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1. Introduction 
• The question of nuclear power costs and of their significance for 

less developed countries has been one of the main concerns of the IAEA 
since the inception of its activities and many of the steps which the 
Agency has taken or intends to take in carrying out its program in the 
development of nuclear power are designed to achieve some progress in 
this field. 

The problem of accurately estimating power costs exists of course 
in the area of conventional power but the difficulties encountered are 
enhanced and multiplied in the case of nuclear stations. 

Considering that the first power reactors have only started 
operating in the last five years, that many changes which may have a 
substantial impact on their fuel and operation costs may occur during 
their lives as a result of operational experience, that many promising 
reactor systems are still in the planning stage, that the desire to 
secure a maximum of technical information has led to the construction 
of a multiplicity of systems and temporarily prevented a standardization 
of components with the attending mass production economies, that no free 
market for fissile materials has as yet been established, one may well 
wonder what significance could be attached to the frequently quoted 
nuclear power cost figures and what relevance they may have to the power 
situation of less developed countries. 

The questions arising in the interpretation of available cost 
figures may be grouped in three categories: 
(a) Questions connected with the interpretation of construction and 

fuel costs in the reactor manufacturing country 
This is not as simple a question as it appears at first sight. . 

There are a number of costs connected with the construction of a reactor 
which may or may not be included in the final investment cost figure. 
One of these is the research and development behind a specific plant. 
Sometimes all of it is charged as construction cost, sometimes only part 
of it is included as an indirect expenditure but it is also possible that 
none of it be charged to the plant. 

/Even if 
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Even if research and development expenses are clearly excluded there 
may be additional hidden costs whenever a power reactor is the first of 
its kind and consequently requires the production of original equipment 
components. 

Again in the case of different elanents of fuel costs the figures 
quoted at present will almost certainly experience wide variations over 
the life of the reactor to which they refer. This applies equally to 
the costs of fissionable material, to that of fabrication of fuel elements 
and to the amounts of energy which will be extracted from these fuel 
elanents before they must be reprocessed. Furthermore, the whole complex 
of governmental regulations governing the sale or lease of nuclear fuel 
in some of the most advanced countries is unlikely to remain unchanged 
over the years. 

With regard to fuel costs the conditions of fuel supply to domestic 
reactor operators are likely to change over the life of the reactor, 
while the fuel performance for a first plant may be substantially under-
rated in the original estimate. 
(b) Questions connected with the extrapolation of reactor construction 

and fuel costs from one country to another 
Significant adjustments must of course, be made before applying to 

a less developed country the construction cost- figures quoted by a 
reactor manufacturing country« Civil engineering expenditures will 
vary substantially in each specific case while the necessity for foreign 
supervisory personnel will also involve additional expenditures. With 
regard to f\iel costs the conditions of fuel supply to foreign operators 
will usually differ from those applicable to domestic utilities so that 
a careful recomputation of equipment, construction and fuel costs will 
be necessary before any significant figures could be derived by the 
potential user. 
(c) Questions arising from the determination of nuclear power 

generating costs 
While it does not fall within the purpose of this paper to discuss 

the methods of determining generating costs and of comparing than for 
alternative power sources, it should be pointed out that the frequent 

/practice of 
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practice of quoting generating cost figures for a nuclear power station 
under the assumption of a constant load factor which will prevail for 
twenty or twenty-five years is fraught with simplifications and may be 
misleading when used for purposes of comparison with the generating cost 
of a conventional station. If reactors are operated in power systems, 
system cost analysis becomes unavoidable before any serious comparison 
of alternative costs can be made. Furthermore, if a country contemplates 
a nuclear power program rather than the purchase of a single reactor, the 
whole economic complex which, even in the latter case, is introduced 
through the channel of the interest rate used for the determination of 
annual fixed charges has to be taken into account. Without labouring 
this point any further, it should be clear that global figures expressed 
in mills per kilowatt hour with the assumption of a given load factor 
and an often arbitrary way of determining annual capital charges are of 
limited value for purposes of economic comparison except perhaps as 
rough indications that the problem should be studied further. 

The above considerations govern the presentation of ths nuclear 
power cost data which are outlined in this paper. The three following 
sections deal with construction costs, fuel costs and operation and.̂  
maintenance costs for reactors whose technology is relatively well 
developed and which have been operated or are about to be operated on the 
industrial scale. The examples are therefore limited to the gas cooled 
natural uranium reactor, the pressurized and boiling water reactors, the 
organic moderated and the heavy water reactors. In every case an effort 
is made to indicate future trends of costs and to suggest reasons for 
possible decreases in the costs of various items. Attention is drawn, 
however, to the fact that progress in nuclear technology often arise 
from difficult compromises between efforts to obtain the maximum advantage 
from numerous, and sometimes conflicting, technical possibilities,. • In 
many cases an improvement which would lead to a decrease in one cost 
factor would have an unfavourable impact on another. For this reason 
one cannot merely add up the possible savings but must exercise critical 

/judgment in 
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judgement in combining them. This advice may be easier to give than to 
apply but its validity stems from the very factors which have caused the 
growth of nuclear power: constant experimentation and rapid change. 

2. Initial investment in a nuclear , power station 
The data given in tables 1 and 2 show the estimated construction costs 

of small and large nuclear power stations which could be constructed in the 
United States of America on the basis of present technology and which could 
be operative by 1964-65. The data given in table 1 are normalizations, 
made by a contractor for USAEC, of the results of design studies carried 
out by five other contractors of USAEC, These results are based on the 
experience available from many experimental reactors which are being 
operated on behalf of USAEC. The data given in table 2 represent estimates 
made by reactor designers and manufacturers in response to a request from 
USAEC for information on small size power reactors. It will be seen that 
the estimates for small nuclear power stations are lower than might have 
been expected from an extrapolation of the estimates for the larger sta-
tions and it is difficult to find technical justification for this fact. 
The data for the small stations were developed from individual studies, 
all of which were not based on the same criteria and it appears that the 
estimates for these stations do not include all the cost factors. 

The data given in table 3 show the estimated construction costs of 
large nuclear power stations built or planned in the United Kingdom of 
Great Britain and Northern Ireland. The figures for the gas-cooled reactor 
power stations are based on an averaging of the estimated costs of the 
latest large commercial power stations being constructed at present. It 
should be added that the estimates based on the design of the advanced gas-
cooled reactor at present being constructed for the Atomic Energy Authority 
at Windscale indicate that a large power station of this type could be 
built in the United Kingdom for a cost of US ¡¡¡>220 to US &250 per Kwe during 
the period 1962 to 1966.-^ 

1/ PoTej Atom (February I960). 
/Table 4 
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Table 4 gives estimates of construction costs of nuclear power stations 
received from Belgium, Canada, and the Federal Republic of Germany in reply 
to a questionnaire sent by the Director General to Member States, 

If we consider separately the main components of a nuclear power sta-
tion' it would appear that unless comparable steam conditions are achieved, 
the cost of turbogenerators and auxiliary power equipment will be higher 
for nuclear plants than for conventional plants of similar sizes. Build-
ing and civil works with special concrete shielding and containment 
structures cost substantially more for a nuclear power plantj the heat 
transfer system and the reactor part of a nuclear power plant will cost 
more than the conventional steam generating equipment. It can therefore 
hardly be expected that the capital cost of a nuclear power plant could 
fall below that of a conventional station. 

However, there is a promise of a reduction in the costs of the items 
referred to in the preceding paragraph in the coming years. Conservative 
containment structures which represent a substantial part of the civil 
works at present considered necessary may progressively be reduced or 
entirely eliminated. Simpler pumps and more conventional piping materials 
will bring down some of the coolant circuit costs, while structural 
materials in the reactor proper should become cheaper through improve-
ments in manufacturing methods. Higher pwoer densities should also 
bring a significant reduction in the cost of the reactor's initial fuel 
charge. 

The estimates for large nuclear plants to be built in the next five 
years indicate that the cost per Kwe installed will exceed that of con-
ventional stations of similar size by a factor of 1.5 or more, but the 
potential reductions mentioned above may subsequently bring this ratio 
down to about 1.3. 

No general answer can be given to the question of whether these 
figures would be different for less-developed countries. The lower wages 
for unskilled labour would make for lower construction costs, but the 
higher salaries of foreign technicians required for construction and 
start-up would substantially offset this advantage. The possible lower 
prices of some of the domestically produced materials would have to be 

/balanced against 
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balanced against the transport charges for the main plantcomponents and 
the cost of the larger stock of spare parts that would be required. 
The degree of industrialization of the country would condition possible 
further savings, but the general conclusion would seem to be that nuclear 
power plant construction costs in a less-developed country are not 
likely to be lower than in the country of manufacture. To a large extent 
these considerations also apply to conventional thermal stations. 

The five types of reactor which are at present considered potentially 
most suitable for use in less-developed countries utilize the following 
types of fuel: enriched or natural uranium metal or oxide clad in 
stainless steel, zirconium alloy, beryllium, aluminium or magnesium alloy. 
The uranium oxide is used in the form of sintered pellets, sealed in 
thin walled tubes, bundles of which are then assembled to form the fuel 
element. The uranium metal is utilized in the form of plates or cast 
rods sealed in tubes with extended heat transfer surfaces. 

Every component of fuel costs offers room for substantial reductions 
in the near future. With regard to natural uranium, the price of Û Ô  
in concentrates offered by the Agency has now dropped to about US $35Ag» 
Both figures indicate a trend to lower prices which is unlikely to be 
reversed in the next few years. A recent study made in the United States 
of the prices of enriched uranium produced in diffusion plants in that 
country indicates that they are free of any Government subsidy and 
suggests that they will not be increased but may conceivably be reduced. 
Further, the present capacity of diffusion plants in the United States 
appears sufficient to meet the invento ' ' ' its of a 

that other methods of isotopic enrichment of uranium which may possibly 
lead to equal or lower production costs are being investigated in various 
countries. 

Even larger economies may be expected in the fabrication of fuel 
elements where standardization of designs and larger batch production may 

3» Fuel costs 

nuclear power plant capacity of about known 

2/ Forum Memo (December 1959) 
/cause a 

* 
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cause a 30 - 40 per cent reduction in costs. To quote but one example, 
the fabrication cost of a certain type of fuel element for a pressurized-
water reactor is expected to decrease from US $110 to US $70 per kgU 

3/ 
over the next few years.—' 

No less important is the trend towards higher burn-up which may be 
expected to lead to reductions of more than 0.5 mills per kWh (or about 
15 per cent of the present total fuel costs) in certain enriched systems. 
In this respect outstanding promise is held out by the preliminary 
estimates for the Canadian heavy water natural uranium reactor Candu, 
expected to operate by 1964 in which burn-ups of up to 10,000 MifD/ton are 
expected to be achieved leading to total fuel costs of the order of 
1.2 mills AWh. 

Finally, decreases in processing costs for irradiated fuel may occur, 
especially where continuous processing can replace batch treatment. 

Even if the most promising developments fail to materialize and if 
allowance is made for a possible decrease in credit for plutonium, 
reductions of up to 30 per cent in total fuel costs in the next five 
to ten years could realistically be expected. 

This encouraging picture may appear attractive to less-developed 
countries, but the following factors should be taken into account. With 
regard to natural-uranium systems, although the mining of ores and 
production of concentrates are relatively simple processes, thay involve 
considerable investment. Similarly the production of uranium metal of 
nuclear purity in small amounts is quite feasible, but the fabrication of 
fuel elements for use at high temperature ia a very difficult undertaking. 
The unit'investment cost of a processing plant for irradiated fuel elements 
increases substantially for smaller throughputs, and a plant of this kind 
would hardly be economic unless a very substantial nuclear power program 
were contemplated on a national or regional basis. Finally, the cost of 
an enrichment plant running into several hundred million dollars clearly 
rules out this type of development for any country taking its initial 
steps towards the utilization of nuclear power. 

2/ Nucleonics (April I960) 
/In spite 
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In spite of the factors which augur a substantial reduction in fuel 
costs in the near future, such as abundant supplies of uranium, the 
economies to be achieved by fabricating larger lots of more standardized 
fuel elements and the spare capacity in existing processing and enrichment 
plants, the economic advantages for the less-developed countries Of 
establishing domestic nuclear industries in the inmediate future are 
nevertheless limited. However, in the case of a country with a 
sufficiently large total industrial output and a large nuclear power 
development program, planning for domestic fabricating and processing 
plants would appear to be important if its expenditure in foreign 
currency on nuclear power is to be kept to a minimum. 

4. Operating and maintenance costs 
The annual cost of operating and maintaining a conventional power 

station, excluding depreciation and fuel costs, includes the cost of 
supervisory, operating and maintenance personnel and the cost of the 
materials and external services which are required. The same items of 
cost would be involved in operating and maintaining a nuclear power station. 
In making cost comparisons it is desirable to show the annual cost of 
operation only (e.g. as dollars per kilowatt per year) and to exclude the 
effect of the plant factor. 

As yet there is- still insufficient information on the operating and 
maintenance cost of a nuclear power station used solely for the production 
of electricity, although estimates have been made by analogy with con-
ventional stations or by inspection of nuclear station designs. For 
example it is still uncertain what staff is required. Estimates for 
water reactors have been given in the United States ranging from 0.3 to 
0.5 employees per Mwe for a 200 - 300 Mwe station to about 1 to 1.5 
employees per Mwe for a 50 — 75 Mwe station^' The corresponding figures 
would be significantly higher for smaller nuclear stations. In the United 
Kingdom the estimate for a 500 Mwe gas-cooled two-reactor station is 
about 0.6 employees per Mwe ̂  If the station were operated in an 

y USAEC, Power Cost Normalization Studies. SL-1674 
i/ IAEA, Directory of Nuclear Reactors: Vol.1, fbwer Reactors. STI-PUB 

No.4 (1959), page 162. 
/isolated area, 
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isolated area, all these figures would probably be higher. 
Reductions in operating staff, increased automation and lower 

repair bills are a likely expectation and, together with greater experience 
in safety requirements, will all contribute to lower operating and 
maintenance costs. Considering, however, that this item represents less 
than 10 per cent of the total nuclear power costs, even a 20 per cent 
saving in operating and maintenance costs would imply only a two per cent 
overall saving. 

In the case of less-developed countries a relatively lower wage and 
salary bill (provided local operating staff have been trained) would have 
to be balanced against the cost of the larger stock of spare parts which 
would necessarily have to be carried for repairs in the initial stages. 
It can, therefore, hardly be expected that a lower wage and salary bill 
in such countries would lead to any significant difference in the unit 
price of the electricity generated. 

5. Summary of the report and future trends in nuclear power costs 
Nuclear power is still in its early phase of development, and impor-

tant cost reductions are envisaged as a result of technical advances based 
upon the continuous research and development which is being carried on. 
Present day designs of relatively developed systems will be further 
improved to incorporate the experience being gained with the first and 
second generation plants, and some other reactor concepts now in the 
experimental stage may prove successful. Of great significance will be 
the possible reductions in fuel cycle costsj these will result from 
reductions in fabrication and reprocessing charges, the achievement of 
improved higher burn-ups and the lowering of uranium prices. Considerable 
work is being carried out to develop inexpensive reactor materials with 
good nuclear properties and capable of withstanding high temperatures; 
such materials will help to prolong the useful life of nuclear plants. 
Sizeable savings can be expected from the standardization and improvement 
of reactor components such as pumps, valves and heat exchangers which 
represent a large fraction of total investment. lack of extensive 
experience in reactor safety has led to conservative and costly designs 

/for containment 
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for containment shells, control mechanisms and instrumentationj with 
better understanding of essential safety requirements and the use of 
improved techniques, containment and control of reactors will be simplified 
without sacrificing reliability and safety. Most of the nuclear power 
plants now under construction are one of a kindj when several plants 
of essentially the same design are built, the engineering development 
expenses will be spread out and the cost per unit will decrease. 

This is particularly true of small and medium sized reactors whose 
costing has been somewhat lagging behind that of large units but for 
which intensive development programs are expected to yield a wealth 
of results in the immediate future, 

With all due reservations about the applicability of generating 
cost figures to different situations it might nevertheless be desirable 
to outline a few tentative conclusions about the future trends of nuclear 
power costs. 

It has been estimated that the cost of generating power with the 
large gas-cooled reactor in the United Kingdom will be 7 mills/kwh in 
1964, levelling off to 5 mills/kwh after 1974, at a 75 per cent plant 
factor and with an annual capital charge of about 8 per cen t-r̂ Conventional 
fuel is predicted to level off at US $0.49/million BTU, and the conventional 
generating costs are expected to decrease from 6.3 to 5.3 mills/kwh in 
the same period and for the same plant factor. Nuclear power is, 
therefore, likely to become competitive with conventional power about 
1966 in the U.K, 

According to a recent USAEC evaluation which assumes a 14 per cent 
annual capital charge, an 80 per cent plant factor and no changes in 
USAEC's present schedule of uranium prices nor in its purchase price of 
plutonium, the generating cost of power produced from slightly enriched 
uranium in a 200 Mwe capacity reactor, which on the basis of present 
technology would fall between 11 and 14 mills/kwh,is expected to 
decrease later into the 9 - 1 0 mills/kwh ranged 

6/ HINTON, Sir C. et al» « The Economics of Nuclear Power in Great Britain, 
WPC, Madrid, Paper I? B/8 (I960). 

2/ USAEC, Power Cost Normalization Studies, SL-1674. 
8/ Computations based on data in the source cited in footnote 10, and 

on the Statement of the United States Atomic Energy Commission to Joint 
Committee on Atomic Energy, as summarized in Nucleonics (April I960), 
pages 71 et seq. 

"' /Assuming that 
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Assuming that improvements in the efficiency of conventional 
thermal power plants are levelling off and under the considerations 
specified, the cost of power generated in a large nuclear power plant to 
be installed in the United States towards the end of the next decade 
would become competitive with conventional thermal power in areas where 
conventional fuel costs were above US $0.55 per million BTU (US $2.20 per 
million kilocalories). 

It is interesting to note that, if in the above computation the 
annual rate of capital charge is taken as 7 instead of 14 per cent, the 
power generating costs from a similar 200 Mwe nuclear reactor (which on 
the basis of present technology would fall between 8 and 10 mills/kwh) 
might come down later into the 6.5 - 7.5 mills/kwh range. At that time 
and under these assumptions, such power costs would become competitive 
with conventional thermal power in areas where conventional fuel costs 
were above US $0.45 per million BTU (US $1.80 per million kilocalories). 

Enough qualifications have been introduced in the introduction to 
this report to indicate that these figures should be considered only as 
rough indications of range rather than as data for comparative power 
cost analysis for which they would be entirely unsuitable. Only careful 
studies can give an indication as to the competitiveness of nuclear 
power in a specific country and the IAEA hopes to be of assistance to 
its members if and when they cho'ose to carry them out. 

/Table 1 
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Table 1 

UNITED STATES: INITIAL INVESTMENT COSTS FOR MEDIUM AND LARGE 
NUCLEAR POWER STATIONS BASED UPON RECENT STUDIES a/ 

Initial investment (US f/kwe) 
Type of 
station 

Capacity . 
(Net Mwe) 

• Plant 
only 

Fuel 
only b/ 

Fabricated 
fuel b/ 

Pi 75 . 
200 
300 

. , 435 
282 

' 242 

115 
95 
95 

145 
' 120 
120 

m 75 
200 
300 

470 
311 
263 

60 
40 
32 

100 
75 
57 

OM 75 
200 
300 

350 
241 
220 

28 
97 
96 

130 
130 
120 

M P / 75 
200 
300 

640 
425 
360 

14 
5.5 
4.3 

31 
12.4 
9.6 

GCN 75 
200 

675 
452 64 88 

a/ United States Atomic Energy Commission (USAEC), Power Cost Normalization 
Studies, SL-1674, relating only to planned reactors. 

b/ In the core. 
c( The costs of the heavy water inventory are included in the figures for this 

reactor. 

/Table 2 
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Table 2 
UNITED STATES: INITIAL INVESTMENT FOR SMALL NUCLEAR POWER STATIONS, 
BASED UPON ESTIMATES OF REACTOR DESIGNERS AND MANUFACTURERS a/ 

Identifi-
cation 
number 

Type of 
station 

Capacity 
(Net Mwe) 

Initial investment (US $/kwe) 
USAEC Plant Fuel Fabri-
report only only b/ cated 
number fuel h/ 

Remarks 

1 PW 11.7 TID-8513 660 152 210 
23.6 480 135 184 

2 PW 23.5 TID-8508 445 76 96 includes 29 Mw of 
conventional 
superheat. 

3 PW 10.5 • TID-8513 1 030 102 233 Identical in 
design with and 
of approximately 
the same cost as 
the BR-3 station 
under construction 
at Mol, Belgium. 

4 BW 23.5 TID-8510 372 28 51 Includes 20 and 
27 Mw of conven-

- tional superheat 
for the two 
stations respect-
ively. Many in-
direct' costs .. 
omitted. 

5 BW 23.5 TID-8508 465 29 74 Similar to number 
k) but includes 
additional indi-
rect costs such 
as profits, con-
tingency and in-
terest during 
construction. 

6 BW 19.1 TID-8510 451 45 84 Similar to number 
4i but includes 
nuclear instead 
of conventional 
superheat. Many 
indirect costs 
omitted. 

7 BW 19.1 TID-8510 640 45 84 Based on the same 
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Table 3 

INVESTMENT COST FOR NATURAL URANIUM FUELLED 
GAS COOLED UNITED KINGDOM REACTORS 

Name Capacity 
(in M ) 

Total construc-
tion cost 

(in dollars per kwe) 
Initial fuel 

cost per kwe a/ 

Berkeley 275b/ 450 70 - 90 
Bradwell 300 450 66 - 86 

Hunte rst'on 150 350 65- 85 
Hinkley Point 500 370 65- 85 
Traiasfynydd 500 n i A I n 

**( - /« OJ 
Dunganess 550 310 -

Sizewell 600 280 -

Qldbury 550 265 

a/ Fuel in the core only, 
b/ Two reactors. 

/Table 4 
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INITIAL INVESTMENT FOR NUCLEAR POWER STATIONS BASED UPON 
ESTIMATED RECEIVED FRO! BELGIUM? CANADA AND THE FEDERAL 

REPUBLIC OF GERMANY a/ 

Country and 
manufacturer 

Type of 
station 

Capacity 
(Net mwe) 

Initial investment (US$/kws) 
Plant Fy.e.1 Fabrica-
only orJy ted fuel 

Belgium 

ACEC PW 200 300 24 

Canada 

Canadian Atomic Energy 
Comission limited HWN 
Canadian Westinghouse HWN 
Canadian GEC OCHWN 

200 • 328^ 7.7 23 
132 38^/ 11.4 32 

55 4 3 ^ 5.9 17 

GERMANY. FEDERAL 
REPUBLIC OF 
Inte ra toa 

Siemens 
AEG/KEA 

OM 
HWN 
BW 

German Babcook and Wilcox GCE 

16 
49 

15 

35 

520 

400 

500 - 565 
485 

82 101 
40 

13d/ 

a/ The figures given are provisional estimates relating only to planned reactors, 
b/ Does not include US $60/kwe for D^O investment, 
c./ Includes D^O investment. 
d/ Fabrication costs only, fuel costs not included. 

/Annex 
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Annex 
. TECHNOLOGICAL STATUS OF POWER REACTORS 

1. Introduction 
It is a well known fact that the level and rate of expansion of power 

production,.especiap̂ r of electric power production, characterizes the 
level and rate of expansion of all other branches of a country's economy, 
including industry, transport and agriculture. It is also well known 
that a direct link exists between electric power production and the 
national income per head of population. 

Obviously, therefore, development of power engineering in general, 
and utilization of nuclear fission for electric power production in parti-
cular, are highly important for most countries undertaking an industrial 
expansion program. 

The importance for these countries of investigating the potentialities 
of nuclear energy is greatly enhanced by the extent and rate of progress 
in atomic power.engineering achieved in some countries during the last 
five to ten years. 

At the first Geneva Conference on the Peaceful Uses of Atomic Energy,,, 
held in 1955, information which could be obtained on the industrial usés 
of nuclear energy was scarce. Infect, spart from small experimental 
units.operated in research centres in the United States, the only nuclear 
power plant delivering a sizeable quantity of electricity by that time 
was the Soviet power plant at Obninsk. By contrast, at the second Geneva 
Conference, held in 1958, a large number of such reports on actual genera-
tion of electricity by various types of nuclear power reactors were sub-
mitted by scientists from the USSR, United States, The United Kingdom 
and France. And plans for such nuclear power stations were presented 
also by a number of other countries. 

Today the harnessing of atomic energy has become a reality in a-
number of countries through the inclusion of atomic power stations in 
electricity supply systems. However, the transition to the practical 
utilization of atomic energy has some peculiar features. Representing, 
as it does, one of the latest achievements of technology, nuclear power 

/engineering has 
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engineering has raised a number of scientific and technical problems dif-
fering basically from those previously encountered, and sometimes even 
quite unknown in the ordinary practice of modern power engineering with 
conventional fuels. 

The demands of these problems frequently conflict and call for com-
promise 'solutions. Attempts to find these have led to a considerable 
proliferation of types of power reactor and atomic power stations, in 
each of which certain advantages and disadvantages are inherent. 

In view of the proliferation fo types of atomic power plant, each 
with its own particular technical and economic features, it may be of 
assistance to give a short general description of the types at present 
in existence or in the planning stage. When considering each type, the 
level of technical development-which it has attained at the present time 
must be established and account must be taken of the experience gained 
in constructing and operating it. , 

It should be noted at the outset that there are sharp variations 
in the degree of technical development which the various reactor types 
have attained, both with respect to the amount of theoretical research 
done on them and to the labour and effort expended on t heir technical 
development. Some types, such as pressurized water (boiling and non-
boiling) and gas-cooled graphite-moderated reactors, have been extensively 
developed for a considerable time in a number of countries and are tech-
nically the most perfect and tested. The extensive development of other 
types, for example organic moderated and cooled and heavy water power 
reactors, has been started comparatively recently and is still in an 
intermediate stage. 

Lastly, numerous types of power reactors which may in future offer 
prospects of power production on an industrial scale are at a preliminary 
experimental stage of development and will require much scientific and 
technological work before their prospects can be assessed. Most of these 
reactors have a complicated technology which has not yet been completely 
mastered. 

In this connexion, all nuclear power reactors at present operating 
in construction or under development can be divided into the following 
groups: 

/Group 1. 
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Group 1. Power reactors sufficiently developerd for industrial use 
This group contains, first, heterogeneous pressurized water reactors 

(boiling and non-boiling), and heterogeneous gas-cooled uranium-graphite 
reactors. A number of industrial nuclear power stations using reactors 
of these types, are operating in countries with advanced nuclear energy 
industries and are being built or planned in many other countries. Their 
technology incorporates the wide experience in the use of water and gases 
as coolants accumulated in conventional power engineering practice. Their 
technical equipment is produced on an industrial scale. They are less 
complex to service and maintain than reactors of other types. 

Group 2. Technically promising power reactors, experience on the industrial 
use of which will be available shortly 

This group contains organic moderated and cooled, and heavy water 
power reactors. These reactors are technically and economically promising 
for industrial use. However, work on them is at a semi-experimental, semi-
industrial stage and has not yet been taken far enough to yield concrete 
conclusions regarding prospects for their use in less developed countries. 
No experience on their industrial use is yet available. However, a number 
of nuclear power stations embodying reactors of these types are under con 
truction, and the necessary technical and operational experience will 
therefore be obtained shortly. 

In their general technical and economic features, the reactors in 
this group closely resemble those in group lj therefore, in an investiga-
tion of the technical prospects of utilization of power reactors in the 
less developed countries, this group should be given as careful considera-
tion as group 1. 
^oup 3 

This group'contains reactor types vjhich cannot, either now or in the 
immediate future, be recommended for industrial use in less developed 
countries, owing either to their technological complexity or to lack of 
data on their operation. They include aqueous homogeneous, liquid-fuel, 
liquid-metal coolant, pebble-bed and fast neutron reactors. 

/Fast reactors 
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Fast reactors occupy a special position owing to the excellent pros-
pects they offer in the long-term planning of atomic power development. 
However, owing to inadequate operational experience, technical difficulties, 

» 

and the high cost of their fuel charge, they must be excluded from the list 
of types which can be used during the initial stage of atomic power engi-
neering in less developed areas. They become attractive when enough 
plutonium has been accumulated in thermal reactors to make possible a 
large-scale regeneration of nuclear fuel and fuller utilization of natural 
supplies of nuclear raw materials. 

Before their technical and economic superiority over the reactors in 
group 1 and 2 can be proved, much money and effort will have to be spent 
on experimental and technological testing of the reactors in this group. 

In view of the interest which a number of countries have in the 
application of nuclear energy in the immediate future, and of the con-
sequent need to select the most suitable types of equipment for the 
initial stage of reactor programs, further technical discussion in this 
report will be limited to power reactors in group 1 and 2. In the coming 
sections these »«ill be analysed in turn with regard to the state of their 
technology. 

2. Pressurized water reactors 
Pressurized water reactors are extensively developed in the USA and 

USSR. In the USA this system is at present the most technologically 
advanced as a result of the experience which has been gained in design 
and operation of naval propulsion reactors, the Shippingport reactor and 
the SM-1 reactor in Fort Belvoir; in the design and construction of such 
units as the nuclear ship "Savannah", the Yankee Atomic Electric Company 
Reactor, the SELNI project and other large power reactors and in design 
studies on the small power and process heat reactors. 

Operation of the pressurized water reactor at Shippingport continues 
to be one of the most important source of information and experience for 
this concept. A second seed has been installed in the seed and blanket 
core and the reactor was returned to full power in May I960. As of August 
30, I960, the blanket achieved the exposure of approximately 2,600 of 

/U0„ average 
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UO^ average or 12,400 ̂ ^ maximum. This is the highest exposure achieved 
in large batches of uranium oxide fuel. Developments in support of this 
project have Isd to plans for core modifications which will result in a 
second core with an expected capacity of 150,000 KWE equivalent gross 
(compared with 68,000 KWE gross for the present design), without increas-
ing the diameter of the pressure vessel. PWR-2 will have about 5-g times 
the FWft-1 design energy output per unit of fuel flow. This is to be 
achieved with compartmented flat plate uranium oxide fuel clad in zirconium 
alloy. The Shippingport PWR proved high safety reliability and other 
operating characteristics of this power reactor type. 

The Yankee Atomic Electric Plant (gross electrical - 118 MW) achieved 
criticality in August I960. Its operation will greatly accelerate the 
rate at which valuable operating experience on pressurized water reactors 
is obtained. Some of its design features, such as stainless steel-clad 
fuel, are sufficiently different from the Shippingport design to provide 
valuable comparative information for evaluation purposes. 

The experience of utilizations of pressurized water reactors for 
propulsion of civilian ships will be gained from the operation of three 
pressurized water reactors installed in nuclear icebreaker "Lenin" now 
in operation in the Arctic seas of the USSR, 

The nuclear power program of the USSR includes also the erection of 
a large atomic power station with pressurized water reactors which is now 
under construction in the Voronezh region of the USSR, 

Pressurized water reactors have potentialities for simple reduction 
of capital and fuel costs. The studies indicate that the substitution of 
primary pumps employing mechanical shaft seals rather than canned rotors, 
the modification of the vapor containment, the use of bulk boiling and 
the simplification and improvement of control drive mechanisms would allow 
a substantial reduction in the total capital cost of the plant. More 
extensive reductions are indicated in the fuel cycle costs for this 
system. The fuel exposure for the uranium dioxide fuel can probably 
be increased from 27,500 maximum which is current design technology 

mwd ^^ to 40,000 The fabrication costs of stainless steel clad uranium 
dioxide can also be reduced. 

/3. Boiling 



ST/ECLA/CGNF.7/L.4.1 
Page 21 

3. Boiling VJater Reactors 
This reactor type is today only slightly less advanced technologically 

than the pressurized water reactor. This is due, in part, to the fact that 
it is able totake advantage of much of the extensive experience and tech-
nology in the pressurized water system. It is also due to the highly 
successful operating experience of the Experimental Boiling Water Reactor, 
Vallecitos Boiling Water Reactor and Borax experiments in the USA, and 
the reactor of the first atomic power plant in the USSR now operating 
in boiling condition • 

Many design variations and improvements indicating high potentialities 
of boiling water reactors are being explored or are to be explored in pro-
jects such as the above mentioned Experimental boiling water reactor 
which is in the final stages of modification to increase the heat capacity 
from 20,000 to 100,000 KW thermalj and the Vallecitos boiling water reactor 
which is the pilot plant for the large 180,000 KWE Dresden plant recently-
put into operation. 

The engineering experience has been gained through design and construc-
tion activities of Dresden, Elk River, Norther States and other boiling 
water reactors in the USA, a number of them in the USSi (Ural), in Italy 
(SENN) and some in other countries. 

On the basis of this engineering and operating experience substantial 
reductions in capital and fuel costs for forthcoming projects are possible. 
The capital costs of this system could be reduced by simplification of 
design to eliminate large risers and heat exchangers, by increasing the 
power density, by changes in the vapor containment design and by incorpora-
tion of conventional or nuclear superheating of the steam. 

Nuclear superheat 

It is expected that the production of superheated steam in reactors 
will have some economic advantage in comparison with water cooled reactors 
which now produce saturated steam. 

The experiments with the nuclear superheat in the reactor of the 
first atomic power plant in the USSR demonstrated.the technical feasib-
ility of nuclear superheat in this type of reactor. A large nuclear 

/power plant 



ST/ECLA/CONF.7/L.4.1 
Page 22 • -

power plant with reactors based on nuclear superheat is at present under 
construction in the Ural region of the USSR, 

In the United States several projects are directed primarily towards 
demonstration of the technology of reactors with nuclear superheat. These 
projects include the Borax-5 to be placed in operation in 1961, the Path-
finder plant with reactor 62,000 KWE ¡scheduled for completion in mid-1962 
and the BONUS project of the Puerto Rico Water Resources Authority, a 
16,300 plant scheduled for completion in 1963. 

It should be mentioned that nuclear superheat may be incorporated 
in pressurized water reactors, boiling water reactors and also in some 
other reactor types, 

4. Gas Cooled Reactors 
Gas cooled reactors have been most effectively introduced in "the 

United Kingdom and France. In other countries it was widely felt that 
the relatively poor heat transfer properties of gases would limit power 
density and fuel specific power that these inherent characteristics 
would restrict the usefulness of the reactors from the economic point 
of view. Recently there have been many developments in gas cooled 
reactors technology which have caused an extension of work on gas cooled 
reactors. Notable among these developments are: 

(1) The very successful programs in the United Kingdom and France 
and the significant advances in performance being made over 
the first dual purpose (power and plutonium) reactors at 
Calder Hall, Chapelcross and Marcoule. 

(2) The development of the technique for field-erection of large 
pressure vessels of ever-increasing thickness which makes 
possible a higher gas pressure and hence better heat transfer. 

(3) The use of pre—stressed concrete for pressure vessels introduced 
by French engineers, has opened attractive possibilities for 
less developed countries as a result of the elimination of the 
cftstly and complex elements involved in the construction of 
steel pressure vessels. 

(4) The development of UO^ as a fuel material capable of service 
at high- temperatures for long exposures. 

/(5) An 



ST/ECLA/COMF.7/L.4.1 
Page 23 

(5) An accumulation of experience with experimental ceramic fuel 
elements of various types. 

Together these developments have provided the impetus for interest 
in gas cooled reactors in the United States, Federal Republic of Germany, 
Italy, Japan, Czechoslovak Socialist Republic, USSR and Canada. 

The family of gas cooled reactors could be divided into the following 
categories: 

Systems operating on natural uranium which includes only the very 
large graphite and D^O moderated heterogeneous reactors. 

Reactors of this group are the Calder Hall and Chapelcross reactors, 
the Marcoule production reactors, the British Electricity Board stations 
and similar stations in Italy and Japan, the French EDF stations and the 
heavy water gas cooled reactor in the Czechoslovak Socialist Republic. 
The heavy-water-moderated gas cooled reactors are being designed also in 
the United States and in France. 

Graphite moderated natural uranium reactors built, under 
construction or contracted for, will have a combined electrical capacity 
in excess of 3 million kilowatt, making this in one sense the most 
important reactor concept in the world today. 

The dominant feature of this class of reactors is the use of natural 
uranium as a fuel which appears desirable to many nations not wishing to 
become dependant on a foreign source of enriched nuclear fuel. This 
advantage is, however, coupled with a serious inherent limitation, as 
the use of natural uranium requires large reactors and involves the use 
of graphite or D20 moderators and of gas as coolant. 

These limitations could be avoided in gas cooled reactors by using 
partially enriched fuel with metal cladding of fuel elements. In this 
group are- the Advanced gas cooled reactor now under construction in 
the United Kingdom and Experimental gas cooled reactor in the USA. 

The principal feature of the slightly enriched reactors is that 
they operate at significantly higher gas temperatures than natural uranium 
systems and can use fuel which permits much higher burn-up. Performance 
limits for the slightly enriched systems can hardly be defined at the 
present time. No reactors of this type have been operated, nor have 
enough in-pile fuel and cladding tests been made to establish the 
limiting factors. / T h e r e i s 
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There is a third group of gas cooled reactors including high temperature 
homogeneous or semi-homogeneous systems constructed entirely of refractory 
materials. In this group are the British-OEEC-Euratom "Dragon" reactor being 
built in England, the HTGR-1 and the Sanderson-Porter pebble-bed reactors in 
the USA, and the Brown-Boveri-Krupp pebble-bed reactor in the Federal Republic 
of Germany, all of them in the design stage. Many problems will have to be 
solved before the fuel for these reactors is developed. Apart from the 
important fuel development problems that remain, greater knowledge and 
experience will be required to evaluate the problems of controlling and 
dealing with fission products contamination of the coolant. However, this 
group appears to constitute a goal towards which gas cooled reactor development 
is likely to proceed. It is important to note that one of the attractive 
features of these reactors is that they promise, in addition to competitive 
power, the ultimate potential for efficient utilization as fuel of the basic 
raw material, thorium. 

5. Organic moderated and cooled reactors 
The technical feasibility of this concept was established by the 

successful operation of the Organic Moderator Reactor Experiment (0!5RE) 
in the USA. However, the OMRE is not a prototype of nuclear power plant 
but rather a full-scale irradiation facility designed to study the behaviour 
of the most promising organic compounds under conditions similar to those 
encountered in power reactor application. 

At present, there are no operating nuclear reactors - neither experimental 
nor on a prototype scale - which are organically cooled. Operating experience 
with the Organic Moderated Reactor Experiment continues to be the principal 
source of data on organic material as reactor moderator and coolant. 

In order to broaden this experience and increase the rate of development 
of promising variants of this basic design, construction has been initiated 
on an experimental organic cooled reactor in the USA to be completed in 1962. 
Construction is also proceeding on the 11,400 KWE organic moderated and 
cooled reactor plant at Piqua, USA, scheduled for completion in 1961. 

/There is 
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There is considerable Interest in this reactor type in other 
countries but the developments are in a less advanced stage than above 
projects. 

The experimentally proved main characteristics of organic moderators 
and coolants make their use not only technically but also economically 
attractive in power reactors. The lower capital costs for this syston 
in comparison with a water cooled and moderated system is made possible 
because of its low pressure and non-corrosive behaviour as compared to 
many reactor materials in organic liquids. On the other hand, the high 
fuel costs resulting from the low exposure which can be achieved in metal 
cores of the current technology and the high operating costs which are 
occasioned by the necessity of replacing the organic material as it is 
destroyed by reactor irradiation, require extensive research and develop-
ment work. 

The potential of this system lies in the development of a new fuel 
element and cladding material which can achieve much longer life by 
increasing power density in the core and by increasing the heat transfer 
capabilities of the system. 

6. Heavy water moderated reactors 
Heavy water moderated power reactors as well as graphite moderated 

gas cooled power reactors are very attractive because of possible use of 
natural uranium. Moreover, because of its particularly favourable 
effect on the neutron economy the use of D^O permits the achievement of 
rates of burn-up largely exceeding those of graphite moderated natural 
uranium reactors. The practical technology of heavy water moderator 
for power producing reactors is not far advanced in any country. However, 
the basic technology for this system has been developed through research 
and development programs and much useful engineering technology in this 
field is available from the design construction and operation of the 
many research reactors in various countries. A vast amount of basic 
and engineering information has been generated in Canada where major 
emphasis was placed on this systsn. 

/To date 
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To date no heavy water power reactor is being operated either as 
a prototype or as a full-scale plant and the first power reactors of 
this type will come into operation in 1961/1962 so that no operation 
experience with them can be acquired before 1962/1963» However, work 
on power stations employing this type of reactors is proceeding in a 
number of countries. Examples are: Nuclear Power Denonstration-2 
(NPD-2) now under construction and CANDU in the design stage in Canada; 
construction of a 17,000 KWE tube-type power reactor of Carolina Virginia 
Nuclear Power Associates in the USA to be completed in 1962, and 
construction of a heavy water moderator gas cooled power reactor in the 
Czechoslovak Socialise Republic. Other countries such as France, United 
Kingdom and the USSR are also working on power projects with heavy water 
reactors. The boiling heavy water reactor for district heating with 
ultimate thermal, capacity of 20,000 KM came into operation in Hald.en, 
Norway, recently, 

A large natural uranium heavy water power reactor will require heavy 
capital investment and will thus have to produce a large amount of 
heat in order to be economic. It is, therefore, rather improbable that 
heavy water power reactors will be economically competitive with other 
reactor types in the small or medium capacity range. A decrease in the 
size of the reactor can be made by using enriched uranium but in this 
case the use of heavy water as a moderator looses one of its main reasons. 

Because this system is at an early stage of development for power 
generation, its potential improvanents are not so evident as with more 
developed power reactor types. However, the development of a pressure 
tube reactor instead of the pressure vessel type, achieving an increase 
in power density and the exposure lifetime of the fuel, may substantially 
reduce the cost of power in this reactor type. 

7, Advanced concepts 
Research and development is continuing on a number of reactor concepts 

which appear to have certain advantages but which are not yet at a point 
where technical feasibility is assured, or reasonable evaluations can be 
made. This work includes continued study of aqueous homogeneous reactors 

/with the 
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with the second Homogeneous Reactor Experiment, assembly of a reactor 
experiment using a molten plutonium alloy as fuel in the USA, and sodium 
cooled reactors with thermal, intermediate and fast neutrons. Of these 
the Experimental Breeder Reactor N°l, in the USA, BR-5 in the USSR and 
Dounrey fast reactor in the United Kingdom, are most important. Many ( 
reactor concepts are being evaluated as candidates for new reactor 
experiments. Notable among these are: (a) the molten salt reactor, based 
on fused salts of uranium, thorium and beryllium; (b) the beryllium 
oxide, with high temperature gas cooling; and (c) the pebble-bed reactor, 
based on small balls of graphite impregnated with uranium carbide loaded 
into a hopper and cooled with gas - probably helium. Preliminary studies 
are also being carried out on direct conversion systems involving thermionic, 
thermoelectric and magneto-hydrodynamic devices. Hopefully, such devices 
may make it possible in the long run to take better advantage of the 
unique ability of nuclear fuels to produce high temperatures. 

In addition to the specific work that is carried on under* individual 
power reactor projects, the national development programs of several 
countries include an area of more broadly based nuclear technology 
development which is generally applicable to nuclear systems. The 
objectives of these efforts are to provide data on.reactor fuels and 
materials, reactor physics, reactor components and associated equipment,, 
to carry out engineering development of a general and fundamental nature, 
to investigate the feasibility and potential of new methods for 
improving reactors, and to provide tools such as test and research 
reactors and remote handling devices, for use in reactor research and 
development. Developments in this area help to lower the cost of 
nuclear power generation through improvements affecting.many types of 
reactors and through reductions in the overall cost of the reactor 
fuel cycle. This work includes development of fuel reprocessing 
techniques which will permit reprocessing of advanced fuels not susceptible 
to existing processes. The work includes environmental investigations 
and development of practical systems for the, safe handling and disposal 
of the wide variety of radioactive wastes evolved from nuclear energy 
activities. 

/8. Conclusions 
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8, Conclusions 

From the above survey some provisional conclusions may be drawn: 
1. There is no doubt that at present the use of power reactors, at 
least of boiling and non-boiling pressurized water reactors as well as 
of gas- and of water-cooled uranium graphite reactors, for the generation 
of electricity on an industrial scale is technically definitely established. 
2. During the next five years the technical possibility of generating 
power on an industrial scale with organic moderated and cooled reactors 
and with heavy water reactors will become clear, 
3. The possible use of power reactors on an industrial scale in less 
developed countries, as indeed in any country, is restricted not by 
technical considerations, but by economic factors and by the availability 
of trained personnel. 
4. It is not possible at the present time to select any one type of 
reactor as the most suitable for use in less developed countries. A 
separate decision on choice of reactor type must be taken in each particular 
case, after considering all the technical, economic ana other factors, 
5. In deciding to construct an atomic power station in any country and 
in selecting the type of reactor to be used in it, the fact should be 
remembered that any choice will involve some economic risk owing to 
present lack of experience of long operation under industrial conditions. 
6. No existing reactor type can be considered to have been developed 
and tested under industrial conditions long enough to be safely 
recommended for immediate and exclusive use for commercial electric 
power production unconnected with experimental purposes. There are 
a number of reasons for this: 

(a) All reactors at present in operation, both large and small, are 
either experimental or semi-industrial plants intended for work no 
the development of their type, or dual purpose plants for the 
production of both plutonium and power, 

(b) No existing power reactor has been in operation for more than 
two to five years (in most cases the period is much less), that 
is, for only a short part of its estimated life. 

/(c) All 
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(c) All estimates of fuel cycles are based on a number of assumptions 
which have not been tested on an industrial scale. For no 
type of reactor is there a fully worked-out fuel cycle, and 
statistical data for the assumptions used in economic calculations 
regarding the degree of burn-up and the cost of reprocessing 
depleted fuel elements are even less adequate. 

7. On the other hand, nuclear power engineering is developing at such 
a rate that over the next five to ten years sufficient experience will be 
accumulated to permit a solution of the basic problems of reliable 
operation of a number of power reactor types for the economic production 
of electric power in many parts of the world. 
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