these companies belongs: to the Central,.Government, 

while the remaining is owned oy the departments, municipalities 

or large industries. 
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à) The central interconnection grid is managed,and will 

be operated by a separate corporation Owned in e q u a l 

shares by the Bogota and M e d e l l i n power companies, by 

the Cauca, Valley authority and by the Government, 

e) In the northern coast a n o w power authority is being 

organized, In order to put on a single head the respon-

sibility of generating and distributing bulk power to 

the five power companies operating in the area. 

f) Only 8 ia of all the electric p o w e r generated in Colombia 

is owned by small independent private organizations o r 

by indus ries that prefer to generate their .own electric 

energy, 

4. Atomic Energy Activities in Colombia 

In August, 1959 the Colombian Institute of Nuclear Affairs was 

created as an advisory and research service for the government. The 

Institute received as a gift from the US Government a 50 kW research 

reactor which has been in operation for three and a half years. It is 

used primarily for experimental work, including the production of 

short-life-radio-isotopès for medical and agricultural research 

applications. The Institute also has extensive educational programs 

in the National University of Colombia's school of Physics. It is 

expected, however, to extend the courses to the engineering schools. 

The Institute has a contract with the IAEA to investigate 

nitrogen applications in c o m crops. Also, the recent adquisition o f 

an industrial gammagraphic equipment has permitted the Institute t o 

provide pipe welding analysis services to the power companies and 

Other industries in the country. It is expected that in the -near 

future the Institute becomes more active in the evaluation of possible 

applications of nuclear power generation in Colombia, together with a 

wider promotion of other peaceful uses of atomic energy. 
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5.« Planning Procedures "' 

The institutional organization of the electric power activity 
in Colombia is considered suitable'if or- -building large generation and 
transmission facilities, in order to obtain economies of scale and 
other benefits that derive fro® coordinated planning, construction 
and operation of power systems. A2though each individual company 
carries its ovm systssa expansion s tudies; final decisions - on-
capital intensive project.3 are taken -at high governmental level in 
order to coordinate the different programs and to maintain an 
adequate control of the use of foreign, loans because of the close 
relation that these activities beár within the economy of the country. 
It is important to point out that around US$ 20 million a year are 
spent from the national budget in electric1 power programs, mainly 
in the less developed communities. 

As it can easily be understood, a very important task to 
undertake is to plan in advance the generation facilities that are 
going to serve the future'interconnected systems. Colombia will 
require around 1500 Ш additional capacity in the next decade, 
70 fo of this capacity will be serving oil the same grid. 

Becaus - of the complexity of the '.¡planning problems it became 
necessary to develop suitable techniques to evaluate alternative 

expansion strategies, taking into consideration all relevant 

technical and economical aspects. 

a) The Interconnection !¿odei ' '. 

A computer simulation model that represents the behavior 

of the Central Colombian interconnected system was developed 

with the cooperation of the Harvard University Development 

Advisory Service. This model makes a monthly load dispatching 

of the interconnected markets showing ;.the power interchanges 

in each line, of the grid, the -load factor in-:each plant, and 

the excesses or shortages of peak capacity and energy. It 

also calculates capital expenditures., fuel, Q & M costs and 



present worth values for all those strategies of expansion 
that are run through the model.. The model has proved very 
useful toi conduct sensitivity tests on the various .'parameters 
.(like discount.rates, fuel costs, exchange rates, etc.) 

b) /Же Optimal Reservo-ir Operation .Model.' 

The initial runs of thé ¡'Interconnection Model showed the 
necessity of having quite an adequate set of data for all 

.the.hydroelectric facilities (either existing, or planned). 

For this reason, it was decided to develop a reservoir 

model that permits to develop an .optimized operation policy 

for the use of the stored water in the interconnected .system 

as a 'whole,.'. Given - a run-off record, for each of the hydro 

facilities, the model assigns the monthly energy that should 

be used at each plant in order to minimize water waste., ;. 

These models are currently operating properly. However,.further 

work is being doné in order to determine the optimum amount of 

thermal capacity that must.be installed in the future, in order 

to derive the maximum possible,benefits from existing or planned 

hydroelectric facilities. '1 

In addition a more comprehensive analysis of hydroelectric 

plants will"be made using probabilistic technics of run-off 

records, by generating synthetic records for a very long period 

of time, in order to make.it possible to evaluate the risks of 

running short of energy, installed capacity or reserve. 

I firmly believe that in this new stage of our work suitable 

subroutines to anaiise nuclear power facilities'and comparé them 

with conventional thermal installations in the context of thé 

overall hydro-thermal scheme of the Colombian Systems should be 

developed. 7i.ls.o, strategies of expansion including different 

sizes and types of nuclear plants aust be studied'and frequent!^' 

revised. Thus, the problem of generation and transmission 

expansion will be treated in a more comprehensive'and : realistic 

way, according tö the recent advances of the. nuclear generation 

•.technology.'1 .. "'.''•:• 
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Figura № 3 
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BRIEF SURVEY OP THE NUCLEAR POWER SITUATION 

IN THE FEDERAL REPUBLIC 0? GERMANY 

by W e r n e r ELP. Huenlich 

TereiBigung Deutscher Elektrizitätswerke - VDEW 
(Association of German Electricity Supply Undertakings) 

Prankfurt (Main) 

Because of the still rather short-term operating experience 
available from German nuclear power stations, especially those 
of the so-called 'Demonstration Plants' at Lingen and Obrigheim 
which went on line in 1968 enlv, I just intend to provide a very 
brief survey to this audience on the present situation of nu-
clear power in the Federal Republic of Germany. A more detailed 
report may be given at the next meeting of this type. 

In Table 1 the six nuclear power stations are listed which have • 
been taken into operation in western Germany so far. 

The 'Versuchsatomkraftwerk Kahl* (VAK) - as its name says - is a 
real pilot and experimental plant, a BWR with indirect cycle. 

The 'Mehrzweckforschungsreaktor' (MZFR) is being used as a multi-
purpose tool mainly for experiments and fuel testing in its test 
loops, and in order to get experience with a HWR being operated 
under grid system conditions„ 

The pebble-bed reactor at Jülich - called AVR as_that is the abbre-
viation of its owner and operator company, the 'Arbeitsgemeinschaf"I 
Versuchsreaktor GmbH1 - actually is the prototype of this reactor 

i system in the shape it has been developed in Germany. 
i 

While the first three were pretty small plants, their capacity, 
of course, could be extrapolated to about 300 MWe as it has been 
shown with the Atucha project for Argentina (based on MZFR), and 
8.3 it may be demonstrated by the 300 KWe THTR prototype plant 
(based on AYR) f mentioned earlier during this conference. 
The remaining three stations are the ' Demonstration T-Tuclear Power-
Plants' having an electrical rating of 250 to 300 MWe gross. 



As I believe, that in the course of this week devoted preferably to 
plant economics, it may be of interest to a number of participants, 
I am going to explain briefly by tbese examples how so-called "joint 
enterprises" or "common undertakings" may be handled? 

The "Kernkraftwerk RWE-Bayernwerk GmbH" (КЕВ) has been founded to 
operate the 238 MWe Gundremmingeni Suelear Power Station using a BWR 
with a direct cycle system» The plant is owned by two large utilities? 
7$ i* by Rheinis ch-Wes tf äl is ches Elektrizitätswerk AG (RWE), Essen, and 
25 i» by Bayernwerk AG (BAG), Munich. Technical remarks« The reactor 

proper shows a good availability, and the turbine trouble hopefully will 

be overcome after .the repair work going on now. 

The "Kernkraftwerk Lingen GmbH" (KSIl) is a foundation of a large utility, 

the Vereinigte Elektrizitätswerke Westfalen AG (VEïï) who owns 34 $ of 

the plant, together with the manufacturer of the reactor and main con-

tractor in the building phase, AEG; (34 and a group of banks (32 . 

- Additional remarks s The station is being operated by KWL personnel, 

most of them having been recruited from VEW conventional plant staff. 

Its operation is done due to grid system requirements forwarded by the 

VEW load dispatching centre. The BWS ¡combined with an oil-fired super-

heater works quite satisfactorily so far. 

With the "Kernkraftwerk Obrigheim Gmb¿" (KWO) ownership is shared 

between two larger utilities (34 $ ^Energieversorgung Schwaben AG - EVS, 

Stuttgart, and 28 # Badenwerk AG, Karlsruhe) and a number of smaller 

utilities (about 10) in the sou th-*wes tern area of Germany. - Additional 

informations The Obrigheim Station is the largest LTffR~in operation in 

Europe for the time beiüg. It is operated by KWO personnel, the majority 

coming from conventional plant crews of the utilities involved. 

- Technical remarks : Before a tarting-up the plant considerable care has 

been given to possible vibration sources inside the reactor which might 

have caused consequent damage to the internal devices, e.g. the shield 

tank, main piping etc. By some módification measurements a slight delay 

occurred with start-up. But, sinoe then the plant is running smoothly-

except some trouble with the ste&m-separatiog devices during initial 

operation. However, it is of course too early to report in detail on 

operational results already at that time. 
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Neverthelessj Table 2 shows some provisional data of an operating summary 
for the six nuclear power plants described above® 

In Table 3 some information is given on the seven nuclear power stations 
which are under construction, or which - KSH and Biblis - are at least 
firmly ordered. 

While, here agains the first three plants, and the last but one are still 
pilot or prototype plants, the Würgassen, Stade and Biblis stations are 
real commerbial plants. 

The "Beissdampfreaktor" (HDR) is a BWR with an integrated nuclear superheat 
system by special fuel element design. It has been sited adjacent to the 
VAK plant at Kahl/Main. 

The "Kompakt© N&triumgekühlte Kernreaktoranlage" (КЖ) is a sodium-cooled 
zirconium-hydride moderated reactor. It will be used as a preliminary step 
to the LMFBS prototype. 

The "Kernkraftwerk Niederaichbach" ( Ш ) uses a CC^-cooled HWR of the 
pressure tube type developed in Germany. It is a prototype reactor similar 
to the French EL-4 design, which h&s been described by M. Tanguy last week. 

The "Kernkraftwerk Schleswig-Holstein" (KSK) will be the first HTGR in 
the world to be combined with a helium-turbine. J~The break-through of 
nuclear power in Germany, however^ has been reached by the first commercial 
plants ordered in 1967. It is needless to say that the decision to build 
the two large nuclear power stations at Wiirgassen and Stade with a capacity 
of more than 600 MWe each was an exclusively economic one in both cases, 
the more as the ordering utilities aré privately owned. The construction 
work is going on apace. Both of them will go on line in 1972» 

The most recent order? only a few weeks ago, was that of the 1200 Ш Biblis 
Hucl ear Power Station awarded by Rheinisch—Westfälisches Elektrizitätswerk AG 
(HWE), to the newly founded Kraftwerk Union AG ( КТО) - a merger of ASG 
and Siemens power plant departments to a new company. This 11^0 MWe net 
unit will be the first LWS of that sise in Europe. It will receive a 
Siemens designed ? M with a single-shaft turbine. The initial criticality 
and/or first connection to the grid is foreseen for 1974, 
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A number of major projects are in the planning stage, both by electric 
power utilities and the chemical industry which is looking forward to 
obtain cheap process heat and electrical energy as well from nuclear 
dual-purpose plants. 

By 1974» after completion of the nuclear power stations listed in Table 3, 
the installed nuclear power capacity in the Federal Republic'of Germany 
will be about 3600 MWe, which may vrell be increased to an installed 
capacity of 6000 to 8000 MW by 1975/76. 

Until now German nuclear power stations have produced about 6 billion kWhr 
of electric energy. While in 1968 the nuclear power production was still 
aboutr„2 $ of the total electricity production in the country, this 
percentage may well develop to approximately 15 in the mid-70ies. 

While the efforts of German nuclear industry have resulted in getting export 
orders on the earlier mentioned 320 MWe pressurized HWH for Atucha in 
Argentina, and a 400 MWe LWR for Borssele near Y-lis.singen in the Netherlands 
only recently, development is going on in industry and nuclear research 
centres. 

Th© Third Nuclear Programme fostered by the Government or the Federal Ministry 
of Scientific Research respectively, gives priority to the development of 
sodium-cooled fast breeder and gas-cooled,high-temperature reactors. The 
coordination of activities in these fields is concentrated at the nuclear 
research centres of Karlsruhe and Jülich. It is characterized by close 
co-operation between these centres and industry. 

Late in I968 the nuclear cargo ship "Otto Hahn" - the first European 
merchant ship with nuclear propulsion - left for her maiden voyage. Since 
then she has proved her operational reliability and safety under the severe 
conditions of heavy seas and tropical climate on long voyages across the North 
and South Atlantic. 1 



Table 1 

ШСLEAH POWER STATIONS IN THE FEDERAL REPUBLIC OF GERMANY 
(Pilot, prototype, arid demonstration plants in operation) 

Station 
( Abbrev) Location Owner/Operator Reactor 

type Manufacturer Plant Capacity 
MW® Gross I Ш ® Hot 

Initial 
Critioality 

VAK Kahl/Main Versuchsatomkraftwerk Kahl 
GmbH (80 <fa RWE, 20 $ Bayern™ 
•werk) 

В Ш 
(indirect 

cycle) 

GE, AEG, Hoch-
tief 

26 15 i960 

MZFR Leopolds-
hafen near 
Karlsruhs 

Gesellschaft für Kernfor-
schung тЬН/Kernkraftwerks-Be-
triöb3~Geseilschaft mbH 
(100 i<> Badenwerk) 

ff® 
(Pressure 
vessel typ®) 

Sisraens 58 52.5 1965. 

AVE Jülich Arbeitsgemeinschaft Versuchs-
reaktor GmbH (Group of muni-
cipal-owned utilities) 

В. TR 
(Pebble-bed 
type) 

BBC/Krupp Reak4 
torbau GmbH 

15 13.5 1966 

KRB Gundremmingen 
/Danube 

Kernkraftwerk RWE-Bayernwerk 
1 GmbH (75 1° RWE, 25 io BAG) 

BÏÏE 
(Direat cycle) 

GB, ABGg Hoch-" 
tief 

«ея 238 1966 

-KWL Darme 
near 
Lingen/Bms 

f 
Kernkraftwerk Lingen GmbH 
(34 $ VEW, 34 $ AEG, 
32 i> Banks) 

BWR 
with oil-fired 
superheater 

AEG 252 240 1968 

KWO Obrigheim/ 
Neckar 

Kernkraftwerk Obrigheim GmbH 
(34 E7S, 28 % Badenwerk. 
38 by smaller utilities) 

PWR Siemens 

TOTAL вааетаввв 

300 

891 sassiis 

283 

843 Eg«»«« 

1968 

ЧШЖ 
9/69 Hob 



Table 2 

NUCLEAR POWER STATIONS IN THE FEDERAL REPUBLIC OF GERMANY 
(Operating Summary) 

Station VAK Kahl MZFR AVR Jülich îKRB KWL KWO 

Reactor Type BWR 
[indirect cycle] 

HWR 
(Pressure 

vessel type) 

HTR 
(Pebble-bed 

type) 

BWR 
(direct cycle] 

BWR 
with oil-
fired SH (in-
direct cycle) 

PWR 

Power Rating MWt 6O.4 200 46 801 520 (216) 907.5 
Electric Rating - MWe Grose 

MWe Net 
16 
15 

58 
52.5 

15 
13.2 

252 
238 

252 
24O (245 BUUU) 

300 
282o7 \ 

Net Thermal Efficiency — * 25 26.3 29.4 30 ; 33 3 1 Л . j 
Initial Operation .. .. -
(first connection to grid) 

Date 
* 

17/6/61 24/З/66 I8/I2/67 : 12/11/66 20 /5 /68 29 /10 /68 

Gross Generation l/ - 10 kWhr 761 ЗО5 73 2,680 1,506 870 
Plant Capacity Faotor 2¡ - * 96 21 n.a. 47 n.a. 87 1/ 

Reactor Availability 2/ * 89 1/ n.a. 55 87.3 1/ 96-5 1/ 
j 

n.a. 1 

Plant Availability 2/ * 85 56.8 51.4 
[Oot .68-Feb .69 

>92 $>) 

и.а» 94.6 1/ 85 1/ 

Cooling Water Flow Rate 
(at annual av.inlet temp.)-

m3/hr 
( c) 

4.000 
(12) 

17,200 
, (21) 
(coo&ig towers] 

3j40O5) 

[ oooUng towers) 

n.a. 33,000 
(15) 

52,000 
(12) 

Perraanent Staff (Operation) 73 (23) 105 (40) 125 (40) n.a. 146 (64) 182 (50) 

Notes s 1/ since start-up unjfcil end of June 1969 
2/ in 1968 

VDEW 
9/69 Hoh 



Table 3 

NUCLEAR POWER STATIONS IN THE FEDERAL REPUBLIC OF GERMANY 
(Pilot, prototype, and commercial stations under construction) 

Station 
(Abbrev, 

К Ж 

Ш 

KWW 

KKS 

KSH 

\ Location 

Kahl/Main 

Karlsruhe 

Ni ederai chbach 
/Bavaria 

Würgas s sn/w®3 ©r 

Stade/Blb© 
(30 km NW Hamburg 

Geesthacht 
/ET be 

Biblis/Rhine 

Owner/Operator 

Gesellschaft für Kernforschung 
mbH/ Keissdampfreaktor Be-
triebs ges „mbH (100 i» RWE) 

Gesellschaft für Kernforschung 
mbH/Kernkraftwerks-Betriebeges, 
mbH (100 $> Badenwerk) 

Gesellschaft für Kernforschung 
тЪН/Kernkràftwerk Niederaich-
bach GmbH, (lOO % Bayernwerk) 

Preussische Elektrizitäts AG 
(Preag), Hannover 

Nordwestdeutsohe Kraftwerke AG 
(NWK), Hamburg 2/3 and Hambur-
gische Eleotricitätswerke AG 
(HEW) Уз. 
Gesellschaft für Kernenergie-
verwertung in Schiffbau und 
Schiffahrt mbE/NWK 

Rhein.-Westfälisches Elektri-
zitätswerk AG /(RWE) 

Reactor type 

BWR with 
integrat^superh. 
nuclear 

Sodium-cooled 
Zirconium-hy-
dride moderat, 

reactor 

HWR 
gas-cooled, 
prèssure-tuba 

type 

BWB 

PWR 

HTGR 
Prism.fuel 
elements 

PWR 

Manufacturer 

Interatom 

Siemens 

AEG 

Siemens 

Gutehoffnungs-
hütt e (GHH) in-
clud, He-Turbin© 

Kraftwerk Union 
Lernens 

TOTAL 

Capaoity 

MWa G r o s s | № ^ 

106 

бто 

662 

25 

1204 

2712 

25 

20 

100 

640 

630 

24 

1150 

2580 ssfs&tsosmse 

Initiai 
Critica-

1970 

S-9T -» 

1971/72 

1973/14 

1974 

VDEW 
9/69 Soh 
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ENERGY SITUATION IS INDONESIA 
(ItPrajoto) 

First of all I have to mention from the very beginning that 
Indonesia has no nuclear power project yeto I will take this oppor-
tunity to tell you something, very briefly, about the energy situation 
in Indonesia which has some unique features about it. 

To start with, I should mention that electricity is relatively new 
in Indonesia. It was introduced in 1897 by the Dutch, during the Dutch 
colonial period. The utilisation by then was only for residential 
purposes, street lighting, plantations, etc. In 1942 the total installed 
capacity was about 130 Mw; with a population of 65 million, this meant 
only about 2 watt/capita installed or 6 Kwh/capita production. 

From 1942 to 1945) during World War II, Indonesia was occupied by 
the Japanese during which electricity production was geared only for 
war purposes. There was only a slight increase in the installed capacity 
but in the meantime the number of population increased steadily, at a 
rate of 356 per year. In 1945 the installed capacity was about 160 Mw 
but the per capita figures was still about 2.1 and production about 
6.7 Kwh/capita. 

In I949 Indonesia achieved its political independence. The period 
/ 

between 1949 - 1966 was marked by political and economic difficulties 
and little could be done for the development of the energy sector. In 
1966 the installed capacity was only 58O Mw and the population by then 
was 108 million, which means'.5.3 watt/capita installed or 14.2 kWh/capita 
production. -, So, in 21 years, the per capitis installed increased by only 
2.5 times, probably.the lowest rate of growth in the world. Due to lack 
of capacity and its maintenance, blackout was practiced in major cities, 
especially during the dry season. As a matter of fact, the energy 
sector was not the only one that suffered. Every aspect of Indonesian 



economy seemed to have broken down. Public services, transportation, 
mail service, all were very poor; tax collection ineffective, roads 
completely damaged, inflation rate 1000$ per year, relation with other 
countries became worse, etc., that is why I call this the climax of our 
declining economy. In 1966, the new Government which has completely 
different policy and attitude than the:former Government, took over. 
Realising how grave the whole situation in the country was, the Govern-
ment launched a 3-year rehabilitation and stabilization programme, I 966 -
1968. The purpose of this crash-programme was to bridge the gap between 
the extremely unfavourable condition prior to 1966 and the hopefully 
stable period since 1968. This buffer plan was expected to secure a solid 
foundation for all successive five-year plans starting from April this 
year (1969). . 

In the energy sector, this crash programme was intended to overcome 
the acute electric power shortage in ás short time as possible and with 
a minimum amount of capital investment.; This was because of the explod-
ing demand of electrical consumption and due to the very poor financial 
situation at that time. Therefore, Indbnesia was obliged to choose the 
construction of small unit thermal power plants which needed short pon-., 
struction time and less capital investment rather than hydroelectric 
plants. The results of this crash programme was that in 1968, the acute 
electricity shortage was somewhat relieved. Generation cost of electri-
city was about 13.5 mill/kWh. The installed capacity by then was 644 Mw 
or about 5»7 watt/capita and I5.9 kWh/сapita annual production. This is 
very low indeed, compared to the average value for the ECAFE region which 
is 233 kwh/capita ( I 9 6 3 ) . 

The breakdown of electric energy i generation is 44$ hydro, and 56$ 
thermal. Roughly 80$ of the total installed capacity is generated in the 
island of Java where about 65$ of the total population lives. By the way, 
Java is only a small island and there are many other larger islands such 
as Sumatra, Borneo, Gelibas, West Irian whioh are much l̂ ess populated and 
Java is the only island in Indonesia which has several small interconnected 
grids. 
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Compared with the available primary energy resources, the amount 
of electricity generation is extremely low. We do have enough reserves 
of coal and oil, hut, unfortunately, most of these are located in Sumatra 
and Borneo, while the demand of electricity is in Java. The potential 
hydro resources alone exceed 20,000 Mw, of which 2ё$$ is under exploita-
tion stage construction, and 48% is being surveyed. This leaves about 
49a/o or 9 J 8 0 0 M W yet to be explored. Prom this point of view, energy 
resources available will not be exhausted for many years to corae. It 
ié evident that a long range overall planning is necessary for the future 
development of energy resources in Indonesia. 

In the energy sector, the first five-year, development plan (l969~ 
197З) ia aimed to achieve a total installed capacity of 1135 Mw by 1973» 
with an addition of 328 Mw thermal and 162 Mw hydro at a total cost of 
$ 4 3 8 million. Thi3 will provide about 27.4 kwh/capita per year. Still 
a very low figure indeed but this is already in the limit of the govern- '.. 
ment financial ability. The present government wants to be very real-
istic in all future development plans. Even by the end of the second 
five-year development plan (1978), the total installed capacity will 
still be below 2000 Mw. 

Thus, for Indonesia, the need to utilize nuclear energy to generate 
electricity is far too remote to be considered seriously at present. 
Nevertheless, the government, in this case the Directorate General for 
Power and Electricity, in cooperation with the National Atomic Energy 
Agency, considers it necessary to follow closely the development in 
this new field of technology. Of course, we don't want to be left out 
in this fleldf we should learn from the experience gained by other 
countries so that when we decide to turn to nuclear energy, we will be 
ready for it. We still have plenty of time to think about it. As a 
matter of fact, we might decide to enter this nuclear energy business 
one day, not for a purely economic reason, but it must have something to 
do with the national policy. A nuclear power study group was just set 
up last year to reviev? periodically the development of nuclear power^ 
technology in other countries and to help formulate the government policy 
in this field. 
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Except for a very short period of time, the Republic of Korea has 
not been free from hunger for power. At the end of World War II in 
1945» Korea had a total power generating capacity of 1,722 MW, most of 
which being hydroelectric plants. However, 1,524 MW of it went* behind 
the 38th parallel by which Korea was divided into two parts politically, 
economically and physically. To make the matter worse, most of the 
remaining 11.5^ (198 MW), which used to be operated to meet the peaking 
demand, was devastated during the Korean War. 

No oil has yet been reported so far in.Korea, and the hydro potential 
has reached its ceiling. Coal deposits are said to be about 5OO million 
tons; however, problems of mining are being faced with a lot of difficulties. 
It is the prevailing view that 15 million tons per year could be the maxi-
mum tonnage for the economical mining. There are relatively rich tidal 
power potentials on the western coast. The tidal difference there is 
about 8 - 9 meters on the average, and the potential is approximately 
I6OO MW. But this again is far from being economically harnessable on 
the ground that the construction cost seems to be well above 3800/kw. 

When and if you take such facts iato account, you may now visualize 
; how much we have suffered from the shortage of power. 

Por the development of power, therefore, we have been unable to and 
cannot, rather correctly, stick to the most conventional and convenient 
approach of introducing new units into the grid, which reads such that 
"one single unit should not be in excess of 10$ of the total". 

Just recently, for instance, a 250 MWe oil-fired thermal power station 
was hooked up with the grid, thus making the total system capacity to be 
approximately 1,700 MWe as of September 19*>9 (this does not include privately-
owned power generating facilities which are said to be in the range of 
100 MWe in total). 

Por your information, this unit was constructed by the Koreans within 
18 months. Should there have been no handicap in shipping the heavy 
equipment over the bridge, for which some 2 - 3 months were lost just 
for the decision whether the heavy cargo would be allowed to be passed 
over the bridge or not, I presume the construction period would have been 
still shorter. 



The theory that the maximum unit siaê  should not exceed of the 
total grid capacity cannot he applicable in a "fast-developing" country. 
Last year (1968), the real GHP growth-rate in Korea was shown to "be 
13.1$, whereas, that of power consumption over the previous year was 
more than what we had previously predicted. And the power demand is 
doubling almost every 3 years or so. : : 1 

Our economists carried out regression analysis to predict the ftiture 
quantities of total and peak electricity; consumption, choosing some of 
independent variables, making use of the1specification of a functional 
relationship between the independent: ancl dependent variables, and again 
assigning future values to each of the independent variables contained 
in the estimating system. Conclusion'was such that there would be an 
average increase of power of about 2 9 . p e r annum for the period of 
1966 through 19?1, and 15.9% during 71— 76, respectively. This pre-
diction looks extremely high, especially : to the experts from western 
oountries who are, we think, "conventional type of people" from the power 
ievelopment point-of-view. 

However, if you look back the path of the First Five Year Eoonomic 
-development Programme started in 1962, this may not seem to be So high 
•Table l).-/- . • 

TABLE I 
ELECTRICITY SALES AND^MAXIMUM PEAK DEMAND 

lear .-.Total Electricity:'Sale s Maximum Peak Demand 
MilliOn kWhr 1. " '• . • •• •• MW 

1955 551 142 
1956 65I 216 
1957 . I M ' 2 6 1 ' 
1358 2 8 1 

D 5 9 1072 283 
1)60 1136 - 289 
D61 1213 ' : i / 306 
1)62 • • 1508 •••••; • '343 
1 ) 6 3 I684 393 
D64 ' 2043 492 
1)65 -2464 4 6 0 2 : 

1)66 ЗОО9 ; : : - Щ 
1)67 3903 77.8 . 

Sourcet Korea Electric Company Yearbook, 1968. 



- 3 -

The conventional people have always pointed out that such rapid 
growth-rate of electrical consumption would be impossible, by showing 
us the following comparison of electricity consumption of various 
countries (Table 2), where the annual growth-rate of power was a maxi-
mum of 15.4$ per annum for Romania. 

If the Romanian case were not included in the list, people, especially 
the conventional people, would certainly say that the annual growth-rate 
of power, more than 14.3$, would be impossible to attain anywhere in the 
world. 

Table 2 

COMPARISON OP ELECTRICITY CONSUMPTION OF VARIOUS COUNTRIES 

Electricity Consumption Average Aryrmal 
hr Growth-Rate Country Year Million 

Romania 48 1 500 
65 17 200 

Israel 57 1 420 
65 4 150 

Puerto Rico ' 57 1 470 
65 4 100 

Yugoslavia 48 2 060 
65 15 500 

Philippines 48 660 
65 4 960 

Taiwan 57 2 680 
65 6 630 

India 48 5 730 
64 33 100 

Japan 48 35 600 
65 192 ООО 

Finland 48 2 960 
65 .14 600 

15-4% 

14.3$ 

13.5$ 

12.6% 

12.00 

12.0$ 

11.6$ 

10.49^ 

Source: Statistical Yearbook. 1966, United Nations. 



So far as the power development scheme is concerned, Korea is trying 

to undertake a sort of "revolutionarydevolution", which has never existed 

elsewhere "before and may not be experienced anywhere in the future. Where 

there is demand, supply is to be provided there s this is a theoretical 

principle in a stable society. Thérè has been demand for power in Korea, 

but supply couldn't cope with it,: ;We ;ibelieve that, unless we get rid of 

:the bottleneck of shortage of pow^r, rwe cannot- engoy healthy economic 

growth,, 

In order to supply ample amount of power to the hungry consumers, we 

are scheduled to have a 600 MW nuclear station commissioned by 1974« As to . 

the unit capacity of the first nuèlfear station, it was originally planned 

to be in the range of 500 MW unit? ¡however, things turned out to be that 

way due to one reason or another.; :This somewhat bigger size in comparison 

with the total system, could be adjusted either by delaying the commission-

ing date or by increasing the annual growth-rate of power consumption, or 

by mixing the both effects. 1 

Mention was made by some lecturers; during this session that the con-

struction cost for the first nuclëar power station in Korea is very expensive. 

It is partially because of the fact that the invitation for bid for the first 

nuclear power station requested that all the vendors should design the 

station, bearing in mind that two identical units would be built side-by-

side, This means that cooling water intake canal must be sufficient enough 

for two units, fuel storage pond must be capable of meeting two units, civil 

engineering work has to cover one fejxtrja unit, and the": like. 

Another reason for the high construction cost is due to the import of 

heavy duty equipment for the construction work. Needless to say, highly 

efficient technicians are available^frbm the local market at cheaper wages. 

But this skilled manpower may not be useful if they are not equipped with 

heavy duty tools to cope with construction work. 

According to the schedule, subsequent reactorswill be installed at the 

rate of one reactor every two year's intervals from the commission of the 

first unit. 
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For the study of power cost of the nuclear power station now in con-
sideration, we have made the several calculations as follow: 

Calculated Costs 

Using the economic assumptions and capital and fuel cycle costs, the base: 
case (500-mw) LWR power costs were calculated to he 1.42 won/kwhr (5Д5 mils/kwhr] 
The 500~mw size was chosen as a reference, since this is considered the mini-
mum size nuclear plant which shows truly competitive costs. While it may Ъе 
slightly large for the grid in the early part of the time period, there is 
no question (according to Korean practice) that the system can accommodate , 
a single unit of this size "by the middle or late 7Q's. 

Effect of Plant Sise 

Power costs to he expected from plants both smaller and larger than the 
base case were calculated. These are listed in Table 3« ' 

TABLE 3 POWEP. COSTS OF NUCLEAR PLANTS 
AS A FUNCTION OF SISE 

\ 

Siga, mw net 25O 5OO 750 1000 x 

Power Cost, mills/kwhr 6.67 5 Л 5 4.66 4»29 
won/kwhr 1.83 I.42 1.28 , 1.18 

As can be seen in the table, the nuclear power oosts are still decreasing 
above 500 mw but at a slowing rate. It is obvious from these data why the 
500-mw plant was chosen as a base esse i the 250-mw plant has a generating ' 
cost almost 30 percent higher; the ?50~mw power costs are lower but only by 
about 10 percent. 

Effect of Plant Investment'. 

Since nuclear plants are characterized by high capital costs, it would be 
expected that a change in the capital investment should have a profound effect 
on the power costs. This is borne out by the following calculation's in which 
the capital cost of the base (500 mw) case was raised and lowered by 20 percent 
(Table 4). 
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TABLE 4 POWER COSTS OF ;A ,5<Ю~Ш NUCLEAR POWER 
A3 A FUNCTION OF CAPITAL INVESTMENT ' 

Power Cost, per kwbr 
Investment Mills Won 

Base ¡case less 20 pe rcen t . (ЩЪЛ million) . 4.62 1.27 
Base case ($95.8 million) 5.I5 1.42 
Base case plus 20 percent (i$114.9 million) • 5»68 I . 5 6 . 

The sensitivity of power cost to investment is about 0.0073 won/kwhr (0.027 
mills/kwhr). per I percent change in capital investment. This may be compared 
to the О.ОО58 and O.OO69 (per 1 percent change) sensitivities calculated for 
oil-fired plants and coal-fired plants^ respectively. It.should be noted that 
the latter two cases were calculated at ,10.3 percent interest rather,than- the 
8 . 4 percent used here. Using the saroe interest rate for all thermal plants 
in these calculations would emphasiae.more strongly the capital orientation 
of nuclear power costs. • - i. : 

Effect of Interest Rate 

The base-case power costs are shown In Table 5 calculated at two interest 
rates in addition to the reference 8.4jpèrcent rate. 

J. ' 
TABLE 5 NUCLEAR POWER! COSTS AS A 

FUNCTION OF INTEREST RATES 

Interest Rate, percent 7.5 ,8.4 .10.3 

Power Cost, mills/kwhr 4.92 .5.15 5-64 
won/kwhr 1.35 1.42 I.55 

As can be seen from these data, the power costs from the 500—mw plant vary 

0.07 won/kwhr (0.26 mills/kwhr) with a 1 percent change in interest rate. 
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Effect of Uranium.Ors- Cost 

In the hase-case calculations-it was assumed that" uranium ore prices 
would rise linearly from $8 - $10/ib U^Og in the period 1970 - 2010« bi 
order to calculate the sensitivity•of the power costa of this plant to 
uranium ore prices two other price regimes were assumed s $11 - $13/lb 
U,0o and $14 - $3.6/lb U,0o over the same time -oeriod. The power costs 

/ t И .-».Jt-11 nr., J ) Ч • *-

are shown in Table 6 as a function of the mid-period uranium price for 
each case. 

TABLE 6 NUCLEAR POWER COSTS AS A FUNCTION 
OF URANIUM ORE PRICES 

Mid-period Uranium Price, $/lb U„0ß 8.90 11-.90 14-90 J о 
Power Cost, mills/kwhr 5»15 5«34 5*52 

won/kwhr 1.42 1.47 I.52 

The midpoint of the uranium purchases does not coincide with the midpoint 
of the reactor lifetimes the former- leads the latter by about a year. The 
mid-period uranium value was used rather than the present-worth value, 
since the two are little different when the prices are rising slowly, and 
the calculated sensitivity will be the same in either case. The power costs 
vary 0.017 won/kwhr (O.O6 mills/kwhr) per dollar of uranium cost. 

Care should be exercised in comparing fuel costs between fossil and 
nuclear plants, for the fossil costs (if transportation is included) are 
essentially complete, while nuclear fuel costs have other factors. Keeping 
this distinction in mind, the following comparison is of interest: the 
power costs of the nuclear plant vary 0.0055 mill/kwhr per 1 percent increase 
in uranium cost while the oil-fired base plant showed a O.Ojl mill/kwhr 
increase with a 1 percent increase in fuel cost. Thus, the high sensitivity 
of nuclear plant s to capital costs is compensated by a relatively low de-
pendence on fuel costs. 
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Effect of .Reprocessing Costs 

One of the major fue,l-cycle costs iis the reprocessing of spent fuel. 
In order to demonstrate how power costa vary with this factor, two rates 
other than the base-case assumption": bf $31.30/kg were used. These cal cil-
iated costs are shown in Table 7. У 

TABLE 7 NUCLEAR POY.TSR COSTS AS A FUNCTION OF 
FUEL-RSPBC cessimg charges 

Reprocessing Charge, $/kg. 20 31,30 40 
Power Cost, mills/kwhr pS-l! , 5.15 5,18 

won/kwhr ::l»4l 1,42 1.43 

Sensitivity to reprocessing cost is very slight. 

Effect of Changes in Irradiated FueliShipping Coats 

There is a considerable range over;which the fuel-shipping chargée could 
vary. The power costs in Table 8 were : calculated. using three values for this 

fuel-cycle cost component. 

TABLE 8 NUCLEAR PÛWERC03T3 AS A FUNCTION ^ 
OF FUEL SHIPPING COSTS 

Shipping Cost, $/kg ;:j ''¡[2 8 14 

Power Cost, mille/kwhr 'У'"5.10 5.13 5*15 
won/kwhr 1.40 1.41 1.42 

Again, sensitivity is slight. However, should the continued growth of 
a Korean nuclear industry justify the construction of a domestic reprocessing 
plant, annual savings in shipping and; reprocessing costs would be worthwhile. 



Effect of'-Plutonium Price Changes 

'•'• 235 
• - Since piatonium is a natural by-product from all U ^-fueled power 

reácfore, the. price that can be realised for this valuable element is a 

raa^pr credit in the cost of power. Power costs have been calculated 

, (Table 9) for plutonium values of $8 and. %12/g' as well as. the reference 

value of $lQ/g. 

•"TABLE '9 POWES' COSTS FROM À NUCLEAR PLANT 
. AS À "FONCTION OF PLUTONIUM PRICE 

Plutonium - Price, t/g fissile ' 8 10 •12 ' 

Power Cost, mills/kwhr." 5.192 •5. 148 5.105 
wohr/kwhr 1.43 1. 43 1.41 

; • 

. . . . , - , „ , , . , . , , . , „ . ¿ „ - . , -•„ ' 

If•the price at which the Pu could be sold on the open market were to 

drop, there would be a great incentive to incorporate it into fuel elements 

.and recycle them through one's own reactor. The particular price Which 

plutonium must reach before this strategy is economically sourid is a function 

• of a number of variables such as the price of uranium, the cost of'enrichment 

services, the incremental cost of fabricating plutonium elements, and the 

particular reactor neutronics. With the reduction in enrichínente ¿harges 

from $30 .tp^i^ô/kg of separative work* this "indifference" value of plutonium 

has dropped in the United States to 19.26/g from a former level of $10/g. 

. ..Bhile;.the determination of this value is a subject that will require specific . 

analysis'forKorean conditions, it is safe to say that the value will be 

liigher than it is in the United States. This conclusion Comes from the 

assumption thai both'uranium and the enrichment services will be more expensive 

to.a Korean-utility than to its-UVS, counterpart. It is conceivable that 

more intensive analysis say show an incentive in the Korean economy to buy 

surplus plutonium ip the U.S. market, ship it to Korea, and manufacture fuel 

elements from it. 





NUCLEAR POWER PROGRAMME IN PAKISTAN 

by 
A» Matin 

Pakistan Atomic Energy Commission 

f 

iWPROPUOTION . 
Pakistan is one of the very few developing countries which have nuclear 

power plants actually under construction. The country has a unique geographical 
position in the sense that it consists of two provinces, namely East Pakistan and 
West Pakistan, which are physically separated by over 1000 ailes of Indian territory. 
Because of the physical separation -of -the two provinces, the power syetéms and 
the development programmes in the two provinces 'are considered separately. 

East Pakistan 
East Pakistan has an area of 55Д26 square miles and a population now 

estimated at about 71 million. The Province has in fact,two independent power 
grids running almost parallel to each other without any interconnector across the 
river Jumna which separates the two grids, East Pakistan Mater and Power Development 
Authority (EPWAPDA) have taken in hand a project to build this interconnector by 
1973 and their proposal is now under consideration of the Government of Pakistan. 
Thè présent generating capacity of East Pakistan is 438 Ш and the projected 
generating capacity of the province up to 19^5 shown in Table I. 

Enera'- "Resources in East Pakistan 
The indigenous energy resources in East Pale istem which are worthy of 

consideration are hydro resources f gas and coal. 
Hydro—resources » The hydro potential is very limited, and at present 

there is only one hydro station with a generating capacity of SO Ш where an 
additional 50 MM generating unit is now under construction. It may be possible 
to add another 80 Щ of hydro power in the sarae region and that would bring to 
the limit of the total hydro potential of the province. 

Natural gas; East Pakistan has good deposits of natural gas which is 
now being used for production of electrical power and fertilizers. The total 
reserve of natural gas is estimated at 5.24 million standard cubic feet of 1000 Btu 
heating value. If 60fo of this reserve is dedicated for production of power it 
will sustain a generating capacity of about 1500 MW over a plant life of 30 years 
at 5°^ plant factor. 



Coal: At present there is no mining roí--coal in Bast Pakistan. A vast 
deposit of good quality coal has been!found in the northern part of ä>st 
. . i: : •• 

Ракхвгаа. The deposit is estimated: to be over 700 million tons lyiw nnde*» 
/ r , . . . " 

a depth varying from 2000 to 4000 feet1. The technical and economic feasibility 
of mining this coal is now under consideration of the Government. For technical 
reasons, however, this coal is unlikelyШ be available for commercial uses before 
i960 and even then .the capacity of mining^will be limited and will sustain a 
generating capacity of 8OO Щ only at. .50$ plant factor, 

• ; : 

* : . •: ' 

Studies of available energy resources and their likely utilisation 
indicate that most of the indigenous¡resources in East Pakistan, will be committed 
for various uses by around I98O. Alternative sources of energy must therefore 

be found to supplement the indigenous-energy.resources in order to meet the growing 

demand for electrical power of the province in the years following. I98O. 

West Pakistan * 

West Pakistan has more than five .times the area of East Pakistan but 

its. population is only 54 million. :: Wéát!¡Pakistan is now • served by four regional 

power systems which will be 'interconnected by mid. tO'o. The systems cover the 

following areasî 

(i) The Northern Areas Г 
(ii) The Upper Sind Ares; ¡ 

(iii) The Lower Sind Area? ; 

(iv) The Karachi Area, 

The present generating capacity of tfie whole province is about 1400 MW and the 

projected generating capacity up to 1985 is shown in Table I. 

Energy Resources in West Pakistan ! ,. 

Hydro-res our с est Unlike East Pakistan, West Pakistan has.a good potential 
of hydro power. It is estimated thkt .its total hydro potential is of the order 
of 10,000 Щ of which 3,225 MW will Ц in operation by 19BO. Another 2000 MW 
of hydro power may be added by the end, of the century. The remaining, hydro 
resources are situated in inaccessible .régions in the North far away from-the 
load centres. Moreover, since the primary purpose•of most of the hydro projects' 
in West Pakistan is to store water in the flood season for subsequent release 
for irrigation in the dry seasons, their ..peak generating capacities fluctuate 
tremendously over the course of the year.: Such -fluctuations require installation 
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of additional power plants, nuclear or conventional thermal, to meet the demand 
during the dry seasons. 

Natural gas; West Pakistan has? some good deposits of natural gas, at present 
estimated at 9-75 million roil!ion standard cubic feet of 1000 Btu beating value» 
In West Pakistan also natural gas is being used l'or production of power and 
fertilizers. 60;4 dedication of these gas deposits will sustain a generating 
capacity of 2700 MW at a plant factor of 50$. 

Goalt The total coal reserves of West Pakistan are estimated to be of the 
order of 430 million tons but due to their poor quality, low calorific value 
and high cost of transportation from hilly areas to the consuming centres, their 
consumption is limited and often uneconomic for power.production» 

Oilt The existing oil deposits in West Pakistan hardly meet a small fraction 
of the country's requirements of transport. 

Studies of the indigenous energy resources, and the projected generating 
capacity of the province show that the indigenous conventional fuel resources 
in .West Pakistan will be committed for various uses by around 1985. 

Nuclear Power Programme; 
Cost comparative studies made by Pakistan Atomic Energy Commission (.PASC) 

show that nucläar power' plants in certain areas in Pakistan- can generate «lectriei 
at almost half of the cost of generation from conventional power plants using 
imported oil because of high taxation by the Government and the cost of inland 
transportâtion » It is essentially for this economic reason the Pakistan Atomic 
Energy" Commission (PAÉC) decided to launch a long-term nuclear power programme 
in Pakistan in order to supplement the conventional power generation in the 
country* 

Karachi Ifaclear Power Station ( KAMPF) 
One of "the first major steps towards implementation of this programme 

was the signing of a contract in I965 with the Canadian. General Electric Company 
(CGE) for the construction of the first nuclear power station in Pakistan. The 
station having a net generating capacity of 125 Ш е is now under construction 
at Paradise Point - 15 miles west of the city of Karachi -, This has a 
pressurised tybe type heavy water moderated and cooled reactor using natural 



uranium as fuel. The reactor consists';:of a calandria with 208 coolant tubes 

.which contain the fuel bundles, the heavy'water coolant and carbon dioxide for • 

thermal insulation. Two fuelling machines,- one at each end of the calandria, 

are used for loading and unloading of ;fuel elements even when the reactor is in 

operation. j 

The reactor is controlled both, by Variation of the moderator level and 

also by using absorber and booster rods.Fine control of the reactor is 

effected by injection of boron solution in the moderator. The plant uses four 

computers, two for reactor regulation ¡and;.two for operation of the fuelling 

machines. -

Construction of the plant is .almost complete by now and commissioning 

work,has been in .progress according to;,schedule. The reactor is, expected to 

be critical by early 1970 and will deliver full net power to the Karachi Power 

Grid by the middle of the same year. 

About 25 engineers and 15 technicians of PASC have been trained abroad 

for operation and maintenance of the plant and they are now participating in 

the commissioning work. .During their; training in Canada they took part in the 

design and also in preparation of the Opération and commissioning manual of the 

plant. The station when completed will,not only supply electrical power at 

competitive cost but also provide a foothold for the young engineers of Pakistan 

in the sophisticated nuclear power technology. 

., i 

Fixture Huclear Power Plants in West Pakistan 

About the future nuclear powerjprogramme in 'West Pakistan, mention may 

be made of a- study by a group of experts frora the World Sank who recommended 

the installation of two nuclear power plants of 4OO MW each by I983'and 1985 

as they stressed on the maximum utilization of the available natural gas and 

hydro power,during the next decade, Pakistan Atomic Energy Commission is, 

however, of the opinion that it may be. ; technically and economically feasible to 

build nuclear power-cum-deealination plants in certain areas in West Pakistan 

even before 198O. 
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Nuclear Desalination and Energy Centres 
The prospect of dual purpose nuclear plants and agro-industrial 

complexes is also being carefully studied by PAEC. Certain areas in West 
Pakistan although very tertile, are lying barren for want of-fresh water. 
The development of a proposed second seaport at Sonmiani in West Pakistan will 
also depend on the availability of fresh water to the area which is about 100 miles 
away from nearest source of fresh water. The city of Karachi which is now 
supplied with water from a lake about 60 miles away has also been experiencing 
ал acute water shortage. Pakistan Atomic Energy Commission has been in 
contact with the International Atomic Energy Agency (IAEA) and also with 
USAEC for conducting a feasibility study of dual purpose nuclear plants and of 
nuclear energy centres in Pakistan. 

Rooppur Nuclear Power Project in East Pakistan 
The Government of Pakistan has recently decided to build a 200 Щ Nuclear 

Power Plant at Rooppur in East Pakistan. The plant will use a pressurised type 
light water reactor (PHR). The prime contractor for the design, supply, 

. • / ' 

construction, erection and commissioning of the plant has already been selected 
and negotiations are now in progress with a friendly country for financing the 
foreign exchange cost of the station which is scheduled to be in operation by 
1973/74. 

Future Nuclear Power Plants in East Pakistan 
It has also been agreed in principle to install the second nuclear 

power station in East Pakistan having a generating capacity of 4OO MW by late 
70's or early 80's. This station is likely to consist of a single pressurised 
type light water reactor with two turbo-generators of 200 MW each. Preliminary 
work for selecting a suitable site for the station .is now in-progress. 

The summary of the nuclear power programme in Pakistan-as envisaged by 
the Pakistan Atomic Energy Commission is shown in Table II. 

Assistance from IAEA 
Pakistan Atomic Energy Commission received assistance from the 

International Atomic Energy Agency in various fields particularly in connection 
with the selection of the site at Rooppur in East Pakistan and also for the 
supply of enriched uranium to be used in booster rods in.the Karachi Nuclear 
Power Plant. It is believed that to any developing country which do not have 
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much experience in nuclear power business ;;the Agency can make substantial 
• j 

contribution by giving expe'rt advice particularly in the following 'areast 

(i). Legislation in administrative and legal 
aspects of nuclear power?. 

(ii) Training of operation personnel of nuclear 
power plants; 

(iii) Selection of sites for;nuclear power plants 

(iv) Supply of special equipment and nuclear material 
for nuclear power projects. 

The main hurdle faced by most.developing countries in building nuclear 

power plants is, however,.that of finance.. Nuclear power plants being capital 

intensive projects cannot always compete with conventional po«?er plants 

particularly in small and medium sizes :unless they are financed on soft terms. 

Because of the recent increase of interest rate in the world monetary market 

the future of nuclear power plants - particularly in the developing countries has 

become very bleaks Unless some special- arrangements for financing nuclear 

power plants on soft terms in. developing-'countries are made, it is likely that 

these countries with a population of abouti two-thirds of the world total will 

gain very little from the nuclear power technology -which once brought so œuch 

hope and promise for cheap electrical power. There has been a proposal for 

creation of a special nuclear fund on capntjribution fro» member states of IAEA 

for financing nuclear power plants in developing countries. This proposal 

deserves active and sympathetic considération of all member states, particularly 

of those few fortunate developed ones and1the International Atomic Energy Agency' 

will do a great service by continuing its;efforts with vigour for the creation 

of this fund. 



XÍIBLAJ I 

iSXPUCTiJD PO VSR GENERATING CAPACITY IN PAKISTAN 

MW 

Year ast Pakistan 5 viest Pakistai To* 

19?0 622 1800 2 hZZ 

1975 Иг 00 2987 /4337 

1980 ¿600. 5330 7930 

1985 •'•MOO 7130 11230 

TABLD II 

.NUCLJuK PO'Ú'SR GJî-Gi ATING PROGRmKHÜ IN PAKISTAN 

Plantí ? Capacity 5- iSxpectod year 5 Present 
8. $ of opération S status 

1. Karachi Nuclear 137 MIV 
Pov/or Plant 

1970 Under commissionin 

2« Roop;>ur Nuclear 200 MY/ 
Pô-ver Plant 

1973/7** Approved by 
Government 

3e Second Nuclear 
Power station 4Ö0 Mi? 
in Hast Pakistan 

Late ?0»s Planned. 

Dual-Purpose 
Kuclear Power 
Plant near 
Karachi. 

ЗОО InJ 
+ 30 MOD 
of. fresh 
water ; 

Late 70's Under stxidy. 
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Prospects of Introduction and Development 
of the Nuclear Power in Romania 

Ion Udrea 
and 

A. Schwefelberg 

Total electrical power production in Romania in 1970» will 
9 

reach about 35.10 kWh, It is foreseen that the production of the 
g q 

electrical power will he at about 57'.10' kWh in 1979 and 85.l<r kWh in I98O. 
The electrical power production per capita is now of 1750 kWh. 

The total installed capacity in electrical power plants will 
increase to 7500 MW in 1970, and during the period 1971 - 19^0 additional 
capacity of about 13.500 MW will be installed. According to the present 
plans, nuclear capacity of 1800 - 2400-MWe will be installed until 1980. 
That means 3 to 4 power reactors of 600 MWe each. The first nuclear power 
plant is expected to be commissioned in 1975 - 1976. -

The long term strategy of the nuclear power programme is based 
on two type reactors - a thermal one with natural uranium and the second 
one, a fast breeder {in I980). 

Studies have been made concerning the feasibility aaá i n t e g r a t i o n 

of these two types. Romanian industry will gradually take part in the i 
manufacture of the equipment of nuclear power plant». 





NUCLEAR POWER,ACTIVITIES IN SPAIN 
J, Palacios , 

1, Electrical Supply in Spain 

A detailed description of the electrical supply situation in Spain 
was given to the Panel on Small arid Medium Power Reactors, in Vienna, on 
June 1968« Additional data for I.969 will he given here and will serve to 
update the previous information. 

The installed capacity at the end of 1968 was of 14.000 MWe, for a 
о , 

peak demand close to 11.000 MWe. The production for 1968 was 45,7 ж 10'' kWh, 
of which some 6C$ was hydro, 4C$ thermal. The grid is completely interconnected, 
The rate óf growth in consumption has again Ъееп close to lyfo. 

The first nuclear power plant has "been successfully commissioned and 
connected to the grid (Zorita I, with a I53 MWe PWR). Two more nuclear 
stations are under construction. These are* 

• Sta. Marls de Carona, with a 440 MWe BWR, built by General Electric 
for Nuclenor, S.A. 

Vande116s, with а 4З0 MWe OCR, built "by a French Consortium for 
HIFRENSA, Combine of utilities (755$ Spanish, 25<f0 French) 

These stations are expected to be commissioned in 1970 and 1972, 
respectively. 

The Spanish electrical grid is supplied, as is well known, largely ЪУ 
private utilities, associated for planning pxirposes in a group called UNE5A. 

?.. Energy' Resources _ -
The hydroelectric potential will be almost exhausted when the present 

projects are completed., It is estimated that a ceiling of 16.000 MWe will' be 
reached excluding pumping schemes. .The system is well regulated and will 
prove invaluable for supplying the peak demand in the future. 



Local coal is of rather poor quality and difficult to mine. It is 
estimated that a maximum of 6.000 MWe. of ooal-fired capacity will Ъе installed 
in the next two decades. 

Fossil fuel prices are rather high - of the order of 48-50 //iffitu for coal 
and some 46 / /MBtu (with tax) for fuè:l;oiI. No significant oil or gas 

deposits have been found to-rlate. 

Proved reserves of uranium amount to 10.000 metric tons of tL0o at 
3 о 

costs lower than Intensive exploration is underway and is expected 
to result in additional findings. 

• • "• j ; 

3« Long term projections' 
The above mentioned rate of growth in electrical consumption of 13$ 

p.a. is expected to apply for the next : two years and gradually taper off to 
some 5,5$ by the end of the century.: This leads to the following projection 
of the power needs to the'year 2.00Q. 

• i ' 
Installed Capacity (GWe) 

Year Fossil 
and 
Rydro . 

Nuclear Total 

. . . ' I 
1970 17,5 0,6 . •'.:.;' 18,1 ; j ' ' . ' 
I98O 30,0 

7 ' ° 
:': 37,0 

1990 39,0 29,5 ; :: 68.5 
2000- 46,0 71,0 117,0 

A system * analysis to optimize ;the¡; nuclear component study has recently 
been completed with the friendly cooperation of another country. The results 

are being evaluated and will help shape the long term nuclear policy as regards 

types of reactors to build, plutonium stockpiling policies, industrial plants, etc. 

4. Short-term plans 

A National Electric Plan (P.E.Ny) covering the decade 197.2-1981, has 

recently been approved by the Government. Ground rules for maximum unit 

sizes and minimum domestic participation have been laid out by the Government. 
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The Plan includes construction of some 8.000 MWe of nuclear capacity. 

Firm plans have already been announced for the construction of 2.500 MWe of 

nuclear plant i 

Site Units Status 

LemÔni?,, near ̂ Bilbao 2 x 500 Preliminary license issued 
for unit Mo. 1 

Almaraz, on' the Tagus 2 x 500 Preliminary license applied for 

Zorita II 1 x 500 Preliminary license applied for 

Bids will shortly be invited for 3 or 4 units at the Lemfeiz and Almaraa 

sites for eventual joint contract of identical units, with commissioning nates 

spaced by one year. 

Attention is also being given to the possibility of the early 

construction of a Past Breeder Reactor, with participation of several interested 

parties. ' 

5. Industrial Activities 

Substantial local industry participation has already been achieved 

in the three plants under construction and in operation. The percentages gtre 

a.s follows; 

fo overall fo contract 
investment cost 

Zorita 44 37 

Sta;Maria de Gardña (estimated) 50 39 M 

Vaadell&s (estimated) •- 45 »50 35 

Lemfeniz (set by Government) 47 

An initial percentage of Q̂fe of the •equipment oorsts has been set by 

the Government for the next generation of stations. 

In view of the prospects for a large market»manufacturers of large 

components are making contacts and plans for production under licensing 

agreements. Participation in the production of smaller components is already 

substantial. No industrial or engineering combine has yet been formed for 

the undertaking of oomplete projects. 



On the fuel side, a 60 metric tons/year developmental uranium mill.-

has been in operation at Andftjar for a number of years.. A larger plant, 

which will produce 4OO Tm/yr, is under construction at Ciudad Rodrigo, near 

Salamanca. ; • 

A company has just been formed for future -fabrication of fuel elements. 

6 • Research and Development , • 

Most of the research and development on nuclear energy is undertaken 

by the Junta de Energía Kücleare (J.E.N.) 

On the fuel cycle, experimental.'rend .pilot installations exist for 

production of U metal, UOg, UC arid UFg and fabrication of fuel elements of 

various types. Advanced fuel elements 'will be irradiated-in Zorita and 

Santa Maria de Garona plante. , A versatile reprocessing plant is in operation 

since 1968 and has processed the irradiated fuel from the swimming pool reactor. 

Development work on the D0ÎFreactor has been discontinued, but the 

fallout of technology from this work has. been considerable. '. The JEN operates 

two pool reactors for isotope production:, training and physios experiments. A . 

"¿ero-power, fast reactor, called-GORAb-1-,- designed and built by the JEN, is in-

operation. Engineering work will soon include sodium loop experiments. 

Attention is also being given;tor desalination. 'Development work is 

being carried out on inverse osmosis ¡and flash di-e-fcllietion« Encouraging 

results have been derived from the feasibility study of a nuclear, desalination 

•plant for the Barcelona area, which appears to be a good market for both 

desalted water and large blocks of power. 



Determination of Optimum Unit Siae on Growing System 

BY P.H. Margen-' 

Take a system with the following simplifying assumptions 
1) The percentage annual load g r o w t h rat® is constant » 
2) The largest unit in any on© year has a oapaoity corresponding to 

of system peak demaná in that year. Thus, bigger units are being installed 
continuously as the system grows® 

3) Capital charges and operating s a d maintenance costs per kW. of fosaile 
units are 60$ of those of nuolear units of the same si a© i»®» of Cw. 

4J • Huclear units heve much lower fu@X costs than fossile units. Некое, 
nuolear units are allocated the base load asssmed to be 70$ of the system demand 
whilst fossile uaits are allocated the S$> peak load, as well as the reserve duty« 

5) The réserve oapaoity is at least equal to that of largest uait » 1 /Н 
of system capacity. Du© to Mock installation schedule, the actual- reserve 
capacity can vary from year to year between X/l and nearly 2/K. Hence, average 
reserve capacity would be slightly less than 1 . 5 s a y X.46/H0 

6) The generating plant is located at one pointe Thus, costs of trans-
mission are not affected by 

7) Assume that fuel c o s t s are i n d e p e n d e n t of unit size, whereas (oapital 
charges plus operating oosts ) / k W vary a s Jü®, 

i oOo Cĵ  e Аîe otoeoeoeese (l) 

8) The total o a p i t a l chargos a n d o p e r a t i o n costs per kW of system capacity 
in any one year are? 

CH Й , 7 + 0,3 * 0 , 6 +'0'.6.* 1 . 4 6 / ñ ...oo»...«. ( 2 ) 
;
 N > f . f f 

Nuclear Fossile Fossile 

base . peak load 

load plant pliant 



* AN* (0.88 + 0o88 H" 1) | 
« 0o88A (H® + К ^ Ь ' ,p > * ' e . e e . e e e e « « . . 

This is a minimum when 
+ (m-l) - 0 

Henee, ' ; К 
ш 

N m 1-m - ( , . ——-—-О-О". .00«6>..<>d9 \ / 
Sog. if m » 0„4 ОоЗ 0o2 ; : í^sp. then 

0.67 Oo43 Oo25 ¡ 

9) Deviations fyom the fractional áisSe, l/N, of the largest unit predicted 

hy equation (3) will occux» in practice on; j account of the following factors г 

A. Factors which tend to producelarger values of l/N than 
predicted Ъу eq. (3)| | h 

Al. The reductions in fuel casjite/jkWh with increasing unit 
size neglected in th® аЪоуф treatment. 

A2o The fact that the assumed .average reserve capacity of I.46 
times the capacity of the jlargest m i t is greater than would 
be accepted by most developing countries in the face of 
scarcity of capital 

Be Factors which tend to produce smaller values of l/N 
Bl. The "stepped" relations in l/N, the fractional nuclear 

capacity, etc. when l/N is^higha (This is further accentua 
ated hy the desirability to keep about two consecutive units 
to the same design and output! leven on a small system, to 
economize in spaces, layout, etc.) 

B2c The subdivision of larger systems into regions with their own 
generating plant, and the need 
in the form of interconnecting 
related to l/N. 

for regional reservé oápaoity 
transmission lines of a capacity 

10) The influence of factors of type A and В would often roughly cancel on 
small concentrated systems, and thus it would often h« economic on euch systems 
to allow the largest unit to be 25$ to 50$ of the peak demand, instead of the 
conventional 10$. 



FLAKS FOB NUCLEAR POWER IN THAILAND 

\ 

IICROBÜCT ION 

Rapid increase in electric demand during the past several years 

initiated the planning of Thailand's first nuclear power plant. The 

commissioning of this nuclear plant has been scheduled to meet a forecast 

demand of about 4,000 million kwh in 1976. At present, Thailand's electric 

grid consists of a large proportion of storage hydroelectric and oilfired 

thermal power plants and some gas turbine and diesel units. The grid has 

about 900 MW of installed capacity. A tremendously high rate of growth of 

about 30 percent per year both in peak power and energy have been recorded 

in the past few years. Table Ï. gives the actual records of these growths 

and the forecast demands in the future which was estimated on a conservative 

ground. Figura I. graphically indicates the corresponding trend and the 

pattern of which suitable new generating plants to be added. Having these 

high rates of demands,together with the back-up from the hydroelectric plants 

and the influence of extremely high cost of imported fuel oil, nuclear power 

is undoubtedly a potentially favourable source of energy for this grid. 

PLANNING AHEAD 

The Thai Government, well aware of the difficulty in getting adequate 

qualified nuclear engineers and scientists for engineering and operating the 

plant, has wasted no time in setting up a Sub-committee for Nuclear Power to 

administer this matter. Accordingly, a primary post-graduate training 

programme was established through joint collaboration of the University, the 

Thai Office of the Atomic Energy for Peace (OAEP) and the Yanhee Electricity 

Authority. The programme consists of class-гоою lectures in basic nuclear 
engineering, laboratory works at the swimming pool reactor of the OAEP and 
computer simulation of nuclear power plant. 

Programmes for these trained engineers to broaden their technological 
and practical skill have also been undertaken through grants offered by 
international agencies and the YEA itself. These foreign trainings are being 
carried out in the United States, West Germany ahd the United Kingdom.. 

In 196Ö a group of high technical officials and economists were also 
dispatched for a round-the-world-survey, to review the present status of 
nuclear development and to assess projects of nuclear generation for this countr; 
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SITING AMD SITE INVESTIGATIONS 

Six alternate locations around the gulf of Thailand were first 
considered. These sites were chosen on the basis of economic as well 
as safety considerations. Aerial and overland surveys were subsequently 
made to the six chosen sites. A preliminary assessment made it possible 
to narrow these alternate locations down to three potential sites for 
further studies. 

To obtain the most physically and:economically feasible site for 
the proposed nuclear power plant, topographic and subsoil conditions of 
the potential sites were investigated. A limited number of borings and 
core tests for these sites were also carried out. In November 1968, a 
team of siting specialists from the IAEA was invited to perforn an on-site 
investigation. It was concluded, on the basis of safety evaluation, that 
the site which is on the eastern coast of the guld of Thailand was satisfactory 
for nuclear power plant site. 'Following.the selection of this site, extensive 
investigations covering topographic mapping, rock boring, hydrological and 
meteorological recording are now underway;. 

EVALUATION OF PLANT TYPES 

Nuclear power plants are highly complex systems. Information 
concerning economics and operating performances of nucleai* plants are 
still not substantially available at present. In addition, there is a 
variety of reactor types, each of these types has, one way or the other, 
claimed to have superior performances. The judgement therefore, lies on 
users' conception of hot* these reactors could render their services to meet 
ones' objectives. For Thailand, our principal objective to look into this 
complex method of electricity generation is to achieve the lowest production 
costs. Thus, economics and reliability on operating and safety aspects are 
main criteria of our requirement. 

To fulfill our objective, an appraisal on technical and economic aspects 
of all proven types of nuclear plants:is being conducted. It will cover the 
evaluation of both technical and economic proposals for each nuclear steam 
supply system, fuel cycle and its balance-of-plant. A preliminary technical 
specification will be made available soon. This appraisal will be completed 
by the end of 1970 and it is hoped that it would help in guiding us to draw 
a scale for selecting the first nuclear power plant. 
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ECONOMIC STUDY 

A feasibility study of nuclear fuelled power plant for the YEA 
system was carried out during 1968. The target operation of the plant 
studied was expected to fill a base load energy deficiency in 1976 of about 
4000 ЖМН. nuclear generating plants of 35O M e capacity and 5OÔ MWe 

~ capacity and a most efficient oil fired thermal power plant of 5OO MW 
capacity were selected as the basis of this study, since these are the 
only alternatives economically feasible for this system. In the study 
the costs estimated were based 05 the latest manufacturers' bidding prices, 
and in order to obtain the nearest result, sufficient allowances and. price 
escalation were also included. Present-worth annual expenditures covering 
the initial five year operation period as well as the expected plant life 
of 30 years for each alternate case were compared. The proposed nuclear 
plant was assumed to be located approximately 70 KM west of Bangkok. Due 
to the availability of information for costs study, a pressurixed water 
reactor plant was used. However, the eventual selection of type of plant 
as well as the proper size will be made after further studies. The oil 
fired steam plant employed was a most efficient once-through supercritical 
steam condition plant and to be situated near a planned 23O KV substation 
around Bangkok. Tables 2 and 3 show the various costs concluded from this 
study. 

This study was completed in October 1968. The result indicated that 
a nuclear plant of capacity between 350 MWe and 50O MWe will meet our 
requirement and will provide the best economy to the system. 

ENERGY RESOURCES ' 

Thailand's known fuel resources for power generation are practically 
limited. Coal deposits found, so far are low grade lignite of heat content 
averaging 6000 Btu/lb and are located at great distances from the major 
electric load centres. Present sale price at the mines is about 23^/million 
Btu. Due to the high transportation cost, its unit price at Bangkok is 
over 50 ̂ /million Btu. The total reserves are estimated to be around 105-120 
million tons. Output from these mines are being used for an existing local 
power plant and a fertilizer plant. 
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Nuclear fuels and possible oiL: shales are both under extensive 
investigations. The only existing oil-field in the northern province of 
Thailand has been allocated for military uses since its output capacity 
and reserves are not sufficient for pôwér generation. Uranium ores found 
so far are only traces. Thorium ores have recently been reported at appreciable 
reserves that may warrant economic considerations for future types of 
generating plant. However, these sources of energy do not affect plans of 
power generation during the next several years. 

Hydroelectric resources of Thailand are mostly limited to intermediate 
capacity and are suitable as peaking power plants. Their firm capabilities 
are not large enough to supply the base load demand forecast for the YEA 
system. The only source of hydroelectric that could contribute significant 
portion of the energy demand, possibly in the next decade, would be the 
Mekong River project. Works on feasibility and preliminary investigations 
are now underway. It is expected that án ultimate potential of 12,000 MW 
and an average energy of 18,000 MKWH pet:annum could be achieved. The overall 
construction cost is estimated to be slightly over one billion United States 
dollars. If everything goes according tb"plan this gigantic project could 
be put to work within the 1980's as expected. 

With the limited existing fuel oil resources and the unfavourable 
lignite due to its high transportation cost, a major portion of fuel required 
for fossil fired thermal power plants has to be imported. The prices of 
heavy fuel oil being used in the Bangkok area are 41-70/ million Btu, exclusive 
of domestic taxes and 58.5 0/million Btu. with domestic taxes. On the other 
hand, an estimate on nuclear fuel price; Made in conjunction with the nuclear 
plant feasibility study indicated that nuclear fuel can be obtained at 150/ 
million Btu. 
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SYSTEM GENERATION AND INSTALLATION SCHEDULE 

s 3 UJ S I , 

Я 2,«0 г.«*> Я 

Note: The forecast demands in this figure are only for the former YEA grid. The other grids are not 
included although it is now officially merged. For present grid forecast see Table 1. 
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TABLE 1., LOAD -FORECAST 

Fiscal 
Year 

Peak 
Generation 

MW 

$ Power 
Increase J 

Energy 
Generation 
MKWH 

$ Energy 
Increase * Load Factor 

I965 236.3 _ V ̂ 1110.5 M. „ 
1966 З19.2 36.35 1528.1 38.80 54.33 
1967 З92.О 24.49 ^ 2043.3 33.23 58.47 
1968 519.8 29.92 ; 2613.8 27.39 56.74 
1969 656.5 29.15 : 3378.0 . 32.16 58.66 
1970 811.9 20.64 :: 4223.0 22.90 59.03 
1971 999.8 24.52 5204.З 22.46 58.77 
1972 II85.4 18.53 6209.5 I9.3I 59.01 
1973 1385.4 16.23 • 7225.3 16.36 59.20 
1974 1598.0 Э-З'ТЗ 8274.О I4.5I 59.63 
1975 I783.4 13.01 935I.I I3.O2 59.64 
1976 I986.I 11.37 i IO487.5 I2.I5 63.89 
1977 2315.З 16.55 ; 11695.3 II.52 60.03 
1978 2436.3 5-25 1296O.I 10.75 60.48 
1979 2683.9 10.18 14263.6 10.12 60.44 
1980 2934.5 9.37 ;; 15714.З 10.67 60.61 
1981 322О.О 9.73 Í1728О.О 9.96 61.26 
1982 З495.О 8.54 : I89IO.O 9.43 6I.76 
1983 ' 3797.0 8.64 20598.0 8.92 61.93 
1984 4120.0 8.51 .i I 22540.0 9.4З "62.45 
1985 44З5.О 7.64 ; 24406.0 8.28 68.82 



Thailand 
TABLE 2. 

PRELIMINARY COSTS ESTIMATES 

(COMPLETED IN 1975) 

Descript ion 
500 MWe 350 MWe 500 MWe 

Descript ion 
Nuclear plant Nuclear plant' F o s s i l plant 

Land and Land Rights $ , 500 ,000 $ 500 ,000 $ 500 ,000 

Structures and Improvements 1 5 , 5 7 3 , 0 0 0 1 4 , 5 1 3 , 0 0 0 4 , 7 3 0 , 0 0 0 

Reactor Plant Equipment 3 4 , 3 7 6 , 4 0 0 3 0 , 3 0 9 , 0 0 0 1 6 , 3 8 6 , 0 0 0 

Turbo-generator Units 2 1 , 3 2 6 , 8 0 0 1 7 , 0 6 0 , 0 0 0 1 7 , 3 5 1 , 0 0 0 

A c c e s s o r y Electr ic Equipment 3 , 5 4 5 , 0 0 0 2 , 7 6 5 , 0 0 0 3 , 3 5 4 , 0 0 0 ' 

Misce l laneous Power Plant Equipment " 387 ,000 387 ,000 2 7 3 , 0 0 0 

Station Equipment 1 , 6 8 1 , 0 0 0 1 , 2 0 0 , 0 0 0 1 , 5 1 5 , 0 0 0 

Freight and Insurance 2 , 6 2 2 , 7 0 0 2 , 2 4 4 , 0 0 0 1 , 5 4 9 , 0 0 0 

Duties 1 3 , 7 6 2 , 0 0 0 1 1 , 7 8 0 , 0 0 0 8 , 1 3 6 , 0 0 0 

93:,774,000 8 0 , 7 5 8 , 0 0 0 5 3 , 7 9 4 , 0 0 0 

Other Expenses 500 ,000 500 ,000 5 0 0 , 0 0 0 

Engineering and Contingency 1 1 , 7 1 4 , 0 0 0 1 1 , 0 6 3 , 0 0 0 6 , 9 1 5 , 0 0 0 

Escalat ion 1 3 , 6 0 8 , 0 0 0 1 2 , 7 5 3 , 0 0 0 1 0 , 8 ^ 1 , 0 0 0 

Interest During Construction 1 4 , 8 3 0 , 0 0 0 1 3 , 0 2 9 , 0 0 0 7 , 7 8 0 , 0 0 0 

Total Plant Cost 134 ,426j000 1 1 8 , 1 0 3 , 0 0 0 7 9 , 8 2 0 , 0 0 0 

Housing 691 ,000 708 ,000 4 6 1 , 0 0 0 

Total Project Cost 1 3 5 , 1 1 7 , 0 0 0 118 ,811 ,000 8 0 , 2 8 1 , 0 0 0 

Note: 1. For study purpose and due to availabil ity of information, a pres sur i zed water reactor was Tbased on. 

Eventual se lect ion of s ize and type of reactor will Ъе made after further s tudies . 

1. The estimated construction c o s t s of the three alternate power plants were based on current o v e r s e a 

and local suppl ier's quotations a s well as local labour c o s t s at the time of study. Then the c o r r e s -

ponding est imates were escalated accordingly to the end of 1975. They a l so include expenditures on 

government's import dut ies , in teres t during construction and necesäary housing for the operating 

personnel . If the above payments are excluded the corresponding instal lat ion c o s t s for the 500 MWe 

nuclear, 350 MWe nuclear and 500 MWe fos s i l would be about $ 186/KWe, $ 232/KWe and $ 107/KW 
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TABLE 3 
ESTIMATED ANNUAL COSTS 

500 MWe 
Nuclear Plant 

350 MWe 
Nuclear Plant 

500 MW 
F o s s i l Plant 

Y e a r s of Operation (F i sca l ) 1975/1976 1976/1977 1975/1976 

Expected Generation 106: KWH/'yr 4003 2806 4003 

CAPITAL C O S T S 

Generating Plant 103; Do l lars 135 ,117 118,811 80 ,281 

Transmiss ion System 10 3 Dol lars 1 ,758 1 ,758 -

ANNUAL C O S T S 
л 

; 

Fixed Charges : 

Generating Plant (8.26%) 10 3 Dol lar s / y r 11 ,161 9 , 8 1 4 6 , 6 3 1 

Transmiss ion System (7.07%) 1 0 3 D o l l a r s / y r • 124 124 -

* 
Fuel 103: Dollar s / y r • 6 , 4 2 6 4 , 7 7 0 1 5 , 0 8 8 

О & M Labour Cos t s 10 3 .Dollar s /уг — 1 , 2 8 4 1 , 2 8 4 770 

О & M. Suppl ies 10 3 .Dol lar s / y r 1 , 0 0 1 701 -

Differential Transmiss ion C o s t s : 

Capital Charges Ю 3 D o i i a r s / y r 132 64 -

Energy L o s s e s 1 0 3 D o l l a r s / y r 117 58 -

Maintenance Cos t s 1 0 3 Dollar s / y r 8 8 _ 

Total Comparative Annual Cos t s - 103 Do l lar s /yr 2 0 , 2 5 3 16 ,823 2 3 , 4 9 0 

Unit Energy Generation Cos t s 

i 

Mill s/KWH 5 . 0 5 9 5 . 9 5 2 5 . 8 6 8 

j 
* 

Exclus ive of Domestic Taxes 



Planning of First Nuclear Power Project in Turkey 

1. iybers 

Technical University of Istanbul, Turkey 

Thé purpose of the following remarks is to explain the future . . 
power situation in Turkey and. possible contribution of nuclear power. 

The population of Turkey had grown from 20.9 million to' 31.4 million 
from 195c to 1965 at an average growth rate,of 2.5$. If this rate of 
growth is'maintained, the. population of .Turkey- will be of the order of 
50 million by 1985 and 70 million by 2000. 

Total energy consumption per capita" is 1000 Kg of coal equivalent 
and increasing at about 7% per year. It is expected that energy con-; 
sumption per capita will reach about 5*5 tons of coal equivalent by the 
year" 2000, Total energy consumption per year-will reach about -86 million 
metric tons at 19S7 and, about I.70 million tons of Coal equivalent at ' 
2000. Henoe, the cumulative bum-up will be some 8 Q, up to 1987 and 

'iE, some 20 Q up to 2000 with Q«10 J К cal. 

If we consider only the proved and the probable reserves, Turkey 
has 525 million tons of bituminous coals and 572 million tons of lignites 
and brown coals. There is SO Si îlô X y—discovered lignité area at Elbistan 
which has about 3000 million tons of probable lignite reserve. The 
economically recoverable oil is of the order of some 75 or 70 million tons* 
Therefore-, the calorific value of the • f bssil-e fuel reserves amount to. 
some 15 Q« 

Therefore, it is concluded that, -Turkey which looks now as one of 
those -countries, whose resources are almost adequante Ac cover their needs, 
.will be included into the category of countries which are largely energy 
importing by the year of 2000. (l) 



The electrical power production'per capita was 187 kWh in 1967, which 
corresponds to a total production of 616? million kWh. During the period 
I962 - I967, the average power production growth-rate was about lifo and 
power production per capita was increasing at about 8.7$ per year. 

In the second five-year plan, 1967 - 1972, a constant growth-rate of 
11.5$ per year is accepted as the probable demand growth-rate. But, 
at the National Power Conference held in Ankara in November. 1968, higher 
figures for growth-rates were proposed. Table - 1 gives the estimates 
of power demands up to the year 2000 according to higher growth-rates (2). 

Table - 1 Electrical £ower Demand Estimates 

Power Demand Power Dema nd per Capita 

Year MW 109kWh Growth-Rate" kWh . Growth-Rate 
1» . 1" 

1967 II85 6.167 I3.O 187 IO.4 1967 II85 I3.O IO.4 
1972 215O 11.400 306 10.0 1972 215O 11.400 

12.'( * 10.0 
1977 З95О 20.700 . 12.2 . . 492 1977 З95О 12.2 . 9.5 1982 695О 36.800 

11.3 776 8.8 1982 695О 
62.900 11.3 8.8 

1987 II9OO 62.900 
9-2 : \ 1189 7.4 1987 II9OO 
9-2 : \ 7.4 1992 I87OO 100.000 9-2 : \ 

1689 5-4 1992 7.6 5-4 2000 ЗЗ6ОО 180.000 258О 

According to Table - 1, the demand for electrical power will reach 
about 62.9 X 10^ kWh in 1987, which is the end of the fourth five-year с 
plan, and probably 180 x 107 kWh by the year of 2000. Power demand per 
capita will reach 1189 kWh in 1987 and 258O kWh in 2000 which are respectively 
about the average value of the power demand in the world and in Western 
Europe in the years of 1965 or 1966. 
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In Turkey, bituminous coals will be mainly used by large industries 
such as iron and steel works and railways. The main consumers of sub-
bituminoUs coals and lignites are domestic users and small industries 
such as cement works and sugar factories. Therefore, contribution of 
coals in the production of electrical power will be rather small and 
will consist of largely low-grade coals. It is expected that Turkey 
will import bituminous coal beyond 1986. 

Actual refinery capacity in Turkey is 6.4 million tons of crude oil 
per year? it is expected that this capacity will double up by the year 
1971. The total domestic crude oil production was 3»2 million tons in 
1968 and Turkey has imported 3.96 million tons of crude oil in the same 
year. The future presumable crude oil production and importation of 
Turkey are shown in Table 2. 

Table - 2 Future Production and Importation of 
Crude Oil in Turkey (1000 tons) 

Уеаг 1968 1972 1 1977 1982 1987 1992 2000 
Production 3200 5800 11 200 - -

Cumulative — _ . 65 000 — — 'T • 

importation 3960 5920 8380 32 400 46 770 66 640 1,03 600 

Prora, Table-2 it can be seen that thô present economically recoverable 
oil reserves of Turkey will be used up at 1982; beyond this year imported 
crude oil will increase in great amounts and will reach some 103 million 
tons per year by the year 2000. 

It is clear that the contribution of fuel oil in power production will 
not be much higher than the contribution of coals. 

Turkey has a large hydro-power potential. It seems safe to assume that 
9 Turkey's theoretical hydro potential is 43O x 107 kWh per year. If it is 

further assumed that about 15$> of this potential is realisable, then the 
9 available energy is about 65 x 10 kWh per year. 

4* 
Hydro development has made significant progress registering an increase 

in installed capacity from 412 Mw in i960 to 731.2 Mw in 1967 and contributing 
38.4$ to the electrical energy generation in this year. 



Actual recovered percentage of!„the. hydro-electric potential is about 5$» 
With a final capacity of 1240 Ш Këbarí hydro power station and several 
other projects are under construction. With a total capacity of 2400 MW 
further hydro-electric power plants on Pirat are in tiîe planning stage. 
Therefore, it is expected at 1982 hydro-power with an installed capacity 
of 5600 Ш will be used to produce'28.2 10^ kWh of power, when the 
recovered percentage of the hydro-electric potential will be about 43«4$. 
The growth rate of hydro development will decrease considerably beyond 1982. 

Therefore, it is concluded that, in order to balance the power demand 
and supply, it would be necessary for a 400 MWe nuclear power station to 
be operational in 1976 and a further'pf: about 600 MWe capacity would be 
needed by 1985. 

In Turkey, up to 19&7, there was no firm plan for introducing nuclear 
power generation plants. Since 196<5¿ considerable work has been done on 
Turkey's power situation, energy resources, and, in the evaluation of the 

cost involved in the construction and running of nuclear power stations 

in Turkey at the .^Institute of Nuclear Energy of the Technical University 

of Istanbul in cooperation with Electrical Resources Survey and Planning 

Dept., an entity within the Ministry of Power and National Resources (3)« 

Now it has been decided to have the first nuclear power station operational 

by 1976 or 1977 and the" engineering;seryices for the Nuclear Power Plant 

Project has been awarded to an Engineering Consulting Firm in July 1968. 

The Institute of Mineral Research aha Exploration, another entity 

within the Ministry of Power and National Besources is conducting work on 

atomic energy raw materials. Prospecting for uranium in Turkey is relatively 

new, but already about 24OO tons of ¡uranium ore has been found in Western, 

Anatolia. It is expected that further oxcide of uranium (U, Og) will 
\ 

be found. 

There are many hidden difficulties in beginning a programme of nuclear 

power for s developing country. It is unrealistic to regard a first power 

reactor as Just another power station in which cost cutting is dominant 

factor. 
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An entire new technology'has to be mastered. This, new technology 
forces development in many countries in many different and unfamiliar 
directions simultaneously. Since it is required for a developing country, 
tö take advantage of developments already carried out by others, it is best 

- to select one established technology at the beginning and to concentrate, 
on that technology. The technology selected should be that most suitable 
for the country's needs, just, as was done previously by countries such 
as England, Prance, Ganada and Sweden. . 

As an initial effort, it is necessary to select a national nuclear 
fuel policy. Our uranium" reserves contain only 0.05$ 0g, but Mr. 
Cameron has reported that a yellow-cake capacity of 100 tons per year 
would be adequate in order to meet the world market price of 6 to 8 
dollars per pound (4). We anticipate also that these 2400 metric tons 
of U^'Og could be competitively used with a capacity of about 200 tons 
per year. 

Therefore, it appears best,to select a natural uranium open cycle, 
programme of fuel utilization. .Furthermore, in order to make best use 
..of the fuel econommeally. use of heavy water as the moderator appears 
most desirable. This approach will ensure availability of known reserves 
until.1990 (5). 

It is,certain that for the first reactor plant, which is expected to .' 
' begin operation in 1977? all technology and materials will be imported. 
But for succeeding reactors, however,•we.expect.to develop the necessary 
•support operations such'as.yellow-cake purification and fuel fabrication. 

In Turkey, the cost of thermal power is rather high, that is, 7 or 8 
mills per kWh with lignite and 8 or 9 .mills per kWh with fuel-oil. Hence, 
it is anticipated that the power front a 400 lie EWE type nuclear power 
station would be economically competitive with thermal power supplies. 
In the case of large hydro-power installations, the power is produced at 
a price, of about 5 mills per kWh at load centersj to be .competitive with 
this figure it would be necessary to have at least a 600 or 1000 Ш е 
nuclear power station:installed near the load center. Therefore, it is also 
^expected that in 1985 and 1988 a twin station with two plants of 6OO MWe 
capacity will be put on line. 



REFERENCES 

H. Ay"bers and "S. ffner, "Survey'of Fuel and'Energy Resources of 
Turkey", Paper 205, World Powfer Conference, Moscow, August 20-24, 
1968. 

General Report of National Power Conference held in Ankara, 
18 - 20 November, 1968. 

N. Aybera, "Energy Requirements of Turkey and Nuclear Energy", 
Electrical Survey and Planning Dept., 1966. 

J. Cameron, "Development and Evaluation of Uranium Deposits", 
Report to the Government of Turkey, I.A.E.A.» WP/5/127, 1964. 

M. Aybers, "'Nuclear Energy Policy of Turkey", National Power 
Conference, Ankara, 18 - 20 November 1968. 


