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FOREWORD

In distributing this report on liuclear Pov;er
Prospects, the Agency is making available to a wider
public the views of a leading figure from a country
with a rapidly expanding economy. The author,
Professor L. Cintra do Prado, is Chairman of the
Brazilian Muclear Energy Commission and a member of
the Agency's Scientific Advisory Committee. His
presentation of some general and particular problems,
which partly reflects the situation in his home country,
should be of interest to many scientists and admini-
strators facing similar responsibilities.
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PREFACE

This collection of papers is primarily intended to
give an insight into nuclear energy prospects in Erazil, but
the lines of the discussion might well he helpful to those
in other parts of the world who have to deal with similar
proilems.

Some cf the papers, which are selected frcm a series
of lectures delivered in 1964 and 19̂ 5, have been translated
in full, others abridged. In the bibliography, there are
references to the periodicals in which the original papers
appeared in Portuguese.

The lectures were addressed to mixed audiences of
mostly engineers, economists and other non-specialists in
atonic energy. They were given at such places as the National
Council for Economics; the Institute of Engineering (Sao Paulo);
the Association of Engineers (Rio de Janeiro); and the Technical
Board of the Federation of Commerce (Sao Paulo).

Certain concepts overlap in some of the papers. The
author has thought it advisable to keep the original texts
instead of redrafting them, to avoid the risk of obscuring the
points concerned.

The author is indebted to the International Atomic Energy
Agency for help in translating some of his papers into English and
preparing them for publication in a form accessible to readers
who Lave no Portuguese.

L. Cintra do Prado



HIGHLIGHTS OP THS THIRD UNITED NATIONS
INTERNATIONAL CONFERENCE ON THE PEACEFUL

USE'S OF ATOMIC ENERGY

1 . INTRODUCTION
The Third International Conference on the Peaceful Uses of Atomic

Energy did not produce any spectacular data. Many technical details of
recent work were reported and the results of work already published
were confirmed and amplified. It "became ciuite clear at the Conference
that atomic energy has now reached the industrial stage in various
countries. The Conference can thus be seen as a sort of landmark marking
the "beginning of the era of nuclear power.
2. THE "KEY TO DEVELOPMENT"

Nuclear energy is invaluable as a source of power for the world's
expanding population (U Thant in his opening speech said that nuclear
power is a key issue for the long-term development of the world /!/)• It
is important also as a means of saving oil and coal as raw materials for
industry.

The cost of nuclear power, already competitive in some parts of the
world, was one of the main topics of the Conference, particularly in the
first few days, and at times the cost and merits of industrially produced
reactors were discussed in an open commercial spirit. The discussions
showed how extremely difficult it is to make cost comparisons for
different systems and different countries, and served to confirm what was
already known, namely that nuclear power costs are a function of a
whole range of parameters ( construction costs, national or regional con-
ditions, economic factors, operational costs, fuel-cycle costs,
characteristics of grid etc.). It was made very clear that a reactor
could "be competitive in one case and not in another. Table I
illustrates the absence of uniform criteria at the present time.

Table I
DIFFERENCES Iff CRITERIA

Lifetime of plant (yr)
Annual load factor
Amortization ($)

UK
20
0.75
7-5

France
20
0.80

USA

25
0.80
4

Canada
30
0.80
6.8
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Before the Conference it had "been hoped that some set of uni-

voraally applicable rules would emerge for assessing and comparing
nuclear power costs. These hopes were disappointed.
3. REACTOR TYPES

The four types of reactor system which can already compete or which
will shortly be in a position to compete with fossil-fired plants are
shown in Table II.

Table II
REACTOR SYSTEMS

Typo

OCR (Magnox)
BWR and PWR
HWR (Candu)

Fuel

Natural U
Enriched U

• Natural U

Moderator

Graphite
Ordinary water
Heavy water

Coolant

co2
Ordinary water
Heavy water

None of these types has so far established itself as being better than
the others. Tho choice of reactor systems in the future will thus have to
be made on a pragmatic basis in the light of the relevant technical,
economic and political considerations. The United Kingdom, which has
already built Magnox-type plants representing a production of 6000 MW(e),
has not yet taken a decision on the type of reactor to 'be employed for
its next 5000 MW(e) nuclear power programme to be started in 1965*
Someone from Japan concerned with the Magnox-type Tokai Mura l66-MW(o)
reactor, which cost $593/kW and was to begin operation at the end of
19645 declared that he was "shocked" by the fact that the British were
leaving this matter open. The decision to be taken by the Central
Electricity Generating Board with regard to the reactor type to "lee
built at Dungeness under the new programme is eagerly awaited. What-
ever the decision is, however, it will merely be the best decision
for Dungeness in 1965* There is as yet no optimum type of reactor
system.
4. PRESENT COSTS

Tho Geneva discussions showed that nuclear plants now being built
according to proven types will be able to generate electricity at one
half the cost of the plants built five to seven years ago. Absolute
costs vary with country and reactor system but the trend is appreci-
ably the same in all cases. This point is illustrated in Table III.
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Table III

REACTOR SYSTEMS AND THEIR COST FOR VARIOUS COUNTRIES

United Kingdom Berkeley (1962)** Wylfa (1968)
(Magnox) $52Qb $280

14 mills 7.8 mills
France EDFI (1963) EDF 4
(Magnox) $440 $220

(?) (6) mills
United States Dresden (1959) Oyster Creek (1968)

(BVR, PWR) $279 ino
9 mills 4 mills

Canada Douglas Point (1965) Toronto (1969)
(Candu) $370 1266

5-6 - 5.9 mills 4 mills
Q Date of entry into service is shown in brackets.
The first figure refers to the cost of the kW installed; the
second, to the cost of the kWh produced.

In 1962 working groups studied the problem of installing a 300-MW(e)
Magnox-type plant for the south-cei-tral region of Brazil. At that time the
estimated cost was $417/kW(e). Revised calculations for 1964 yielded a
figure of $250~280/kW(e) for a plant of the same type and installed power.

Another factor making for cheaper nuclear power costs is that it has
proved possible to operate many plants at higher power levels than originally
foreseen. (See Table IV.)

Table IV
INCREASE IN THE OPERATING POWER OF PLANTS

Plant

Yankee (USA)
Dresden (USA)
Niagara Mohawk (USA)
Oyster Crook (USA)
Hunter ston (IK)
Novo-Voronezh (USSR)

f^rower achieved.
Power hoped for

Type

PWR
BHR

B¥R
Magnox
P¥R

Design
power
(MW)
110
180
500
515
320
210

Operating
powor
(MW)

175a
220a
600*
640b
400b
365*

Increase
(.cf°}

59
22
20
24
25
74
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The influence of installed power on cost is shown "by Table V, which,
is based on bids submitted by United States firms £^J and relates to
systems using enriched uranium.

Table V
UNIT INVESTMENT COST AND INSTALLED POWER

Company and reactor type

General Electric (BWR)
Westinghouse (PWR)
Babcock and Wilcox (SSCR)
Atomics International

(graphite-liquid sodium)

$/kW MW

194
199
188
210

(300)
- (325)

(300)
(320)

a/kW MW

153
171
165
175

- (600)
- (625)
- (500)
- (500)

In view of the savings obtainable with high installed powers - about
for twice the installed power - there is now a tendency to construct

larger power plants of 500 or 1000 MV(e). Mention is made of installed
powers of 2000 MW for dual-purpose power desalination plants and there
was even talk at Geneva of a 4000-MW facility.

From the point of view of the developing countries, plants of this
size are of course too large. Before the Geneva meeting there had been
much talk of mass-production of small and inexpensive reactors suitable
for the needs of such countries but this possibility received scant
attention at the Conference. It is hoped that it will nevertheless soon
prove possible to manufacture smaller inexpensive facilities and that
reactors with a power of less than 500 MW(o) can soon bo operated to
advantage in some countries.

In certain instances the cost factor is of secondary importance, e.g.
where power is essential to ensure industrial progress in a developing
country. One such case is East Pakistan, which has neither coal nor hydro
resources and normally has to rely on expensive oil imports to meet its
energy needs. In 1955> Br. Bhabha of India summed up the position in the
words "there is no power as expensive as no power".
5. REACTOR DEVELOPMENT

At the end of the Conference Dr. Seaborg (USA) defined the following
three stages in the development of power reactors.
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(i) The first stage, already completed, is characterized by the

development of three main power reactor concepts* (u)
graphite-moderated, CO--cooled reactors, (b) light-water-
cooled and moderated reactors, and (c) heavy-water-cooled
and moderated reactors. All these reactor types are now
produced industrially and research and development are con-
centrating on higher efficiencies and lower costa.

(ii) The second stage, the present phase, is characterized by the
development of other reactor types at present in the experi-
mental stage. These advanced types include converter
reactors.

(iii) The third stage, a continuation of the second, is characterized
by the development of breeder reactors. Breeder reactors include
"fast" (238U-Pu) and "slow" (Th-23\r) reactors.
Although the fast-breedor type received more attention at
tho Geneva Conference, Brazil is naturally more interested
in the slow-breeder type because of its thorium resources.

There was somo disagreement at Geneva on future studies of converter
and breeder reactors. Some delegates thought that the reactor typos already
developed, with the improvements envisaged, would be adequate for the
power requirementy of the next few decades. Others were in favour of
forging ahead with work on advanced reactor types. Obviously Brazil is
in the latter category and was glad to note that work on converter and
breeder reactors was provided for in the programmes of various countries.

The advantages of the converter reactors studied so far are: high
conversion factors, high power density in core, high temperatures, high
powers obtainable with one reactor, more efficient use of nr^ural
uranium, thorium and plutonium. Development of this type of reactor is
illustrated by tho list of the various modols at present under study.
These include reactors employing liguid sodium coolants (e.g. Hallam in
the USA). In this field the trend towards the development of genuine
breeder reactors is clearly marked.
6. OTHER ASPECTS OF TEE CONFERENCE

The safety record of nuclear reactors is extremely good, as reported
at Geneva (US reports)? tho disposal of radioactive waste (concentrations
of radioactivity kept to 1-3$ of permissible values according to various
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reports) has also "been successful.

¥ater desalination was another important topic discussed. Studies show
that nuclear desalination techniques are more economical than conventional
methods in the case of large-scale dual-purpose stations. The decrease in
the cost of fresh water as a function of installed power (BWR, PWR or
heavy-water reactors) is illustrated in Table VI for estimates made at
Florida Keys (USA)s

Table VI
ESTIMATED DATA ON DUAL-PURPOSE PLANTS

Reactor power Cost Electric Daily production Cost of
(MW(th)) (millions of US 8) power of fresh water - water

(MW(e)) (thousands of m ) (cents/m )

200
600
1000
1500
3220
8300

60
105
140
170
340560

19TO
124192
420
1460

122
316
477
6551325
2350

17.111.1
9-3
8.5
8.2
6.1

Dual-purpose plants have efficiency of 10-17$> as against 30-35$ f°r pure
electricity generating units, and produce electricity at the cost of 3«6
mill/kWh. Israel can be quoted as ths typo of country that can benefit
"by nuclear desalting techniques? the latter would be more economical
than the conventional methods provided that units with a power of over
1000 MW were used. The present desalting costs would be too high for
agricultural purposes but they might be perfectly acceptable for water
intended for domestic and industrial uses.

The general feeling at Geneva is that nuclear energy is gradually
establishing itself as a powerful and reliatle factor in the progress of
modern communities. That conclusion should serve as an encouragement to
Brazil to pursue its own nuclear programmes.

References
/~1_7 u Thant, Opening Address, Proc. 3rd UN Int. Conf. PUAB 1. (1965) 21.
/~2j7 Reichle, L.F.C., Combustion (1964) 22.



OH THE COSTS OF KUCLEiR MEEGY

I
General Economic Aspects

1. RADIOISOTOPES
The applications of nuclear energy are at present of two main

types - the use of fission as a primary large-scale source of energy
and the use of radioisotopes.

It is not my intention here to discuss the cost of radioisotope
production or of the various radioisotope techniques. However so as
not to pass over the subject in complete silence, I should like to
emphasize that the remarkable achievements in this field have amply
demonstrated the value of isotopes in all the activities and investig-
ations for which they have "been used, viz. medicine, "biology,
agronomy, hydrology, physical science and industry.

Radioisotopes are used as tracers or as radiation sources. The
range of applications is vast and there is a steady increase in their
number and variety. Obviously this entails expenditure in connection
with research on the feasibility of techniques, investigation and
production costs, the purchase of apparatus for isotope utilization,
and the payment of salaries to experimental personnel. However all
this expenditure is vastly outweighed by the extent and the quality
of the practical benefits which are enjoyed in consequence. Think,
for examplGj of the immense value of the cobalt-60 bomb used for the
destruction of cancerous tissue and the progress achieved in plant
and animal physiology thanks to research with 0 -labelled compounds.

In certain instances - in the fields of agriculture and industry
- we can compare sets of data enabling us to evaluate the financial
benefit, the savings and other advantages obtainable from the uso of
nuclear techniques and radioisotopes. Hero are a few examples which
wore discussed at a meeting organized in March 19&4 by tho International
Atomic Energy Agency. They refer to the uso of isotopos in gauging tlie
thickness of sheets or surfacing materials and tho density or composition
of materials.
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A paper factory in the United Kingdom was able to achieve an
annual savings of £60 000 on an investment of £11 000 for a radio-
isotope unit and low operational costs. A glass factory, also in
the United Kingdom, saved £190 000 by using gauging equipment worth
£2650| the annual expenditure was £200. In the United States a
potash factory managed to save US $45 000 on manpower and material
in addition to increasing productivity by US $25 000 for a sum of
less than US $900 spent on the radioisotope control of saline
solutions *- —*•

2. THERMAL AMD MECHANICAL ENERGY
Let us now turn to the other applications of nuclear energy based

on nuclear fission. This phenomenon, which is produced in chain
reactions, is used to obtain heat, produce motive power or generate
electricity* Power reactors, used for the controlled release of
nuclear energy, can in principle be employed to generate heat, which
can be employed to heat water in the environment or to de-salt water
by means of distillation. Other reactors can be used for the propulsion
of vehicles, especially submarines and surface vessels* Mechanical
energy can also be produced in the form of explosions - as is the case
with atomic bombs - and used for peaceful purposes. In nuclear power
plants, power reactors are used in conjunction with turbo-generators
to produce electricity*

The Halden reactor in Norway, which was installed in June 1959>
was the first industrial-scale installation (20 MW(th)) designed for
the nuclear production of steam (paper-pulp factory). It is a
prototype and its main interest is technical rather than economic.

More numerous are the plans for constructing dual-purpose
reactors for producing electricity and steam or for generating
electricity and de-salting water. A reactor of the first type
("Agesta") was built in Sweden in Farsta, a suburb of Stockholm, and
there aro interesting prospects for the establishment of similar
mixed plants in Antarctic and Arctic bases. As for the second
variety - electricity and desalination - projects exist for instal-
lations in Israel, Tunisia and Mexico and other countries with areas
short of frosh water.



-13-

There are few data on the cost of mechanical energy produced
from nuclear sources. On the subject of nuclear propulsion it is
known that there are now some 80 atomic submarines in operation, 50
of them belonging to the United States; these include the pioneer
vessel "Nautilus" (3200 tons, launched January 1955» able to attain
speeds of over 20 knots, travelled under the ice cap of tke North
Pole). There is also "Lenin", an impressive ice breaker belonging
to the USSR (December 1957, 16 000 tons, 44 000 h.p, turbines, able
to attain 18 knots in open sea). The United States has built the
first merchant ship ("Savannah", a mixed passenger-cargo vessel,
22 000 tons possessing a 69 Jflf(th) reactor transmitting 22 300 h.p.
to the ship's propellers and providing a speed of up to 24 knots -
it was launched in July 1959) as well as various naval vessels (air-
craft carrier "Enterprise", destroyer "Bainbridge" and cruiser "Long
Beach").

Generally speaking nuclear propulsion at present costs more than
propulsion based on the conventional fuels, coal or petrol. On the
other hand it does have advantages - nuclear ships can travel longer
distances and spend considerable periods of time at sea without
refuelling (for example in its first three years of operation the
"Lenin" covered more than 50 000 miles without refuelling). Moreover,
many of these nuclear ships were built not as economic propositions
but as prototypes for research and experiments aimed at future
developments. Information on this subject is given in "Nuclear Ship
Propulsion", Vienna 1961, the proceedings of a symposium on this
subject held by the IAEA in I960. Recent studies - 45 in all - aro
listed in the chapter on "Budear Propulsion Economics" in Biblio-
graphical Series No. 13 (Nuclear Power Economics), IAEA, December 1964.

In connection with nuclear explosions, little is known of the
exact costs of atomic bombs. Estimates suggest that the costs are
extremely high; the expenditure is based, like other military invest-
ment, on the need to ensure the sovereignty of nations and to defend
basic human rights*



-14-
On the subject of the peaceful applications of nuclear explosives

(called "plowshare" in the United States with reference to the verse
in the Bible), I shall comment only very "briefly. The power of
explosives is almost always expressed in terms of the quantity of
TNT which would be capable of releasing an equivalent amount of energy.
Thus there are reports of atomic "bombs of 50 kilotons (i.e. of TNT)
or of so-and-so many megatons (i.e. equivalent to a bomb of so-and-so
many millions of tons of TUT). On tho basis of United States
estimates, the cost of a "mass-produced" 100-kiloton bomb would
appear to be around US $1 million. On this basis a mass of nuclear
explosive equivalent to 1 ton of TNT would cost US $10. One ton of
TNT costs approximately $1000. In other words tho cost of a quantity
of TOT1 and the cost of an equivalent quantity of nuclear explosive
differ by a factor of 100:

_____cost of TUT_____ = US $1 OOP/ton ̂  100
cost of nuclear explosive = US $10/ton ** 1

In actual fact the economic advantage of nuclear explosions is
not so high because the dynamic effects of tho two -types of explosive,
chemical and nuclear, are not fully comparable. In particular, in the
case of an atomic bomb exploded above the ground the bulk of the energy
released remains in loco in the form of heat 5 thus the volume of earth
displaced is loss than in the case of TNT for the same energy power.

Experimental studies have boen carried out on the effects of
nuclear explosives (in the United States, France and Russia), some of
them in connection with underground testing of weapons. It was found
that to obtain the same final results in the displacement of alluvial
or rocky earth, expenditure with conventional explosives is 4 or 5
times higher than with nuclear explosives (not 100 times as the ratio
between the material costs would seom to suggest).

Nuclear explosives are particularly advantageous in cases where
10 kilotons or more are needed to displace enormous masses of oarth.
This is why nucloar energy is being favourably considered with regard
to plans to open up a now canal, without lockgatos, permanently
linking the Atlantic with the Pacific in some part of Central America.
Not only would costs be 4 or 5 times lowor than in the case of con-
ventional processes but only one-fifth of the time would bo required
to complete tho project.
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3. ENEEGY AUD DEVELOPMENT

Energy is necessary to ensure development in various forms -
namely to provide heat, mechanical energy and electricity. Increased
development in turn increases the demand for energy. It is not
difficult to list the reasons which give rise to increases in energy
requirements in particular countries or geographical regions. There
are obvious energy requirements for the maintenance of various
utilities, which guarantee an average living standard for a given
population. This standard can he equated with the possibilities open
to individuals to secure manufactured products, such as clothing,
food and personal effects, housing, domestic appurtenances from
electric irons to television sets and also electricity (private and
public), transport, community services, cultural activities, etc.

All those items require energy (heat, operation of machines,
electricity). At the same time energy is needed for all industrial
activities - extraction industries, basic industries, manufacturing
industries, agriculture, etc. On the basis of the ratio between the
sum of the energy needed to obtain these necessary goods, utilities,
and services and the number of individuals in a community, it is
possible to arrive at tho per capita onergy consumption indox, which
is a reflection of the degree of development of the country. This
can be expressed in various ways. One can take the annual consump-
tion of energy in its various forms (heat obtained from direct
combustion of fuels, electricity used for lighting buildings, public
highways and factories, etc.) and reduce the result to a particular
unit. This yields the total consumption index, generally expressed
in kilograms of coal per capita per year. In other cases one con-
siders the energy produced in the form of electricity fed into the
grid system or used on the spot. The corresponding index is generally
expressed in two different wayss

kWh per capita per year
kW installed/capita

The first index represents the avorage consumption of electricity per
individual. The second corresponds to tho power of the electricity-
generating units installed and it is a measure of the available
supplies from existing power stations - normally, of course, these
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available supplies are only used in part. Generating units do not
function on a round-the-clock basis on normal power. They are
subject to occasional shutdowns for inspection purposes or because
electricity requirements drop at particular times. Nor do they
always produce electricity at normal power even when they operate.

The higher the energy consumption index the more industrialized
a country (or region) and the higher the average standard of living.
For this reason the per capita energy consumption tends to go up
everywhere from one year to the next. And the rate of growth is
such that the total energy consumption in a country or region
increases all the time, even in the rare cases where population
decreases occur. In the latter oases the rate of decrease in pop-
ulation is always legs than the growth rate of per capita energy
consumption, and the combination of the two factors gives rise to an
increase.

New sources and in particular new electric power plants are
needed to meet the growing demand for energy. These new installations
must, be able to cope with the probable or expected requirements.
Otherwise development is impaired and progress becomes impossible.
Obviously it is desirable that electricity should be abundant,
efficiently distributed and cheap. However, the importance of the
cost factor should not be overstrossed. Energy costs make up only
a small part of the total cost of industrial products? there are
exceptions but in the vast majority of cases involving the production
of normal articles it amounts to 1-5$. Nor is electricity a high cost
factor in connection with the normal facilities found in homos, offices
and other places of work or recreation.

In considering the use of nuclear energy as a primary source of
electricity the important thing is not that it should be "cheap" in
absolute terms but that it should be competitive, that is to say
that the cost of nuclear electricity should be produced at a cost
comparable with or less than that of electricity generated "by con-
ventional sources - hydroelectric plants or thermo-plants based on
coal, natural gas or oil. If energy is vital to a cotmtry's develop-
ment one must be prepared to pay what it is worth? tho problem is to
obtain the energy at the lowest possible cost.
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Before discussing the concept of "competitiveness" and analysing

the costs involved I shall consider some of the fundamental economic
or technical advantages of using atomic energy. My remarks have "been
suggested in part by a recent book by J» Andriot and J. Gaussens /~2_7.
4. ENERGY DENSITY

The impressive thing about nuclear fuels is their extraordinary
energy density. I shall consider the case of uranium-235» which is
typical, but my remarks apply equally well - with certain adaptations
- to the other fissile elements, plutonium and uranium--233, which can
be artificially produced in reactors and used as nuclear fuels.

If one ton of uranium-235 were to undergo fission in all its
atoms, it would liberate a quantity of energy equivalent to the
energy obtained in the combustion of about 2 480 000 tons of
anthracite. In natural uranium this isotqpic variety ( 35g) is
present at a concentration of about 0.7$. Thus the maximum energy
available corresponding to the fission of all the uranium-235
contained in one ton of natural uranium would be equivalent to
0.7$ of the above figure.

Reactors based on the natural uranium-graphite-CO^ concept can
now extract 6jfo of this maximum theoretical value from nuclear fuel
(this includes partial burn-up of the plutonium generated from u).
Thus in these reactors nuclear fuel behaves as though it had an
energy density 12 000 times higher than the energy density of
anthracite. In natural-uranium heavy-water reactors (Candu) the
energy density of the nuclear fuel is about 2.4 times higher than in
graphite reactors. Each ton of uranium in the Candu reactors
corresponds to 28 800 tons of anthracite. In breeder reactors -
at present existing only in the form of prototypes - the uranium
can bo used at an energy density equivalent to 400- 000 or even
600 000 tons of coal.
5. IMPLICATIONS OP HIGH-ENERGY DMSIEY

This extraordinary concentration of energy associated with nuclear
fuels has a number of economic advantages:
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(i) The transport of fuel becomes less of a problem
and power plants can therefore be located at considerable
distances from the factories producing the fuel elements5
(ii) Charges of nuclear fuel in the reactor last for
relatively long periods of time (advantageous for
remote consumer areas, etc*).
This energy concentration makes nuclear fuel economical even with

the high fabrication costs involved. In the case of, for example,
natural-uranium reactors, the fuel elements cost approximately
US $30 500 per ton of natural uranium used, including the cost of
the uranium (cost quoted for Magnox-type elements by U.K.A.E.A.
engineers in October 1964)- Taking into account the energy density
mentioned above, one obtains a value of 9.25 cents per million Btu
or 0.37 mill per thormie (lOOO kilocalories) available in the nuclear
fuel.

In the United States anthracite costs 20 - 40 cents por million
Btu, or 0.8 to 1.6 mills por thormie. Thus tho cost of natural
uranium ready for USG in a reactor is about one half or one quarter
of the cost of coal for tho same quantity of hos,t, released in the
respective "combustion processes". As I shall explain later on,
this does not correspond exactly to the real ratio between the costs
of operating power plants. For ono thing capital is locked up for
longer periods of time in the case of nuclear fuel. Calculations
show that the fuel costs correspond approximately to the following
percentages?

Power plant with Magnox reactor 17-22$
Coal-powered power plant 37-42$

Tho above figures correspond vory roughly to the results obtained
from a comparison of data produced recently by the Reactor Engineering
Division of the Atomic Energy Institute (March 19̂ 5) for power
reactors and published figures for coal-powered plants (TID-8531j
USAEC Jan. 1961).
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In the light of current technological progress in the nuclear

field it would appear that the fuel costs of the nuclear power
plants of the future (particularly those using breeder reactors)
will "be considerably lower, reaching a value of one per cent of
the total costs, or even less according to the most optimistic
estimates.
6. FURTHER ADVANTAGES

(a) Systematic use of fissile materials for power plants
will result in savings of fossil fuels. This would make
it possible for the latter to be reserved for other uses
in industry and for vehicle propulsion.
(b) In nuclear reactors the "combustion" process does
not rely on oxygen and does not give rise to poisonous
fumes or gases - a considerable advantage as compared
with conventional fuels. Furthermore, the volume of
spent fuel is relatively small. On the other hand, the
use of nuclear energy poses problems of a different kind -
transport and reprocessing of high-activity radioactive
wasto.
(c) As already mentioned, nucloar explosives can be
uspd for canal construction and similar largo-scale
projects involving the removal of large masses of earth.
(d) Nuclear reactors are sources of highly valuable
by-productss new nuclear fuels (Pu, U), radioisotopes,
fission products used as sources of radiation.
(e) Use of nuclear energy entails the development of
now materials (special alloys, etc.) and new techniques.
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II

Analysis and̂  Comparison of Costs

1. FIRST INDEX OF COMPETITIVE STATUS
The competitiveness of energy costs "between various types of

power plants must "be studied in the context of a particular region.
Obviously an atomic power plant can "be competitive in one area and
not in another. Hydroelectric stations will produce cheaper
electricity in areas possessing plentiful hydro resources whilst
nuclear plants will be advantageous in areas poor in fossil fuels
and water resources. Conventional power plants are less attrac-
tive in cases where transmission lines are needed to carry the
electricity over long distances; in addition transmission lines
can bo costly and wasteful of electricity. The cost of imported
fuel for a conventional thermal plant is also, of course, affected
by transport and customs costs*

In comparing the competitive status of power plants, the
electricity generating cost is usually expressed in mills/kWh
(basic cost at generating station plus transmission and distribut-
ing costs).
2. UNIT COST

Another economic index used in comparative cost studies is
the unit cost. This is obtained by dividing the total investment
cost by the installed power of a plant and is generally expressed
in US $/kW. The value of this index can bo illustrated by means
of comparison with non-atomic problems, viz. the use of velocity
as an index in comparing the advantages and disadvantages of
various means of transport.
3. OTHER CRITERIA

The two economic criteria mentioned above are not the only
ones to bo considered in tho assessment of different typos of
power plant. Other factors to be taken into account include the
proximity of consumer areas, the expected lifetime of the plant,
construction and amortization periods, interest rates, relevance
to technological programmes of country concerned, the availability
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of specific raw materials in the country, etc. In the case of
Brazil the abundant deposits of thorium are a factor of
importance in power planning.

Attention should be drawn to the difficulty of allocating
exact figures in advance to the two economic indices (unit
investment and power production cost). The following points are
to be considered:

(a) Reactor technology is progressing at too rapid a
rate to enable exact estimates to be made. Only a few
reactor types have been developed to the industrial
stage and even in the case of proven types there is
always the possibility of new technological development
and consequent price shifts.
(b) Reactor planning, construction and operation is
going on in a variety of countries and many cost items
(interest and amortization rates, insurance, fuel and
manpower costs) are subject to variation.
(c) No definite data are available on the lifetime of
reactor materials (novel problems of radiation damage,
etc.) and nuclear power plants. Water turbines and con-
ventional thermal plants are known to have lifetimes of
around 50 and 30-35 years respectively but in the caso
of nuclear plants we have to rely on assumptions. In
view of the fact that the reactors initially built for
research and development have now been in existence for
10, 15 or more years, the figure of 25 years commonly
accepted for the lifetime of a nuclear plant seems a
reasonable assumption. It goes without saying that this
uncertainty about plant lifetimes also causes uncertainty
in amortization-cost estimates.

4. TOTAL INVESTMENT
Investment costs depend on the type of reactor involved and

a reactor "type is defined in terms of fuel, moderator and coolant.
Total investment costs are the sum of various components (fuel
elements, structural materials, heat exchangers, etc.) which
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vary from one reactor system to another. In working out the total
cost, it is necessary to take into account not only the installation
costs (land, buildings, equipment, interest payments), "but also
the cost of the first fuel charge.

The estimated cost of installing various types of plant in
Brazil, obtained by interpolation on the basis of recent non-
Brazilian reports, is given in Table I.

TABLE I
ESTIMATES OF OTIT COSTS (US dollars/kW)

Reactor type

Magnox (or OCR)
Candu(or HWR)
BWR and PWR

Installed
powers

Unit cost
without fuel

150 M¥

375
462
290

300 MW

284
328

215

450 MW
,1

245
281
185

Additional cost
for fuel (US

35
40
65

S/kW)

Figures are based on the assumption that the components are pur-
chased outside Brazil - France or the UK for Magnox, Canada for Candu,
United States of America for BWR and PWR.

The difference in equipment costs between nxitlear and ooal-
powerod plants can be assumed - without fuel - as 35-40$ for
stations based on BWR or PWR reactors, 45-50$ for Magnox—typo stations
and around 60$ for Candu power plantst

Table II - based on information from the book by Andriot and
Gaussens referred to above - illustrates the difference in cost
breakdown between a nuclear 500-MW(e) plant (current French prices)
and conventional stations.



TABLE II
COMPARISON IN COST BREAKDOWN FOR TWO TYPICAL PLANTS

Items Cost breakdown ($>) for plants
operating ons

Coal OCR

Land and site improvement
Engineering and construction
Reactor
Moderator (graphite)
C02 circuit
Boilers
Steam circuit
Water circuit
Control equipment
Fuel maintenance installations
Turbo-generator
Electrical equipment

Total

17.1
8,6
-
-
-

33.3
4.2
5.6
3.3
6.4
14.0
7«?

100.0

19.6
9-2
22.4
12.2
27.8
-
5-6
6.4
6.9
12.5
14.0
8.4

145-0

5. FIXED ANNUAL CHARGES
The main cost components for the kWh are as followss
(a) Investment capital

Includes interest and depreciation, may include
taxes and insurance. Canambra Engineering Consultants
Limited quoted 9$ for interest rates in Brazil ,/~3_7«
The annual fixed charges on depreciable investment (a
little over 10$) can be obtained from this value of 9$
and the estimated lifetime of a nuclear plant (25 years).
Canambra puts the annual rate for thermal plants at 14$«
Insurance costs arc estimated at 0.8$ for nuclear plants
as against 0.25̂  for thermal stations (TIB-8531).
(b) Operation and maintenance of plant

Includes engineering,, inspections, salaries, social
insurance? fuel storagef maintenance of machines, etc*
Replacement costs for moderator ajmd coolant must be taken
into account (heavy water with. Oar<du reactors).
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(c) Nuclear fuel.

6. UTILIZATION (LOAD) FACTOR
The annual load factor or the mean annual utilization factor

of a plant is an extremely important item in any assessment of the
way in which fixed charges affect electricity costs. The greater
the number of hours a plant operates, the higher the utilization
factor. The utilization factor will also "be higher, the greater
the power supplied "by the generators during this time*

The fixed annual charges are considered "fixed" precisely
because they are considered independent of the number of kilowatt-
hours produced by the generators. The corresponding portion of
the total electricity costs is obtained by dividing the value of

. the fixed annual charges by the number of kilowatt-hours
generated in tha course of the year. Logically, the higher the unit
investment the greater has to be the total number of kilowatt-
hours produced if this cost item i«e not to be excessive.
7. FUEL AND THE TOTAL ENERGY COST

The total investment costs are relatively low in systems based
on expensive fuels (e.g. enriched uranium) and vice versa.

Other factors affecting fuel costs are burn-up, reprocessing
2'i'jcosts, plutonium and JJtJ credits, etc. Table III gives a com-

parative breakdown of costs. Assumptions are the same in all
three cases with respect to electricity production (500 MW(e)),
interest (9$ por annum), plant lifetime (25 years) and load
factor (80$). Data are subject to an error of 20$ or less, the
uncertainty being mainly caused by the variety of sources of
information, lack of exact data on burn-up, and unknown extent
of national participation.
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TABLE III
PRODUCTION COSTS

(a)
(at)

(D)
(c)

Items

Investment costs
First load

Sub- total
Operation and maintenance
Fuel consumption

Total cost

Breakdown of
in 500 Mtf(e)

0.
OCR

(Magnox)

3.19
0.49
3.68
0.71
1.40
5-79

costs of energy
plants and load
80 (mills/kWh)

HWR
( Candu)

3.36
0.55
3-91
0.61
1.01
5-53

produced
factor of

PWR or
BWR

2.61
0.76
3.37
0.47
1.56
5-40

Nuclear power costs are much, lower in large plants (500 MW (e))
than in smaller ones (50 MW (e)). There is little variation in plants
over 500 MW(e)..
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COMPETITION BETWEEN DIFFERENT SOURCES OF ELECTRICITY

I should like to begin "by expressing my appreciation to the Directors
of the Technical Division for Nuclear Engineering of this Institute for
providing me with this opportunity to comment on various aspects of the
problem of nuclear electricity costs.

In discussing nuclear power plants and their economic character-
istics in relation to thermal and hydroelectric plants, I shall be talking
as a specialist in the field and not as Chairman of the Nuclear Energy
Commission. Whatever comments I make will reflect my personal opinions
only and are not the responsibility of the Commission.

I should also like to stress the close correlation that exists
between the subject under discussion and the wider interests of the com-
munity. This is an important point and one which gives broader significance
to the discussion of what are essentially purely technical questions.
1. AREA OF COMPETITION

To persons interested in nuclear energy questions, and especially
administrators in the private or public sector, one of the most important
questions is the competitive status of nuclear electricity in relation
to electricity supplied from other sources.

In this connection "to compete" means to produce at an equivalent or
lower cost. Nuclear plants will be particularly attractive, and even
preferable, whon they can supply power at costs lower than conventional
sources, e.g. water and fossil fuels.

In many European countries and in the United States, the competitive-
ness of nuclear power is generally considered purely in comparison with
thermal plants operating on coal or mineral oil, sinco such plants are
predominant in those countries. This is not the case in Brazil and
other countries where the bulk of the electricity produced comes from
hydroelectric plants. Table I shows the distribution of installed
generating capacities as between the two types of plant in various
countries. The data shown are basod on information from the Union
Internationale des Producteurs et Distributeurs d'Energie Electrique

fwhich was published in the periodical Aguas e Enorgia Bletrica No.47 by
the Brazilian Council for Water and Electrical Power in March 1964-
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Table I

DISTRIBUTION OF INSTALLED CAPACITIES

Country
Total power
per country
in 1961
(MW)

Federal Republic of
Germany

Australia
USA.
France
India
United Kingdom
USSR

Austria
Brazil
Canada
Spain
Italy
Japan
Norway
Sweden
Switzerland

27 254
6 314

197 923
21 272
5 580
36 832
73 921

4 269
5 172
23 035
6 992
17 086
23 636
7 117
9 640
5 840

87.5
75-7
81.5
92.3
66.5
95-5
77-6

28.7
27.2
19.0
31.8
31-5
46.4
2.3
22»8
3.5

'Percentage of total capacity
for

Thermal Hydro(*> (*)

12.5
24-3
19-5
7-7
33.5
4-5
22.4

71.3
72.8
81.0
68.2
68.5
53.6
97-7
77-2
96.5

The following, more recent data, published in the same periodical(No.49j
1965), show the position in Brazil on 31 December 1964.

Table II
DISTRIBUTION OF CAPACITY AND PRODUCTION IN BRAZIL

Installed powor (MW)
Distribution ($)
Production in 1964 (lO9 kWh)
Mean annual load factor

Coal

342
5

1,061
•.354

Oil or gas

1,605
23.5
6,080
®.433

Hydro

4,894
71.5

20,728
• .484

Total

6,840
100

27, 869
0.466
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This country is mainly interested in the comparison of nuclear
plants with hydroelectric plants since the latter make up 71•5% of the
installed capacity. However, comparisons with conventional thermal
plants (coal and oil) are also important since they provide a basis
for selecting suitable alternatives in cases where a "thermal com-
plement" is required for a predominantly hydroelectric system.

It must be emphasized that cost is not the only criterion in
studies of this kind. Other factors that affect the interests of the
community must be considered, e.g. the development of new industries,
savings in foreign currency, the utilization of fuel reserves existing
in the country (coal, oil-refinery residues, uranium and thorium, etc.),
etc*
2. COMPARATIVE INDICES

The two economic indices normally used in comparative assessments
of this type are as follows?

1. The unit cost of the generating plant, i.e. the
cost of the installed kW;

2. The production cost, i.e. the cost of the kWh actually
produced for consumption. We shall follow international
practice and express the unit cost in US $/ktf and the
unit energy cost in mills per k¥h (mill = 1/1000 of a
dollar). This will avoid the difficulty of discussing
economic matters in terms of Brazilian currency, which
is still somewhat inflationary.

On the basis of the unit cost it is possible to make a direct
comparison between the investments required to set up a power plant in
cases where there are various alternatives. It is obvious that in
each case the investment required will correspond to the product of
the unit cost and the power to be installed.

The capital invested in a power plant has to be paid for and
recovered; it earns interest and it has to be reconstituted at the
end of the useful lifetime of the facility. The unit cost thus
provides a basis for assessing the "fixed annual charge", a determin-
ing factor for an important power-cost item. The higher the unit
cost, the dearer the power, all other factors being equal.
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Another important concept is the mean annual utilization or load

factor. This corresponds to the ratio (f) between the amount of
energy actually produced in a plant in one year and the theoretical
value obtained on the basis of the installed power (as given on
machine name-plate) if it is assumed that the plant operates continu-
ously throughout the year at full nominal capacity. If Q, is the
actual production and P the installed power, the load factor will be
obtained as follows?

f = Q(kWh)/P(kW) x 8?60 (h)
The 365-d calendar year has 8760 h. Some authors base their

calculations on a value of 8766 h, which corresponds more closely to
the mean astronomical year, but on the whole it seems preferable to
use the above formula as it stands and to introduce a value of 8784 h
for leap years.

Use is also often made of the number of hours (h ) that would be
©

equivalent to the actual production at full loads
h - 8760 f
©

A value of 7008 "equivalent" hours would thus correspond to a load
factor (f) of 0.8 or

As will be seen later on, the utilization factor is of considerable
importance in connection with the energy cost since the "fixed annual
charge" and other production-independent costs have to be divided by
the number of kWh actually produced.
3. INVESTMEHT COSTS FOR HYDROELECTRIC PLANTS

There is no direct relationship between the investment required
for hydroelectric plants and the installed power. The power available
from a waterfall is proportional to two factors!

- the flow (e>), which is numerically equal to the volume
of water drained per unit time 5

- the head (H) measured between the free surfaces of water
upstream and downstream of the plant.

If the flow is expressed in metres per second and the difference
in level in metres, the available powar (?) in k¥ is given approximately
"by the following formula, which assumos a total efficiency of 76«5$s

P = 7-5 -/>H
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Depending on the head of the water and the width of the passage
intercepting the water, there is thus liable to "be some variation in
the size of the different constructional items, e.g.

- dams
- headraces
- penstocks of different lengths, diameters and wall
thicknesses

- channels and regulation dams, etc.
It is also possible to "build either run-of-river plants, which

are constructed practically without water storage facilities, or
else plants including large reservoirs designed to control the water
flow over a period of one or more years. Projects of the latter
type often involve the flooding of vast areas and the construction
of secondary dikes to contain the water. A good example of this
category is the Furnas plant on the Bio Grande, which has a reservoir
with a volume of 21 z ICr cubic metres and a useful volume, above the
dam crest, equivalent to over 15 thousand million cubic metres; the

n
reservoir covers an area of 1350 km (water surface) and is more or
less V-shaped, with arms measuring 170-240 km.

Some idea of the differences in hydroelectric plant costs can be
obtained from Table III, which contains data reproduced, in simplified
form, from a report issued by CANAMBEA /~1_7« Some of the original
items have been consolidated and all costs have been converted into
dollars on the basis of the exchange rate indicated in the report*

The data refer to the plants at Furnas (Bio Grande) and Jupia
(Rio Parana), both of which are designed to have nominal powers of the
same order of magnitude after completion of all the installations
(1200 MW in round figures). The average water-drop values are 94»0
and 21.1 m§ at full load this is equivalent to flow rates of 1700 and
7600 m /soc, in round figures, respectively.
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Table III

COSTS FOR TWO SELECTED HYDROELECTRIC PLANTS

Total power (MW)
Number of units
Head, normal (m)
Type of turbines
Costs (millions of US $) for

Structures and improvements
Reservoir, dams, pipes
Equipment
Public works
Output substation
Civil engineering

Total construction costs
Land costs (compulsory

purchase)
Other costs

Unit cost (US S/kW)

Furnas

1152
8

94-0
Francis

9-9
60.3
16. 4a
0.7
4-7a

15-4

106.3

34.5
92.9
233.7
195

JupiS,

1209
16

21.1
K apian

26.4
26.5
61.2
1.4
0.74
7.8

124.0

4-9
95.6
224.5
186

T?hese figures have been altered to allow for an increase in
capacity from the present value of 864 MW (6 units, May 1965)
to the final value of 1152 MW (8 units).

In this particular case in spite of the differences in the costs of
individual items, the final unit costs are similar. The extent of
Brazilian participation is 80$ for the Furnas plant and 75$ for the
Jupici, plant.

The same Canambra report reviews various other projects with unit
costs ranging from US $115 to US $354 per installed kW. Some selected
examples are quoted /~2_7 in Table IV.
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Table IV

UNIT INVESTMENT FOR SELECTED ffifDRO PLANTS

Plants

Under construction
Bariri
Barra Bonita
Chavantes
Estreito
Fuma pa
Funil (rio Parai ta)
Graminha
Ibitinga

Under study
Aiuruoca
Caraguatatuba
Dois Irmãos
Funil (rio Grande)
Gambá
Igarapava
J aguara
Marimbondo
Pirajú
Rosal
São Miguel

Normal
capacity

(MW)

124
123
360
800
40
236
76
117

30
350
144
122

1044
150
532
768
83
110
56

Unit
cost

(US $/kW)

325
338
207
115
243
274
234
257

258
216
268
156
169
354
134
205
301
147
227

Table V gives estimated costs for projects undertaken between 1953
and 1958, after Robock /~3_7-
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Table V

ESTIMATED COSTS FOR PROJECTS UNDERTAKEN
BETWEEN 1953 AID 1958

Project

CEMIG (Cajuru, Camargos,
Gafanhoto, Itutinga,
Salto Grande)

Euclides da Cunha
Funil (Bahia)
Paredao (Amapa)
Paulo Afonso (1st stage)
Peixoto (Minas Gerais)
Rio Bonito (Espirito Santo)
Salto Grande (USELPA)

Normal
capacity

(Mtf)

187
47
36
70
180
400
17
70

Unit
cost

(US $AW)

354
238
363
216
228
323
319
236

The data in the above tables show clearly, as was to be expected,
that the unit costs of hydroelectric plants, depending as they do on a
large number of individual factors, are subject to a considerable
variation.
4. INSTALLED AND FIRM POWER

River flows are not uniform. It is possible to study the variations
occurring in the course of a year and to repeat the observations for
successive years. Canambra collected data relating to the main rivers
of South-Central Brazil (rics Grande, Tiet§? Paranapanema, Sao
Francisco, ParaiT»a) between 1951 and I960, The driest cycle was
observed in the region in 1954-55? when the mean annual flow rate for
these rivers was only 62$ of the average figure for the whole period
(1931-60). In another dry period in 1934? the average flow rate
dropped to 76$.

The "firm power" of a plant is defined as the power which is
available for 100$ of the time in question and which enables the
installations to supply all the power corresponding to certain given
conditions (e.g. a given load factor equal to iinity or less). In the
case of run-of-river plants without reservoirs? the firm power for
each day varies from one period to another depending on the flue-
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tuation in the available stream flow. If a period of many years is con-
sidered, the firm power corresponds to the minimum flow of the driest
period.

The firm power of a hydroelectric plant is generally lower
(sometimes considerably lower) than the installed power, which is almost
always designed for a higher flow than is observed during a dry period.

There are two ways of making sure that the power available will be
higher than the minimum imposed by the low flow rate available during
the dry periodss

(1) Reservoirs can be provided to store water in basins
upstream of the plant. If the impounded volume is
high enough above the minimum level required for
plant operation, the firm power can correspond to
the average stream flow over a number of years. Flow
control over several years can then be assured.

(2) A thermoelectric plant can be sot up to provide the
supplementary power necessary in dry periods.

Both solutions cost money and the problem is to decide which one is
most suitable in each specific case. When a decision is taken, a firm
value is adopted for the power, for example, 80$ of the nominal power for
which the machinery is designed.

It is obvious that a thermoelectric plant need not be set up specific-
ally to "make firm" the power of a hydroelectric plant or systems it can
simply be one of the various sources used to feed a power network.
5. INVESTMENT COSTS FOR CONVENTIONAL THERMAL PLANTS

In the case of thermal plants, the investment required to install a
given generating capacity is practically the same at different points in
tho same region. The unit cost in that region will depend almost
exclusively on the power of the units which make up tho total capacity
of the plant. Canambra has studied estimated costs, for South-Contral
Brazil, for two-unit 400-MW power plants operating on coal or oil
(Canambra report, Vol. 1, p. VI-2). On the basis of these data - due
allowance being made for tho relative variation which is observed in
costs as a function of plant capacity, e.g. in the United States of
America (Canambra report, p. VI-l) - the following table of probable
estimated values has been drawn up for South-Contral Brazils
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Table VI

UNIT COSTS FOR THERMAL PLANTS (US $/k¥)

Plant capacity
(Mff)

200
250
300
400
600

Coal

241
221
203
190
180

Oil

189
170
152
140
136

No consideration has been given to thermal plants of less than
200 M¥. The general tendency at the present time is towards the dis-
appearance of small plants in regions where operating stations are
"being linked with one another on a permanent basis by means of trans-
mission networks, constituting large integrated systems (of.
Canambra report, Vol. 1, p. VI-l).
6. INVESTMENT COSTS FOR NUCLEAR POWER PLANTS

As in the case of conventional thermal plants, the unit costs of
nuclear power plants decrease when the power of individual units or
reactors is increased (see Appendix)e

For the three reactor concepts which have already undergone
industrial-scale development abroad, the approximate unit costs for
Brazil (uncertainty of 10-20$ are given in Table VII below. The
data shown were obtained by interpolation on the basis of recent
estimates made by working groups associated with the National Nuclear
Energy Commission (CNEN).

Table VII
UNIT COSTS FOR NUCLEAR POWER PLANTS (US $/k¥)

Capacity of plant
(M¥)

100
200
300
400
500

Fuel charge (E/P)

OCR
(Magnox)

435
330
284
255
235
35

H¥R
( Candu)

530
393
328
292
270
40

BWR or
PWR

335
252
215
197
188
65
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It will "be seen that there has been a substantial decrease in

costs as compared to the 1962 CNEN estimate of US $417/kW for a
300-MW Magnox-type plant for South-Central Brazil. The present
figure (US $284/kW) represents a value of 62$ of the earlier
estimate. Apart from the installation costs proper (which range
from land and property to equipment costs), the initial investment
also includes the expenditure required for the first set of fuel
elements needed to start up the reactor. The cost of this "first
fuel charge" is considered to be approximately proportional to the
installed powers the proportionality factor for each type of
reactor is shown in the bottom line of Table VII (dollars/kW).
7. BREAKDOWN OF PRODUCTION COST

In general the costs of the power produced by any type of plant
and transmitted to a consumer area can be considered under four main
headings;

(a) the "fixed charges" on the invested capital, i.e.
payment and depreciation costs in respect of the
capital invested;

(b) maintenance and operation costs, including insurance,
replacement of components, etc 5

(o) fuel costs (except in the case of hydro plants,
where water corresponds to the fuel used by
thermal plants)5

(d) the cost of conveying electricity along trans-
mission lines.

How is each of these items worked out? It might be imagined
that complicated calculations are necessary. As will be shown below,
the problem is not so very difficult.
8. INVESTMENT CHARGES

This involves two items, interest and depreciation, which are
generally considered for each year of plant operation.

According to the Canambra report (Vol. 1, pp. IV-1 a 8), an
annual interest of yfo would be a typical rate for capital raised in
Brazil, allowance being made for the inflationary correction required.
Since imported materials and outside capital may be involved, it is
necessary to reckon with an annual interest rate of 6fo, plus guarantee
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oosts, in respect of foreign capital.
If C represents the capital invested, the annual interest rate

will obviously be A.. = Cj, j "being the interest rate expressed as a
decimal fraction (for example, j = 0.09 for 9$ per annum). The
capital C corresponds to the total installation cost of the plant,
plus the interim interest due during construction. The actual invest-
ment (C) should therefore refer to the date on which the plant is
brought into operation for the production of power (see Appendix).

Depreciation costs should not as a rule be confused with amort-
ization of loans contracted with a view to obtaining investment
capital. These are in principle two distinct financial operations!
they may or may not be identified with one another.

Depreciation corresponds to the reconstitution of the capital
up to the end of the useful lifetime of the plant. This is assumed
to be done by means of the annual setting aside of a fund represented
by equal contributions (A?). Each contribution is imagined to be set
aside at the end of the year in question, the interest due being
capitalized each year from then on to the end of the useful life-
time of the plant. The sum of these contributions, plus the respective
interest", should make up the total of the original investment (C),
without the other interest, which is paid annually under the heading
of A.., considered earlier (see Appendix).

The annual charge relating to the invested capital is the sum of
two terms8

A = AI + A2
If ono assumes 75$ Brazilian participation at an interest rate

of 9$ per annum and 25$ foreign participation involving a 6$
interest rato and various other financial conditions (as indicated in the
Appendix), one obtains for a 50-yr useful lifetime (for hydro plants):

A = 8.92$ C
Assuming 50$ Brazilian participation, 25 yr of useful lifetime

(thermal plants) and all other conditions as above, one obtains*
A = 9«73$ C
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Finally, it should "be noted that each installed kW generates
an energy equal to 8760 f kWh, f "being the mean annual load factor.
If the installed power of the plant is designated as P, the kWh cost,
relating solely to the investment, will bes

a - A/P (8760 f}
This cost item (a) is always inversely proportional to the mean

annual load factors the higher the value of f, the greater the use
made of the invested capital and the cheaper the power produced.

Another cost item associated with the investment cost of nuclear
power plants is the immobilization of capital corresponding to the first
nuclear fuel charge, which is renewed during the operation of the reactor.
Some authors consider this item in conjunction with the fuel consump-
tion cost. In the present discussion the first charge is considered
as part of the investment so that there is a supplementary cost item,
the payment of interest and depreciation on the first charges

a' » A'/? (8?60 f)
Assuming again 50^ Brazilian participation in the fabrication

of the fuel elements and 25 yr of useful lifetime, one obtains?
A' = 9.73/0 E,

where E is the cost of the first charge.
Thus, on the basis of the assumptions that have been made?

a' = (9-73) (B:P)/8760 f
The values for the ratio EsP are shown in the last line of Table VII
for various reactor types.

There is a similar cost item for conventional thermal plants,
namely the cost for storage of the fuel kept in permanent reserve to
ensure an adequate supply for boilers.
9. OPERATION AMD MAIMTEMttCE

Operation and maintenance costs (item b in breakdown of costs
as shown in section 7) include plant supervision costs, salaries
(engineers, technicians, workmen), social insurance, replacement of
components, maintenance of machinery, insurance, taxes, etc. In the
case of nuclear plants, allowance has to be made for the partial
replacement of moderating materials and coolant fluids, whenever they
are expensive (e.g. heavy water, C02, molten sodium, etc.).
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To simplify the calculations, all these operation and maintenance

costs are generally considered as also constituting "fixed" annual
charges, as in the case of the expenditure relating to the payment for
and the reconstitution of invested capital. In actual fact some of
this expenditure varies with the rate at which the machinery is
utilized, i.e. with the load factor. The variations involved are,
however, small as a percentage of total expenditure and they can be
ignored in the interests of computational simplicity. A fixed estimated
value (B) is adopted for the annual operation and maintenance expend-
iture? the corresponding cost item is obtained in a similar fashion to
the previous item (a) relating to the investments

f x 8760
In the case of conventional plants, a value corresponding to 0.15$ of
the investment cost of the actual plant (excluding, for example, dams
and other civil engineering works in the case of a hydro plant) is
adopted as part of the annual charge for the replacement of components.
For the other operation and maintenance items an annual expenditure
of 1-2$ of the same investment cost is adopted.

To give an order of magnitude, B = 10-20$, A, so that finally?
b = (0.1 - 0.2)a .

With nuclear power plants the costs are a little higher and have
to be estimated on a case-to-case basis, particular attention being
paid to the reactor type used.
10. FUEL CONSUMPTION COST

The point has already been made that in hydroelectric plants
water plays a similar role to fuel in thermal plants but it costs
nothing.

With thermal plants, the fuel cost is obtained by multiplying
the quantity burned by the unit cost of the material. The cost is
practically proportional to the quantity of energy produced (Q)S

C = kQ
The corresponding cost item for the k¥h is obtained of course

by dividing this value by Q. This yields a constant unit cost for the
power plant in question, this value being independent of the
production and consequently of the annual load factors

o = C/Q. = k = const
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This constant cost varies with the type of installation, the
type of fuel and with the cost of the latter in the area in question,
inclusive of transport to the plant and other essential expenditures.
If H = the energy power of the fuel (in, say, kWh/kg), X = cost of
fuel in the area concerned ($/±), and r = total plant efficiency in
converting the latent energy of the fuel into electricity, then

Xk = TT-Hr
"»

With the units used, this unit cost will "be expressed in mills/k¥h.
The following values would apply, for example, to the imported

Bunker oil used in the coastal area of South-Central Brazils
H = 12.2 k¥h/kg (equivalent to a calorific power of 10 $00 kcal/kg),
X = US $19«4/t (Canambra report, Vol. 1, p. 6) and r = 0.30.
Consequently k = 5*30 mills/klh.

Similar considerations apply to nuclear power plants except that
the nuclear fuel cycle must "be regarded as a closed one. After a
certain period of operation in the reactor core, the active material
has to be reprocessed to permit utilization of the unturned fissile
element (i.e. which has not been subject to fission) and possibly to
separate out the new fissile materials formed (e.g. the plutonium
formed from uranium-238 or the uranium-233 formed from thorium). These
separation operations entail expenditure that is approximately
proportional to the quantity of fuel burned in the reactor from the
start of steady-state operation.

It would be beyond the scope of the present paper to discuss the
methods used for estimating the fabrication cost of the fuel elements,
plus reprocessing costs and minus the value of the plutonium or
uranium-233 formed. It is, however, possible to quote a fuel cost
(or at least give an estimate) for each type of fuel (e.g. metallic
natural uranium, uranium oxide, enriched uranium, etc.) for a
particular country; this is generally expressed in terms of cost per
kg of fissile material contained in the complete fuel element• The
unit values of tho items that have to be calculated (reprocessing and
plutonium or uranium~233 credit) are also available*
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If reprocessing costs and credit on recovered fissile materials

are ignored, it is not difficult to work out the fuel consumption cost
using an adaptation of the formula considered earlier. Thus, X would
denote the cost at the plant site of the "fuel elements", i.e. the
elements containing the nuclear fuel which are introduced into the
reactor core (X is generally expressed in dollars per kg of material -
e.g. uranium - contained in the element); this price includes the whole
industrial fabrication process plus the cost of the fuel itself. H
would correspond to the burn-up, i.e. the rate at which the energy-
is extracted from the fuel in the reactor when it is utilized? r
would represent the overall efficiency of the installation in con-
verting the energy in the fuel into electricity (the value lies
between 0.28 and 0.32 in modern nuclear power plants). Since the
burn-up is generally expressed in M¥d/t, the equation is normally
written as follows?

X
k " 24B? '

In the above equation, B is the burn-up (in MWd/t) and 24 is the
number of hours per day. If X is expressed in dollars per kg, tte
unit cost k will be expressed in mills per kWh.

In the above formula, it is assumed that the cost of the first
fuel charge is assessed as part of the investment cost of the plant.
It is also assumed that there is a steady-state fuel cycle, i.e. that
the fuel elements are replaced by new elements as they are burned up
(at the rate B mentioned above).

There are other computational methods that are perhaps more
precise in certain respects but they are also more complicated. They
will not be discussed in the present paper.

To give a concrete example, if in a Magnox reactor X - US $35/kg,
B = 3500 MWd/t and r = 0.29, the resultant cost would be k = 1.44
mill/kWh.
11. TRANSMISSION COSTS

Thermal power plants can be located very near consumer areas so
that the electricity transmission costs are almost insignificant. The
k¥h cost may be increased by the cost of transporting the fuel to the
plant and, for the purposes under discussion, this would be included
in the calculation of the unit cost of the actual fuel. Prom this
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point of view nuclear plants show a clear advantage over conventional
ones since nuclear fuel has a high concentration of energy and can "be
transported much more cheaply than fossil fuels. Table VIII gives
examples of energy densities (approximate mean values) in relation to
the total latent energy contained in the materials listed.

Table VIII
ENERGY DENSITIES

Fuels

Natural gas
Coal ( anthraoi te )
Bunker oil
Natural uranium (only 5l
2$ enriched uranium ( only

kWh/kg

1.43
8.0
12.2

I) 19.9 million
235U)57.0 million

kWh/dm3

1.14 thousandths
12.8
9.8
372 million

1066 million

For natural and enriched uranium, the figures in the table refer
2̂ 5only to the energy from the fission of the U isotope.

In the case of conventional thermal plants the question is liable
to arise as to whether it is cheaper to transport fuel to the consumer
area, where the plant could be situated, or to transmit the electricity
produced in a plant situated near the coal mines, oil refinery or fuel-
entry port. With nuclear power stations there is no problem. Fuel
transport is so cheap that the nuclear electricity stations car be
located either near the consumer centre or else at the most suitable
grid insertion point.

The location of hydro plants is of course dictated by the natural
conditions of the river or basin whose hydraulic potential it is
planned to utilize. The station often has to be situated a long way
from the consumer area and the question of costs for the transmission
of electricity inevitably arises.

Transmission costs are made up of two items 5
(l) interest and depreciation of the investment made in
the construction of the line (land, masts, towers, wires,
insulating units, etc.)?
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(2) expenditure produced by line losses (heating of wires,
"corona" effect, insulator leakages, etc.). This can "be
expressed as d(investment) + d'(losses).
Strictly speaking, account should also "be taken of the cost of

checking and maintaining transmission lines. However, this is an
extremely unimportant item in comparison with the two already
mentioned and it can "be ignored in estimates of this sort.

The fixed charge for the capital invested in the line is cal-
culated in a similar way to the charge due on the investment of a
power plant. Assuming a useful operational life of 50 years and a
rate of interest of 9$> cm© obtains the following expression for the
kWh transmission cost (excluding losses)?

d = 9.129& T/P (8?60 f),
where T represents the total investment in the line (in dollars or
mills) and P the power transmitted (in k¥).

Costs attributable to line losses have to be estimated in each
individual case, allowance being made for the physical character-
istics of the line and the electricity transmission conditions.
This item (d1) can be calculated directly once the percentage of
the line losses is known. For losses of 10̂ , the costs will increase
by about 10$, for losses of 5$ they will go up about 5$» etc. If
p represents the fraction lost, then a more accurate calculation of
d1 is given by the following equations

d1 = p(a + b + c + d)/(l - p)
As for the investment cost (T), it is known that qualitatively

this increases with the distance of the line and the quantity of
power transmitted. The line characteristics will bo established for
each project mainly as a function of these two parameters (distance
and power). One of the quantities to be established is the voltage^
this is worked out for example by means of the Still formula. I
shall not discuss any details of this problem here. I shall merely
point out that for tho linos so far built or planned in Brazil the
investment costs correspond to "unit" values which generally lio
within the following range;

Y . US $65-95/(km MW)
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This value includes the cost of the stabilizer-compensators used for
controlling the reactive powers this is generally done by means of
groups of capacitors (in series on the line).

Under special conditions costs can "be higher or sometimes lower
than these extreme values, which nevertheless are applicable to the
vast majority of normal casess distances of 100-700 km, powers of
200-1200 M¥, voltages (effective value in 3-phase lines) of
120-500 kV.

If this "unit" cost is introduced into the above formula, we
finally obtains

d = (9.12$)YL/8760f
In this formula L represents the line length (in km) and Y its

unit cost (in dollars per km and MW); the cost is thus expressed in
mills/k¥h. For example, if L = 410 km, Y ~ US $91/(km MW) and
f = 0.80, then d = 0.49 mill/k¥h. If one assumes a line-loss value
of 10^ and a total cost (with the exception of the losses) of
2.50 mill/kVh, for the same f = 0.80, then d1 will be equal to
0.25 mill/kWh and the transmission cost will be

0.49 + 0.25 = 0.74 mill/kWh .
12. BASIC COMPARISONS

The total cost of the energy produced is the sum of the various
items considered above?

e = a + a' - f b + c + d + d'
At this point it is possible to compare the costs for a number

of different power plants. Although in actual fact power plants
operate at different mean annual load factors, it is necessary for
the purposes of this first comparison to assume that all the plants
operate at the same f, e.g. 0.80. Later on we shall discuss the
influence of this load factor.

In the examples of Table IX all tho plants are acquired to bo of
the same capacity, i.e. 500 M¥(e). The specific assumptions made
for these examples are presented below.
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Biydroelectric plants

Let us consider three typical casess
Case 1. A plant with a specific cost of US $141/kW,
i.e. the estimated average cost assumed by Canambra
for all the new hydro plants to be built by 197°
in South-Central Brazil. The energy cost relates to
the plant site.
Case 2. The same plant but with power transmission
over a distance of 300 km along a line costing
US $80/(km. MW)jline losses, 10$.
Case 3. A plant with a unit cost of US $250/kW
with transmission as for case 2.

The results are shown in Table IX in mills/kWh.
Table IX

HYDRO PLAKTS WITH LOAD FACTOR OF 0,80

Items of breakdown
Unit cost (US S/kW)
a Investment
b Operation and

maintenance
c Fuel
d Transmission (300 km)
d1 Line losses (lO?°)

Total (mills/kWh)

Conventional thermoelectric

Case 1
(141)
1.96

0.30
—
-
-
2.26

plants

Case 2
(141)
1.96

0.30
—

0.31
0.28
2.85

Case 3
(250)

3.47

0.52
—

0.31
0.48
4.78

Let us consider three other casess
Case 4« A 500-MW plant using imported Bunker oil.
Basic prices US *19«4/t (Canambra report, Vol. 1
p. VI-10).
Calorific powers 10 500 kcal/kg = 12.2 k¥h/kg.
Cost of heats 46.7 cents/million Btu =1.85 mills/thermal
unit (thermie).
Unit cost of plants US $138/kW (nominal electric). It
is assumed that the auxiliary installations at the
actual thermoelectric plant will consume 5$ of the

»
nominal power.
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Over-all efficiencyi 0.30, i.e. 3.98 kWh (net)/kg
oil or, expressed differently, 342 grams of oil per
horsepower hour»
Case 5. A 500-MW plant, situated in Tubarao,
Santa Catarina.
Fuels Brazilian "steam coal".
Basic prices US $9.10/ton in the vicinity of the
mines (C anambra report Vol. 1, p. VI-4).
Calorific powers 5650 kcal/kg =6.5? k>Ih/kg.
Cost of heats 42 cents/million Btu =1.67 mill s/thermie .
Unit cost of plants US 8l85/kW (nominal electric),
assuming a consumption of 6fo of nominal power for
plant auxiliary installations.
Over-all efficiency? 0.296, i.e. 2.07 k¥h
(net)/kg of coal, equivalent to 658 grams of coal
per horsepower hour.

A

It is assumed that the electricity is transmitted to Sao Paulo
along a 700-km line (operating at 400 kV), costing US $86/(km Wit) and
operating with line losses of

Case 6. The same plant as above (No. 5) tut "built
at Sao Paulo or Rio de Janeiro, where the same coal,
including transport from Tubarao, would cost US $l8.34/t
(Canambra report, loc. cit.), i.e. 82 cents/million
Btu = 3.25 mills/ thermal unit. Table X sums up the
results, expressed in mills per kWh, with a
probable approximation of

Table X
CONVENTIONAL THERMAL PLANTS

500 MW, ANNUAL LOAD FACTOR =.0.

Items of breakdown

a Investment
b Operation and maintenance
c Fuel (consumption)
d Transmission (700 km)
df Line losses (10$)

Case 4
(oil)
2.02
0.37
5.30*
-
—

Case 5
( coal )
2.74
0.45
4.69
0.78
0.96

Case 6
( coal )
2.74
0.45
9-45
—
_

Electricity cost
(mills/kWh) ' 7.69* 9.62 12,64
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*If use were made of Brazilian Bunker oil costing 2/3
the price of imported oil, item c would drop to 3.53 and
the total cost would decrease to 5«92 mills/kWh.

Nuclear plants
Let us consider three cases of plants all situated near a consumer

area and having an installed power of 5°0 MW(e)s
Case 7- GCR plant (natural uranium, graphite, COp).
Case 8. HWR plant (natural uranium, heavy water).
Case 9- BWE or PWR plant (slightly enriched uranium,
ordinary water).

The estimated costs are summed up in Table XI. It is assumed that the
Brazilian participation in the investment amounts to 50$ a*id that the
interest rate is 9$ per year.

Table XI
NUCLEAR PLANTS

500 MW, LOAD FACTOR =0.80
Items of breakdown

a
a'
b
c

Investment
First charge
Operation and maintenance
Fuel (consumption)

Total
(mills/kWh)

Case 7(OCR)
3.19
0.49
0.71
1.40
5-79

Case 8(HWR)
3.36
0.55
0.61
1.01
5-53

Case 9(BWR)
2.61
0.76
0.47
1.56
5.40

It is important to bear in mind that there is no single cost for
nuclear energy. The cost is a function of the reactor type adopted for
the power plant. Moreover, in view of the uncertainties with regard to
the basic cost of nuclear equipment in Brazil (reactor components, fuel
elements and nuclear materials, etc.), it is impossible to consider the
estimated power costs in the above table as entirely reliable. The
margin of error is about 10 or 15$« Within this range the final costs
are perfectly comparable and it is impossible to say at the present
stage which of the throe general concepts (OCR, HWR, BWR or PWR) would
be most advantageous for Brazil from the point of view of production
costs. There are a number of other relevant factors to be taken into
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considerations the size of the investment, savings in foreign currency,
the immediate or future utilization of Brazilian uranium and thorium,
the possibility of building up reserves of fissile materials for the
development of new technologies, etc.
13. INFLUENCE OF LOAD FACTOR

Given the approximations used so far in the present discussion, the
following remarks can be made?

(i) The cost of hydro power is always inversely proportional
to the load factor. The fact that there is no expendi-
ture on fuel means that the cost of the power is very
sensitive to variations in the load factors the cost
would be, say, 2.50 mills/kWh in the ideal case of
f = 1, 5.00 mills/kWh for f = 0.5. This general
observation holds true not only for the case of hydro
power produced in the vicinity of a consumer area but
also for cases where transmission lines link the power
plant to the consumer area, since all the cost items
(a, b, d and d1) include the factor f as divisor.

(ii) The cost of thermal power is less sensitive to variations
in the load factor. Item c (also designated as k in
some of our formulae) is constant, i.e. it is independent
of the plant production. The other items are inversely
proportional to f. It is interesting to note that the
more expensive the fuel the less sensitive the cost of
the power to variations in the load factor. This point
is illustrated in Table XII, which shows the values
corresponding to the various examples mentioned above.
To facilitate the comparison, a reference value of 1 or
100$ is assumed for the ideal case of f = 1. The Fig. 1,
which is based on these figures, illustrates the point
more clearly and provides a direct visual synopsis of
the problem.
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Table XII

VARIATION IH THE COST OP POWER WITH
THE ANNUAL LOAD FACTOR

Types of plants

Load factor (f) =

Any hydro electric plant
Case 4 - Oil-fired plant
Case 5 - Coal -fired plant (iQO km

away from consumer)
Case 6 - Coal -fired plant (TOO km

away from mines)
Case 7 - OCR plant
Case 8 - H¥R plant
Case 9 - B¥R plant

0.4

250

147

179

138
214
223
206

0.5

200

131

153

125
176
183
170

0.6

167
121

136

117
151
155
147

0.8

125
108

115

106
119
121
118

1.0

100

100

100

100
100
100
100

(00)

(o)
(69)

(49)

(75)
(24)
(18)
(29)

Consideration of the influence of the mean annual load factor is
important in any discussion of the way in which power plants should be
fitted into a network, i.e. in deciding whether a plant should
operate as a base-load or a peak-load station.

In a system in which hydro plants are predominant, account has to
be taken not only of the savings in fuels but also of the economy of
the water available in rivers and reservoirs. Any discussion of the
balance between various sources of power - either installed or planned -
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must relate to specific systems. In many cases it will be necessary to
have recourse to supplementary thermal energy with a view to "making
firm" the available hydro power and establishing a balance between
the reserves available during dry years and those available in years
when water is plentiful. As a general rule the power cost and its
relative variation with the load factor are fundamental factors.

Bearing in mind these two factors (absolute cost and its vari-
ation with load factor), we are now in a position to discuss briefly
the main problem at issue.
14, IS NUCLEAR ENERGY COMPETITIVE?

On the basis of the data in Table X and Table XI, it will be seen
that from the point of view of industrial electricity production,
nuclear fuel can already compete with fossil fuels, especially with
coal in South-Central Brazil.

At the present time the kWh cost for any type of nuclear plant is
thought to be about 5«6 mill for power plants installed in South-Central
Brazil. Moreover, it is probable that costs will drop during the coming
decades as a result of further technical progress and standardization
of components. An increase in Brazilian participation would also tend
to favour a reduction. Further improvements can also be expected from
the large capacities (several hundred MW) of future nuclear power plants.
Optimistic estimates put costs for these new plants at 80$ of present
costs. In the case of conventional plants the decrease in costs will
not be so marked since almost all the important technological advances
in connection with such plants have already been achieved.

The kWh cost applicable to home-produced Bunker oil (5-9 mill in
Case 4 of Table X) is at present of the same order of magnitude as
the nuclear kWh (estimated at between 5-4 and 5.8 mill, with a probable
error of less than 10$). However, the supply of such oil, obtained as
a by-product of Brazilian refineries, will be insufficient to meet
requirements. If imported Bunker oil has to be used, the cost of
electricity will be appreciably higher (7«7 mill).

As will be seen from Table X and a comparison of the relevant data,
coal is at a positive disadvantage in South-Central Brazil because the
"steam coal" at present available has to be obtained from Santa Catarina,
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or even further away. Even in the case of plants situated near mines
and supplying electricity to nearby areas, the cost of the kilowatt
hour (made up of items a, b and c of Case 5) amounts to about
7.9 mill. Thus, even under such favourable conditions costs would
be 35 or 5Q?° higher than in the case of nuclear power. As things
stand at the present time, however, it is still worth while using
"steam coal" from Santa Catarina, even though it costs more than
nuclear energy, since use of the coal provides a means of utilizing
fuel obtained from the production of metallurgical coke.

Coal will only really be able to compete with nuclear fuel if it
can be obtained at half the present cost, i.e. US $4«60/t (equival-
ent to 21 cents/million Btu =1.33 mill/thermal unit). On this
basis electricity in the area of the power plant would cost about
5.6 mill/kWh.
15. COMPARISON WITH HYDRO POWER

Finally, nuclear plants have to be compared with hydro plants.]One point in favour of the latter is that the transmission of electricity
via transmission lines is not very expensive for distances up to a few
hundred kilometres. Cases 2 and 3 in Table IX show that the total
increase in costs from transmission (investment plus losses) is of the
order of 20$ for a distance of 300 km. The expenditure involved could
be much higher for distances of many hundreds of kilometres and in cases
where very valuable land had to be acquired by compulsory purchase. The
main drawback of transmission lines is the possibility of sudden
interruptions in the power supply as a result of breakdowns in the
circuit or the wiros. While this latter eventuality is not very likely,
it always has to be reckoned with, particularly in cases where reprisals
have to be feared.

Let us assume a cost of 0.31 mill/kWh for item d relating to
investment (for a transmission line of about 300 km) and a value of 10$
for transmission losses. What maximum unit value must be assigned to a
hydro plant to ensure a kWh cost of less than 5.6 mill (estimated
average value of the nuclear kWh)? On the basis of a mean annual load
factor of 0.80, this value can be calculated as US $296/kW installed
(soe Appendix).
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This value of 300 km can be considered typical for the average
length of transmission lines in an integrated system in South-Central
Brazil.

On the whole, however, hydro plants operate at load factors of
less than 0.80. Canambra assumes a value of 0.59 for the present-day
and future hydro plants in the southern central region. If this is
the case and if the nuclear plants to be incorporated into existing
systems operate at a load factor of 0.80, then the competitive level
for hydro plants (operating at a load factor of 0.59) will be about
US $213/k¥ installed (see Appendix).

Thus, given the approximations and assumptions adopted for the
present study, this unit cost (US $213/kW installed) constitutes the
limit below which hydro plants will continue to be competitive with
nuclear plants.

A numerical value of this sort is obviously subject to a certain
margin of uncertainty (10 or 2Ofo). On the other hand it is based on
reasonable hypotheses and the order of magnitude ought to be realistic.
The important point to be borne in mind is that there is a definite
competitive limit.

As the examples in Table IV show, the hydro reserves in South -
Central Brazil are fortunately large onough to enable plants to bo
built at unit costs below this limit. If use is made only of those
examples listed in the table whose costs are less than US $213/kW, it
will be possible to double the present installed power in this region
(around 4800 MW). It is of course desirable that many other favour-
able cases should be discovered and studied. Nevertheless it will
be noted that Table IV also includes projects whose unit costs lie
above the limit indicated. These plants will produce electricity
at a more expensive rate than nuclear stations. It is essential
therefore to make an objective study of the rolo which atomic energy
should play in plans for future power plants in the southern central
region or in Brazil as a whole. Our conclusions on this point, which
are valid for the whole country, are set out below.
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1. In cases where supplementary thermal power is needed,
nuclear plants are advantageous and even more economical
than many conventional plants.
2. Nuclear kWh costs are competitive with hydro costs for
some of the projects at present being studied with a view
to the possible construction of a plant in the near future.
3. For these reasons alone nuclear power plants would
deserve close study at the present stage of development in
Brazil. Moreover, the construction of such plants would
contribute to the progress of our country in a variety of
ways, e.g. through the use of mineral reserves, the develop-
ment of industries, international prestige.
For all these reasons no time must be lost in embarking on work

on the first nuclear power plants in Brazil.
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APPENDIX*

6. COST OF BUCLEAR POWER PLANTS
The following rough empirical rule can be applied to the cost of

nuclear power plants. If P and P! are the installed powers in two
power plants and C and C1 represent the values of the respective
investments for reactors of the same type (both GCR, HWR, BWR, PWR)
and other reactors which have been developed to the industrial stage,
them

C/C' = (P/P<)°'7
Prom this it is possible to obtain the following equation for the

unit costs of the plants (U = C/P and U1 = C'/P1)s
TJ/U' = (P'/P)0'3

These rules are applicable to plants with powers ranging from
about 100 MW to probably 1000 MW. The following approximate ratios
can be quoted as being illustrative of a specific case:

Powers PsP1 = Is2
Specific costs UsU1 = Is0.8
Investments CsCT = lsl.6

8, IHVESPMENT CHARGES
(i) Interest during construction
Let CQ represent the investment capital as it would be if it

were applied altogether on one occasion. The capital actually invested on
the date on which the power plant is ready to,be brought into operation
is given bys

C = CQ(1 + t)
In this formula the term t represents the increase duo to the interest
earned during construction of the plant, since the investment CQ will
be made at intervals over a period of 3 - 5 years and possibly longer.
Depending on the duration of the work, the time schedule of purchases
of materials or equipment and the rate of interest, the increase t can

^Section numbers in the Appendix refer to the corresponding sections
of the main text.
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vary from 5 to 30$. If, for example, the interest rate is 9% a year
and the total investment (CQ) is applied in monthly instalments over
a period of four years, then t = 20.7$. If there are 48 equal three-
monthly instalments and the interest rate is the same(9$), then
t = 21.5$.

If the rate of interest is 6% a year and there are (equal)monthly
instalments over a construction period of four years, then t = 13«3$«

In cases where investments are made simultaneously at different
rates of interest, say 9$ (Brazilian capital) and 6% (foreign capital),
the values have to "be combined in the same proportion as the invest-
ments. If these same rates of interest apply over a four-year con-
struction period and the investments are made progressively in equal
monthly instalments over four years, one would obtains

- for 75$ Brazilian capital, t = 18.85$
- for 50$ Brazilian capital, t = 17.00$

For hydro plants the Canambra report (Vol. 1, p. V—8) suggests an
interest rate of 10$ on the cruzeiro cost and 6$ on the dollar cost
during one half of the construction period. On this "basis, t = 9«98
for a four-year construction period, 12.55$ for a five-year con-
struction period and 13«43$ for a six-year period. In all cases it
is assumed that Brazilian participation amounts to 75$«

(ii) Interest and depreciation
The annual charge corresponding to depreciation is calculated by

the formulas

where small n represents the useful life of the plant in years. It is
generally assumed that n = 50 years for hydro plants and 25 years for
thermal plants (conventional or nuclear).

The total charge A = A, + A_, so thats

1



-57-
Tables or direct calculations indicate the following values for

the second term of the above equation for an interest rate of 9$ per
years

n = 50 years (hydro) A/C = 9.12$ (hydro)
n = 25 years (thermal) A/C =10,18$ (thermal)

The above figures apply to investments based entirely on Brazilian
capital. In the case of contributions of foreign capital the calculations
have to be modified. Assuming, for example, a rate of interest of 6$
for the foreign capital, with payment in 20 years after a waiting period
of 5 years, and various additional guarantee costs (e.g. 2$ on sight,
a six-monthly discount of 0.5$ in the first 5 years and 0.25$ in the
remaining 20 years), we obtains

A/C = 8.33$ /"4_7
Given the above conditions and 75$ Brazilian capital, the a'nnual

charge for hydro plants (50 years depreciation) will bes
A/C = 0.75 x 9-12$ + 0.25 x 8.33$ = 8.92$

If the Brazilian contribution is 50$ for thermal plants, including
nuclear plants (25 years depreciation), we obtains

A/C . 0.50 x 10.18$ + 0.50 x 9.28$ = 9.73$
Introducing into the general formula the value P representing the

installed power, we obtain an annual charge per kilowatt as follows?

15. COMPETITION WITH HYDRO POWER
The competitive value can be worked out by means of the following

calculations
kWh cost ............... 5.60 mill
d1 losses (10$). ........... 0.56 mill
d line investment costs (f = 0.80) . . 0.31 mill
Subtracting (d + d') we obtain
for items (a + b). ......... 4.73 mill
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Assuming, as in the examples given in Table IX, that the sum of
the annual fixed charges (A + B) constitutes 11.2̂  of the capital
invested, we obtain for the unit cost of the power plant (load
factor 0.80)s

U = 8760 f (a + b)/11.2?£ = US $ 296/kW installed.
If a value of 0.59 is adopted for the mean annual load factor, the

calculation will be similar except that the term d will be 0.42 mill,
yielding 4.62 mill for the sum (a + b). The final result will bes

U = 8760 x 0.59 x 4.62/0,112 = US $213/kW installed.
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THE ROLE OP NUCLEAR POWER PLANTS IN THE
DEVELOPMENT OP A COUNTRY

1. RSASONS FOR INTRODUCING NUCLEAR POWER
Nuclear power plants oan contribute to the economic development of

a country in two ways - as generators of power and as stimuli for the
growth of new national industries. Some countries "build nuclear
power plants because other sources of cheap power are lacking. Other
countries engage in nuclear activities such as the production of
nuclear components and the purification of reactor materials before
there is angr immediate need for nuclear power in an attempt to plan
for future national requirements and to create a nuclear export industry.

A country can also import all or nearly all the components needed
for the construction of nuclear power plants. In this case the importing
country enjoys the benefits of facilities generating power without the
advantages of a national nuclear industry. Industrialised countries
generally find this solution undesirable save in exceptional circumstances,
for example in the initial stages of a nuclear programme or in the case
of specific nuclear components. Developing countries can also aim at
a phased introduction of nuclear energy and try to combine the advantages
of nuclear power production and the development of a national nuclear
industry.

Thus, in addition to the inherent advantages of nuclear plants as
sources of electricity there are various ways in which the establishment
of such plants can stimulate industry? namely through the use of nuclear
and other ores utilizable in reactors, the promotion of ore-exploration
activities, and the development of transformation industries.
2. WORLD SITUATION

All countries will inevitably tend to place increasing reliance on
nuclear power. The world's hy,dro resources will be fully utilized in
the not too distant future, perhaps even before the end of the twentieth
century, in some regions, and the world's economically utilizable
reserves of fossil fuels will be insufficient to meet energy requirements
beyond the first half of the twenty-first century.

It is expected that by the year 2000 the world1s annual energy con-
sumption will reach a level of 0.8 Q (Q = 252.2 x 10 * kcal), which is
equivalent to approximately 29 300 million tons of coal. If fully
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utilized throughout the year, waterfalls could produce about 0.05 Q>
i.e. a little more than 6$ of the world's requirements in the year
2000. The remaining 94$» if necessary to be met from fossil sources,
would represent almost 0.8̂  of the total economically utilizable
reserves. Obviously these reserves (about 95 Q according to the
World Power Conference in 1962) will have diminished considerably
by the year 2000: if no contribution were forthcoming from other
sources, such as nuclear power, solar energy, tides, etc., the value
would be about 82 Q. Thus, without the support of other sources of
energy, economically utilizable fossil fuel reserves would be
exhausted by the year 2040 (assuming continuation of the present
annual rate of growth in consumption of

Thus, it is clear that the world will have to rely more and
more on nuclear power. As far as each individual country is concerned,
the question is to decide (a) when it will need nuclear power, (b)
when it will meet more than 5P?£ of its requirements by means of nuclear
energy and (o) when it should embark on a nuclear power programme. In
this connection two sets of data might be given.

The first after Hartley *- —/is shown in Table I, which con-
tains a breakdown of energy consumption by different sources in 1961
(statistical data) and 1984 (estimates).

Table I
WORLD ENERGY CONSUMPTION AND ITS DISTRIBUTION BY SOURCES

World energy consumption (million tons
of coal equivalents) fors

1961 1984

Solid fuels
Liquid fuels
Natural gas
Hydro plants
Nuclear plants

Total

2175 (47̂
1393 (3$672 (15$360 ( 8£

3000
3500
2300
800
400

3°£°35/0
23$8$
4$

4600 (100$) 10 000 (100$)
This estimate indicates that the contribution of nuclear power,

insignificant in 1961, will constitute about 4$ of the total in 1984. The
12value of 400 million tons of coal equivalent corresponds to 3.2 x 10 kWh.

At a mean load factor of 0.8 for nuclear plants, the total power required
in 1984 will thus be 3-2 x 1012/0.8 x 8760 or 457 000 000 kW. At the
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present time about a quarter of the world's power consumption is in the
form of electricity. If this proportion is maintained in 1984 the
breakdown for electricity production by different types of power plants
will be as followss(Table II)

Table II
ELECTRICAL POWER GENERATION IN THE WORLD

Percentage for:
1961 1984

Conventional thermal plants 17 13
Hydro plants 8 8
Nuclear plants - 4

__________________________25 25_____
Another more recent estimate^- —'indicates that by the end of 1965 the

total installed nuclear power will amount to 6285 M¥ and by the end of
1985 to about 371 600 MW.

At present (1965) ten countries possess nuclear power plants. In
order of decreasing installed nuclear power they are: United Kingdom,
USA, Italy, TPSSR, France, Japan, Canada, Federal Republic of Germany,
Belgium, Sweden.

In accordance with the above estimates the position will be as
follows at the end of the next four 5-yr periods (countries again in
decreasing order of installed nuclear power):

1970 - India, Spain, Switzerland, UAR, Philippines, Pakistan,
Czechoslovakia, Holland, Yugoslavia (10 +9 =19)

1975 - Portugal, Denmark, Romania, Brazil, Argentina, Mexico,
Taiwan, Israel, Finland (19+9-28)

1980 - German Democratic Republic, Union of South Africa,
Austria, Bulgaria, Hungary, New Zealand (28 + 6 = 34)

1985 - Cuba, Puerto Rico, Malaysia (34 + 3 = 37).
Obviously each of these countries would increase its installed

nuclear power from one 5-yr period to the next. The following
estimate (Table III) is derived from Ref. /|/.
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Table III
INSTALLED NUCLEAR CAPACITY

Brazil
Canada
France
Federal Republic of Germany
India
Italy
Japan
United Kingdom
USA
USSR

Installed
1965

—
20
400
65
-
620
160

3 400
1 000
600

nuclear capacity (MW) for:
1975 1985

250
2 600
4 400
4 000
5 200
5 ooo
5 250
10 265
32 250
6 000

6 000
14 500
26 000
26 000
16 000
19 ooo
15 ooo
26 000

125 000
38 ooo

3. COMPETITION AND CO-OPERATION BETWEEN POWER PLANTS
When studies on the industrial use of nuclear energy were initiated,

it was realized that nuclear power might not be competitive with conven-
tional power for some time to come. Despite this a number of countries
embarked on large-scale programmes for the construction of power-plant
prototypes. Thanks to these efforts they succeeded in developing
various devices for the transformation of nuclear fission energy into
industrial heat, propulsion or electricity and, in so doing, they
were able to stimulate industrial development through the utilization
of thorium and uranium reserves, the generation of power, and the
establishment of new industries. The production of cheap power is
thus not the only factor in nuclear power planning.

The situation is now different from that in the early days, inas-
much as nuclear energy costs are constantly decreasing and in some
countries have even become competitive.

Electricity costs are not the only factor in the selection of
power plant types. In a country such as Brazil, for example, it
might be advisable to build a hydro plant in a certain area even
though costs might be high. Cost drawbacks can be offset by such
advantages as the establishment of a reservoir to control the
course of a large river, the assurance of regularity in the water
supply to a nearby city, provisions for irrigation, improvement of
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navigational conditions or even facilities for recreational activities.

Moreover different types of power plant should be regarded as
complementary rather than as rival sources of power. A nuclear or
fossil-fired plant can often be used in conjunction with a hydro
plant (thermal "complement") to achieve maximum use of available
resources. A good example of co-operation between different systems
is provided by the 17-MW HWR reactor Carolinas-Virginia, which has
been in operation in the United States of America since 1963 and
which operates in conjunction with and in the close proximity of a
hydro and coal-fired plant.
4. THE THRES KEY DATES

Each individual country must decide (a) when it will need
nuclear power, (b) when it will meet more than 50$ of its require-
ments by means of nuclear energy, and (c) when it should embark on
a nuclear power programme. The conditions affecting these three
decisions are discussed below.

The construction of nuclear power plants will obviously become
essential in any given country when conventional sources are no
longer able to supply power under reasonable economic and technical
conditions or when there are other powerful economic and technical
arguments in favour of using nuclear power. Hydro power utilization
will tend to reach a peak as greater use is made of available
resources. The power available from conventional thermal plants is
also limited by the quantity and quality of available national
and foreign reserves. Rising fossil-fuel costs and the preference
to use fossil fuels as industrial raw materials for plastics, etc.
also constitute limiting factors.

*

Inevitably nuclear energy will be the predominant source of supply
in the years ahead, at least between the end of the twentieth and the
middle of the twenty-first centuries, when new energy generation
processes may possibly take over. Nuclear power will be installed

ct
increasingly in each country and at/certain date it will account for
over one half the total power production.

In deciding when to establish nuclear power programmes, countries
must bear in mind that the elaboration of a power plant project can
take over a year and that actual construction and preliminary testing
require between 4 and 6 yr. Thus work should get under way at least
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7 yr "before the date when nuclear power plants can "be expected to
become necessary* In actual fact however even more time should be
allowed for the following reasons:

(1) Nuclear plants can be used in conjunction with hydro-
electric plants to reduce costs.

(2) A country might be interested in producing plutonium
or uranium-233 for use in reactors based on these fuels
or for studies in connection with weapons. These fuels
can only be obtained from operating reactors. Thus
the first reactors built in any country can be used
not only for electricity production but also for the
conversion of fertile into fissile materials.

(3) Dual-purpose reactors can be used to obtain fresh
water in arid areas.

(4) Ample time must be allowed for general technical pre-
paration and the creation of an industrial infra-
structure*

5. OTHER ASPECTS
Some countries have to import the materials, components and

know-how required for their first reactors. Subsequently, however,
the aim should be to reduce the foreign contribution and embark
on national nuclear activities. Decisions relating to fuel cycles
should be taken in the light of national resources} in the case of
Brazil account should be taken of the considerable reserves of
thorium available.

Once a country needs nuclear power plants, a good case can be
made for including reactor construction in its economic development
plan. The construction of reactors facilitates full-capacityv
operation of a country's heavy industry and stimulates industrial
growth. The creation of installations for the fabrication and
reprocessing of fuel elements tends to encourage the establishment
of new specialized industries. In this connection it should be
pointed out that the absolute value of fuel costs as an item in
kWh costs is much lower in the case of nuclear than in the case of
coal-fired plants, and that the fabrication of fuel elements
presupposes the availability of a whole series of sophisticated
industrial facilities.
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Thus, in addition to encouraging the effective use of national

ore resources, the construction and operation of nuclear power plants
promotes the development of the mining industries, creates new trans-
formation industries (particularly in the field of metallurgy) and
increases the opportunities open to the manufacturing industries
through the development of specialized "branches and the training of
qualified manpower.

Moreover, it is obvious that nuclear power plants also con-
tribute to national progress as sources of power. In this connection
it should "be recalled that nuclear electricity can already be
obtained at costs comparable to, and in some cases lower than,
electricity from conventional sources.

Brazil, as a rapidly developing country, cannot afford to
ignore the possibilities offered by nuclear energy. An objective
and determined approach must be adopted to the problem of drawing up
guidelines for a nuclear programme geared to the essential interests
of the country.
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NUCLEAR POWER PROSPECTS

1. NUCLEAR POWSii FLAK'1 S

The present position with regard to power plant construction
can be summed up as follows.

Table I
NUCLEAR POWER PLANTS*

In Under Total
operation construction

Number of plants 58 35 93
Installed electric power (lltf) 6 017 10 0?0 16 087

^Position as of September 1965* The table does not include projects
which have been decided upon but have not yet reached the
construction stage.

In addition there are at present about 80 nuclear submarines
and various nuclear-powered surface vessels, with a probable total
power of 1500-2000 MW(e).

The present trend is to construct larger plants? the average
power of the plants under construction at present, including prototypes,
is 300 M¥(o), i.e. three times higher than in the case of plants
already in operation. Examples of new large-scale plants ares
(a) Wylfa, Anglesey, United Kingdom - scheduled power of 1180 MW(e)
(800 M¥ to be installed by 1967), to be completed in 19685
(b) "JDungeness B", United Kingdom - scheduled power of 1200 M¥(e)|
(c) second unit for United States Dresden power plant - scheduled
power of 715 MW(e) minimum to almost 800 M¥(e).

Nuclear plants on the whole serve the same purpose as con-
ventional thermal plants. Those could be listed as follows?

- To supply electricity to areas which do not possess
hydro resources and where, because of production
and/or transport costs of fuel, fossil-fired plants
would bo more expensive than nuclear plants?
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- To supply electricity in conjunction with existing or
planned hydro plants, it being sometimes necessary to
provide for a "thermal complement" for hydro plants in
order to be able to make optimum use of the water
available in the hydrographic basins concerned; in
some cases a nuclear plant can provide a more economic
thermal complement than a conventional one;

- To meet future requirements of power when all economically
attractive hydro resources have been exhausted;

- To build dual-purpose plants for power production and
desalination;

- To supply heat for industrial and domestic uses.
2. CONTRIBUTION TO ECONOMIC DEVELOPMENT

In addition to supplying electricity or heat for industrial purposes,
nuclear plants can contribute to the economic development of a country
bys

(i) The effective use of national nuclear deposits.
(ii) The promotion of industrial activities geared to the

exploration of such ores and to the production of
components required in reactor construction.

(iii) The creation of work for engineers, scientists,
technicians, workmen, management, operational and
maintenance staff.

One must also bear in mind the prestige value of a nuclear
programme and the indirect benefits accruing from such prestige.

The number of people served by a power plant in a given region
depends on the degree of industrialization of the region and the
standard of living there. Another important consideration is the
mean annual load factor. Table II gives the average
consumption of the electricity provided by a 1000 MW(e) plant.
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Table II
MEAN ANNUAL ELECTRICITY CONSUMPTION (kWh per capita)

WITH A 1000 MW(e) PLANT

Electricity consumption (kWh per capita)
for mean annual load factor oft
0.50 0.60 0.70 0.80

Population served
(No. of inhabitants)

1 000 000
2 000 000
5 000 000
10 000 000
20 000 000

4 380
2 190
876
438
219

5 256
2 628
1 051
526
263

,6 132
3 066
1 226
613
307

7 008
3 504
1 402
701
350

For example, in the United States of America the second unit of
the Dresden plant will "be able to supply electricity for 800 000
persons; indeed, operating at an effective power of 750 MW(e) and a
load factor of 0.80 it will produce 6580 kWh per inhabitant per year,
which is about the average consumption there. For South—Central
Brazil electricity consumption in 1965 is estimated at 432 kWh per
—yj. vu.. So a 750-MW(e) plant operating at a load factor of 0.65
would meet the requirements of 9 900 000 inhabitants
(750 000 x 0.65 x 8760 * 432) in that region.
3. REACTOR CONCEPTS

The expression reactor concept is defined in terms of the different
fuels, moderators, coolants, and techniques used for different reactors.
Each concept aims at providing a solution to the dual problem of
producing cheap electricity and utilizing nuclear fuel with maximum
efficiency. Procedures for reducing electricity costs are broken
down as follows: (a) Reduction of unit investment cost; (b) Reduction
of fuel preparation and reprocessing costs; (o) Increase in efficiency
of fuel utilization, which is also the second aspect of the problem.

Based on data taken from "Aguas e Energia TLletrica" No.49 Jan.-March
1965 and "Power Study in South Central Brazil", Canambra Engineering
Consultants Ltd., Vol.1, p.11-22.
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Because of their ability to transform fertile into fissile
materials, reactors are generally considered as sources of power as
well as producers of new fissile materials. The practical value
of a reactor concept has therefore to b© established with reference
to these two objectives? viz. the production of cheap electricity
and the effective utilization of fertile materials (which are
transformed into fissile materials). One or other of these objectives
can be of paramount importance in any particular reactor. Some
reactors produce relatively cheap electricity but utilize a com-
paratively small proportion of the energy latent in the fuel. On
the other hand, in the case of a natural uranium reactor used
primarily for the production of plutonium-239> "the operating con-
ditions necessary for this purpose increase the cost of the electricity
produced.
4. PROVM CONCEPTS

The development of a reactor concept proceeds by stages from a
small prototype to an industrial-scale reactor*

Most proven reactors are based on natural or enriched uranium
and their technical characteristics can be summarized as follows!

OCR. Known as a Magnox reactor in the United Kingdom and
graphite-gas reactor in France. The OCR concept was
developed and perfected in Prance and the United Kingdom
but was first used at the Hanford reactors built in the
United States in 1942 for plutonium production. Air was
originally used as coolant but later (1956) a technique
based on the use of C0_ was developed in France. The first
plants of this type were built at Windscale, United Kingdom
(195°) and Marcoule, France (1956). GCR plants are attractive
because they are based on natural uranium. They are however
very big and require considerable investment. One drawback
is that they do not react rapidly in response to sudden
variations of grid load. On the other hands the reactor
can be refuelled during operation and the basic materials
are relatively easy to obtain. One ton of natural uranium
would theoretically release a maximum of 810 000 to 870 000
MWd if all the 235U atoms and the plutonium from the 238U
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atoms underwent fission. The present burn-up is 3500 MWd/t,
i.e. 0.4$ of the theoretical value. It is hoped that it
will be possible to improve the burn-up in the future.
BWR^andJPWR. Developed in the USA and USSR. Originally
used for submarine propulsion by the USA, the pressurized-
water concept was the first system ever used for producing
nuclear electricity on an industrial scale. The first land-
based nuclear power plant was built in the USSE (Obninsk,
1954) and was based on this concept. These reactors are
more compact than the GGR variety and respond readily to
load variations. Unit investment is lower but ths fuel is
more expensive. Water reaches the turbines at only 240-290 G?
which means that the over-all efficiency (26-30̂ ) is less
than in the case of conventional thermal stations. For
refuelling the reactor must be shut down.
HWRo First developed in Canada and then Sweden. The first
such industrial reactor is scheduled to go into full-scale
operation in the middle of 1966 at Douglas Points Ontario,
Canada. Many countries have shown interest in this type of
reactor which is attractive both from the point of view of
power production and fuel utilization. Because of the com-
plexity of installation and the high pries of heavy water
(approximately $53 per kg) initial investment costs are high.
GCR, BWR and PWR reactors can be purchased by fixed-coste

turnkey contracts, which include operational guarantees. These
reactors release a relatively small fraction of the latent energy
of the fuel but they can produce electricity at a reasonable cost
and. in some countries they can even compete 'with conventional
thermal or hydro plants.

Information on the present position with regard to nuclear powar plants
*/is given in Tables III and IV.-'

*7~-/ Based on information contained in International Atomic .Energy
Agency Bulletin, Vol.7, Efa.3j Septa 1965? pagea 37-41.



-71-
Tabla III

DISTRIBUTION OP NUCLEAR POWER PLANTS
ACCORDING TO REACTOR TYPE

Reactor type

GCR
B¥R
PWR
HWR
Others

Number of plants?
In

operation

14
14
16
5
9
58

Under
construction

7
8
6
8
6
35

Total

21
22
22
13
15.
93

Install ed ;pqwer (Mi ellIn j Under j
operation (construction Total

2 974
927

1 784
156
176

6 017

i3 745 i 6 719
2 229
1 891
984

1 221
10 070

3 156
3 675
1 140
1 397
16 087

Table IV
NUCLEAR POWER PLANTS

Values of installed power (MW(e)) and number of
plants (in brackets), wherever this number
exceeds one, for plants?
In operation Under construction Total

GCR concept
France
Italy
Japan
United Kingdom
USA
Total

B¥R concept
Federal Republic

of Germany
Holland
India
Italy
Japan
USA
USSR

340 (5)
200
158

2 276 (7)

2 974 (14)

15

150
158
440 (9)
164 (2)

855 (2)

2 868 (4)
22

3 745 (7)

512 (3)
47380

1 090 (3)
200

l 195
200
158

5 144
22

6 719

527
47380
150
158

1 530
364

(7)

(11)

(4)

(12)
(3)

Total 927 (14) 2 229 (9) 3 156 (23)



Table IV (cent.)
In^paration Under construction Total

PWR concept
Belgium
France
Federal Republic

of Germany
Hungary
Italy
Spain
USA
USSR
Total

HWR concept
Canada
C zecho si ovakia
Bast Germany
France
Federal Republic

of Germany
India
Sweden
Switzerland
United Kingdom
USA
Total

Other concepts
France
Federal Republic
of Germany

United Kingdom
USA
USSR
Total

10
—
—
200
270
—
501 (9)
803 (4)

1 784 (16)

20
-
70_
—
40
9
-
17
156 (5)

_
—
42(3)133 (5)1
176 (9)

-
266
283—
-
140
837 (2)
365

1 891 (6)

203
150—
' 80
50
200
200
8
93-
984 (8)

20

13-
838 (3)350

1 221 (6)

10
266
283
200
270
140

1 138 (11)
1 168 (5)
3 675 ( 22)

223 (2)150
7080
50240 (2)
209 (2)8
93
17

1 140 (13)

20
13
42 (3)
971 (8)
351 (2)

1 397 (15)
5. OTHER CONCEPTS

Although proven concepts have the advantage of being practical and
even economical, they suffer from a serious disadvantage:- the
possibilities of reducing power costs and improving burn-up are limited.
Accordingly, advanced concepts have been and are being planned. Some
advanced concepts represent improvements on proven techniques, others
constitute completely new techniques.
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Preeent efforts are aimed at (l) improving the thermal oharaoter-
istics of the generating plant "by stepping up reaotor specific power
and steam temperatures at turbines, and (2) achieving a suitable
neutron economy with, a view to making fuller use of the fissile and
fertile materials. Advanced OCR concepts include (a) AGR and INCA
systems, which can be considered as developments of the OCR type,
and (b) the HTGR system, which virtually represents a completely
new concept. These three systems are discussed below*

AGR (advanced gas reactor). Conceived and built in the
United Kingdom (prototype at Windsoale). Operates on
slightly enriched (2.5$) uranium oxide instead of natural
uranium. This reduces unit costs and makes it possible for
heat transfer between fuel and CO. to be effected at higher
temperatures.
INCA ("incorpor§ combustible annulaire")* This reaotor type,
at present being developed in France, differs from the GCR
in the shape of the fuel elements. With the new elements
it should be possible to increase the specific power and
thus reduce the unit investment.
HTGR (high-temperature gas reactor). This concept is being
studied at present in the United Kingdom (Dragon prototype),
the United States of America (40 MW(e) prototype at Peach
Bottom, Pennsylvania), and Federal Republic of Germany (Pebble Bed AYE
reactor at Julich). Use of helium as coolant makes it
possible to produce high-temperature steam and achieve high
turbine efficiency. These reactors operate on a mixture
of enriched uranium and thorium oxides, the latter intended
for the production of Û. Thorium utilization will
probably be excellent with the HTGR; it can thus be considered
an advanced converter reactor.
There is still some disagreement in the definition of converter

and breeder reactors. The following definitions seem to corres-
pond to the general trend:
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Converter reactor - a reactor in which a fertile material is
transformed into a fissile material different in kind from
the fuel consumed.
Breeder reactor - one in which the fertile material is
transformed into a fissile material of the same kind as
the fuel consumed.

Certain other new concepts deserve mention:
MR family. These reactors are able to operate on either
the uranium or thorium cycles. They can produce electricity
at costs that are considered competitive. Utilization of
fertile materials is very efficient. With their attractive
thermal and neutron physios aspects these reactors are
among the most promising types for power production* Heavy
water is used as moderator and sometimes as coolant. If
heavy water is not used as coolant, it is necessary to
operate on slightly enriched uranium. COp, helium or
organic liquids can also be used as coolants. The choice of
coolant must be made on the basis of technical and economic
studies which consider the resources of the country concerned.
PWR family. Uses light water as moderator and coolant. This
concept has given rise to two new converter concepts, in which
the uranium cycle is replaced by the thorium cycle;
(a) 53CR (Spectral shift control reactor). The moderator

is a mixture of heavy and light water, the proportions of
which are varied during operation. The reactor operates
initially on a mixture of enriched uranium and thorium
oxides. The ^U is gradually replaced by the ^J
(produced by the thorium).

(b) SBH (Seed-blanket reactor). Light water serves as
moderator and coolant. Fuel elements - partly thorium
oxide, partly enriched uranium oxide - are arranged in
the core to guarantee optimum neutron-physics and thermal
conditions.

The ultimate goal in reactor technology at the present time is
the development of industrial-scale breeder reactors able to generate
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cheap electricity and produce more fissile material than they consume.
The attainment of this objective will constitute an important advance
in the performance of reactors conceived of as systems for the
transformation of fertile into fissile material. Once such
operating conditions become possible^ which it is hoped will be in
the not too distant future, power reactors will be able to produce
fresh nuclear fuel not only for existing power plants in a given
area on a "self-sustaining" basis but also for the new power plants
required to meet the growing demand for power in all areas.
6. COST ESTIMATES

Attention is drawn to previous articles by the author on th© subject
of nuclear power costs* The uncertainly in nuclear-power-cost estimates
in Brazil ranges probably from 10 to 20$. This is not an excessive
value in view of the fact that no such plants have actually been
built so far in the country and also in view of the margin of error in
connection with estimates for other projects outside the nuclear fi@ld«

The investment cost of a hydro plant does not bear any direct
relationship to the scheduled power and the unit cost varies with dam
sise, the extent of the area flooded, the type of turbine, etc. For
the new installations recommended by Canambra and approved by the
Steering Committee for Power Studies in South-Central Braail for
construction up to 1970, an average unit cost of 3141/k¥ - exclusive
of cost of transmission lines - has been adopted.

Table ¥ gives estimated unit investment costs for thermal plants
if built at the present time (1965) in South-Central Brazil,

TABLE ?
IMIT COSTS FOR THERMAL PLAHPS

Plant capacity (MW(e)) Unlt °°sts (US $/kw(e)) £°r thermal plantsoperating on;
Coal Oil OCR HWR BWR-PWH

100
200
300
400
500

(285)
241
203
190
185

(235)
189
152
140
138

435
330
284
255
235

530
392
328
292
270

335
252
215
197
188
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The unit costs for nuclear plants have been decreasing over the

past few years as a result of»
- simplifications in design,
- technological improvements in component production and
cheaper methods for obtaining various materials,

- standardization,
- better core and heat-transfer arrangements,
- repeated construction of a number of reactors according to
the same basic concept,

- increase in plant capacity ("economy-of-soale").
Plant capacity also affects the economics of oil- and coal-fired

plants, as shown in Table V, but this factor is particularly important
in the case of nuclear plants. At the present time, small nuclear
plants (40'- 100 MW(e)) cannot really be considered as economical
compared with conventional types of the same capacity (Report on
Nuclear Power Plant Costs and Operation, Canambra, June 1965? P«4)>

It is expected that oosts for nuclear plants will continue to
decrease; according to optimistic estimates, they may drop 2Qffo over
the next ten years.

Estimated construction costs for BWR-PWR plants are not much higher
than for coal-fired plants of the same capacity. In the case of OCR
and EWR plants, investment oosts are higher by 30 and 50$, respectively,
than for BWR or PWR systems. However, for the same energy produced,
fuel costs are lower with the former than with the latter, so that
the final kWh oost is about the same for all four types.
7. ELECTRICITY COSTS

Table 71 gives estimates for electricity costs* Repayment and
depreciation rates are based on the values given in the Canambra
report, which makes the following assumptions:

- useful operational lifetime • 50 years for hydro plants,
25 years for thermal, including nuclear, plants;

- participation of national capital • 75$ for hydro plants and
50$ for thermal plants (this seems realistic for the OCR
concept, but a value of 35$ seems more appropriate for the
three other concepts considered);

- annual interest rate = 9$ for national, 6$ for foreign capital.
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TAELE VI

PRODUCTION COSTS

Cost
breakdown

(US 8/kW) =

(a) Investment

Costs of energy produced (mills/kWh) in
300 MW(e) plants with a load factor of
0*6̂  operating on:
Hydro
141

2.40

Oil
152

2.74

Coal
203

3.70

OCR
284

5.35

HWR
328

5.70

BtfR-PWR
215
4.60

(b) Maintenance and
operation 0.37 0.50 0.61 1.05 0.91 0.66

(o) Fuel - (4.16)* (3.09)* 1.40 1.01 1.56
(d) Transmission 0.73 -

Total 3.50 (7.40)* (7.40)* 7.80 7.62 6.84

I "Explanation on figures in brackets is given further on in
this section.

N.B. (l) Load factor of 0.65 taken from Canambra report. This value
was adopted by Canambra for present and future hydro plants in
South-Central Brazil.

(2) In the case of hydro plants transmission lines having an
average length of 300 km and costing US $80/km KV are
assumed; this represents an investment of US $7 200 000.
Line losses are assumed to be 10$. Thermal plants -
including nuclear plants - are assumed to be situated
near consumer centres so that transmission costs and
losses would be more or less negligible.

(3) For nuclear plants the values for "(a) Investment" include
charges corresponding to the fuel charge in the reactor.

According to this table, the average cost for all four types of
nuclear plant is 7*40 mills/kWh. The differences between the average
and the individual values do not exceed 8fot which is less than the
margin of uncertainty assumed for the present estimates (10-20$). It
is thus impossible to say which of the four concepts will be able to
produce the cheapest electricity. The cost must be provisionally
assumed to be the same for all types, viz. 7.40 mills/kWh (300 MV(e),
load factor 0.65).
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To compete with nuclear power plants, conventional thermal

plants would have to produce energy at a maximum cost of 7*40 mills/kWh.
According to the author1s calculations, at a plant efficiency of 30$,
bunker oil and steam coal would have to cost US $15»2/t and US $6.1/t,
respectively! "t° achieve this* According to the Ganambra report the
actual cost of the bunker oil and Santa Catarina steam coal delivered
to Hio de Janeiro or Sao Paulo would be US $19«4/t and US $l8.3/t,
re spe o ti vely.

In South-Central Brazil nuclear power thus appears to be com-
petitive with power produced from fossil fuel. However, the situation
could change if a policy were adopted whereby bunker oil and steam
coal - both produced in Brazil - would be sold at less than the actual
production and transport costs* Of course, this would entail
increase in the cost of gasoline, lubricants and metallurgical ooke«

In the case of hydro plants there is also a maximum unit-
investment value above which the power produced would be more expensive
than the power produced by nuclear plants. Table VII gives the
relevant figures for various nuclear-plant capacities,, The top
series of figures assumes a load factor of 0.80 for the nuclear
plants (the most probable value)} the second assumes a load factor
of 0.65» The load factor of the hydro plants is assumed to be 0.65
in both cases.

TABLE VII
MAXIMUM COMPETITIVE LEVELS FOR HYDRO AHD HUCLSAR PLANTS

Capacity of nuclear plants (MW(e))
Maximum unit investment
(US $/kW) assuming a
nuclear plants of (0.(o.

for
load
80
65

hydro plants
factor for

50

540
645

100

405
495

200

315377

300

269
321

500

235
295

Brazil is fortunate in that it is still in a position to con-
struct hydro facilities which would cost less to build than the values
indicated in Table VII. On the other hand, many of the projects being
studied at present would require investments higher than those
indicated.

Thus, in South-Central Brazil nuclear power will be able to com-
pete with fossil-fuel stations if present costs are maintained, and
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also with hydro power in oases where unit-investment oosts are higher
than the values shown in Table VII. The greater the capacity of
nuclear power plants, the more competitive they will "be.

Finally, attention should be drawn to a number of factors
which will tend to reduce the oosts of nuclear power in the years
ahead:

(i) Installation
(a) Decrease in investment oosts - at present these

make up 55-65$ °̂  *ne total cost of the energy
produced.

(b) Higher steam temperatures at turbines.
(ii) Nuclear fuel
(a) Higher burn-ups.
(b) Better fuel utilization (more complete trans-

formation from fertile to fissile materials).
(c) Cheaper fabrication costs thanks to reduction in

treatment and reprocessing costs.
8. PESSIMISM OR CONFIDENCE

A recent paper *— -'presented at the American Power Conference
levelled a number of criticisms at nuclear power plants. The author
of this paper, a well-known engineering consultant, criticized
nuclear plants on the following grounds:

(a) Insufficient safety,
(b) Frequency of protracted shutdowns,
(c) Restricted siting possibilities,
(d) Absence of any real economic basis.

These criticisms are examined below,
(a) Safety

Accidents have occurred in nuclear facilities but, thanks to the
immediate measures taken, damage has been limited and in no case have
members of the public suffered injury. Other branches of industry, in
particular hydro plants and dams, also have their accident records.
T3xperience is steadily being accumulated with nuclear plants and the
safety position with regard to such plants is comparable with the
situation in other branches of industry.
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(b) Shutdowns
Some reactor types (BWE and PWR) do have to shut down during

refuelling. Others (GCH and HWR) do not. It is true that in the
first reactors used commercially, shutdowns longer than those anti-
cipated were necessary to enable defects to be corrected (Dresden)
or radioactive contamination to be dealt with (Yankee). It is,
however, reasonable to suppose that the duration of such shutdowns
will decrease as experience is accumulated. According to the
Canambra report, the shutdowns required for nuclear plants are now
comparable with those occurring with conventional plants, and
initial doubts voiced with regard to the ability of nuclear plants
to supply a base load have now been dispelled*

In any case, nuclear plants operate as part of larger networks
in conjunction with conventional thermal and hydro plants, and their
contribution to such networks is generally less than 10$ (Indian
Point in the USA contributes 3«8/& of its network's electricity, etc.).
Thus, it is not difficult to replace electricity from nuclear sources
in case of shutdowns. In the United Kingdom the contribution of
nuclear plants to networks is increasing*
(o) Siting

Nuclear plants cannot be located anywhere* The site has to
meet certain requirements, mainly technical. However, it is being
recognized that many of the restrictions imposed ten or fifteen
years ago were exaggerated.
(d) Economics

The economic aspects of nuclear power production are obviously
closely linked with the conditions prevailing in particular countries
and regions. It is clear that, as costs decrease, there are more
and more countries in which nuclear plants are able to compete with
fossil-fired or hydro plants.

In Brazil nuclear power can already compete with fossil-fired
stations (see previous section). The position with regard to hydro
plants is more complicated. In recent years intensive studies have
been made of the hydro potential in South-Central Brazil. Known
resources amount to 20 000 MW and some estimates are double this
figure. It is very likely therefore that many hydro plants
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can "be built at rates which would make even large-capacity nuclear
plants unattractive. If this is the case, there would be little need
for nuclear energy in this area in the near future, with the exception
of the nuclear plants required to supplement other power plants with
a view to making optimum use of the water available in rivers and
basins*

In other areas of Brazil the situation is different. There is
not the same abundance of water resources in the north-east, for
example, and the River Sao Francisco is hundreds of miles from the
more densely populated areas of the coast*

It seems that nuclear power will be required therefore at very
different times in different parts of Brazil. It will certainly be
needed in some areas in a few years' time, and it is vital to prepare
for that eventuality by embarking on the construction of a nuclear
industry in good time. Proper planning will ensure that full use is
made of Brazil's nuclear source materials.

Nuclear plants must not be built haphazardly in Brazil but as part
of a long-range plan geared to the general development of the country
as a whole. In this way Brazil's nuclear efforts will con/tribute to
national progress, prosperity and prestige.

REFERENCES
1. Ackerman, Adolf J. "Atomic Power Plants - What is wrong

with them?" American Power Conference, Chicago (1965).



NUCLEAR POWER IN SOUTH-CENTRAL BRAZIL

L. GROWTH AND DEMAND
The region of South-Central Brazil includes the states of Sao Paulo,

Rio de Janeiro, Guanabara and Minas Gerais. The most reoent power study
»as made by Canambra Engineering Consultants Limited^- -s This group
reported that the public-grid electricity output for the area in 1962 was
2.16 GW (average generation), with an installed capacity of 3*41 GW and
innual mean load factor of 63.4; an increase in power requirements for
L970 was forecast, corresponding to an average output of 5-37 G¥ and an
installed capacity of 8.3 GW. This forecast was based on an annual growth
rate of 11.9$ in generation. "The energy requirements have grown at an
average annual rate of 10.9$ since 1955? however, the present forecast is
based on the assumption of power being available as required, and hence
includes the suppressed demand resulting from existing restrictions in
generating and distribution capacity."

More recent information by Canambra leads to the following forecasts
(fable l), a provisional value of 0.65 being assumed everywhere for the
annual mean load factor:

Table I
ELECTRIC POWER REQUIREMENTS

Requirements for years
1965 1970 1975 1980 1990

Average generation (GWh/h)
high forecast
low forecast
mean forecast

Capacity to be installed (GW)

-
-

2.65
4.1

4.6
4.1
4.35
6.7

7.2
5-9
6.55
10.1

11.0
8.3
9-65
14-9

25.0
16.0
20.5
31.6

To check the values anticipated for the growth rate, let us consider the
following figures relating to the annual growth rate in the consumption of
commercial power for 1957-1960' -/s
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Area Annual growth rate __

Latin America 6.3
North America 2.8
Europe 2.8
USSR 5«8
Southern Asia and Par Bast 8»0
Middle Bast 8.7
Africa 3.0
China (continental) 46.8
World (average) 6.25
Attention ought to be paid to the fact that the growth rate is

low in industrialized countries (USA, Europe) and in developing countries
with insufficient development potential; it is high in developing countries
capable of rapid industrial development (China). On this basis, it
might be assumed that in South-Central Brazil the present growth rate
which is actually 10.9$ per annum will drop to, say, 9, 7 and 5$ in the
decades 19?0» 1980 and 1990, respectively. On this assumption the power
levels would correspond to the following requirements (Table II) for a
mean load factor of 0.65s

Table II
ELECTRIC POWER REQUIREMENT'S

Ave rage gene rat i on (GWh/h )
Capacity to be installed (GW)

1962

2.16
3.4

Requirements for
1970 1980

4.35
6.7

10.30
15-9

years
1990

20.26
31.2

2000

33.0
50.8

Figures in Table II are slightly less than those corresponding to
the high forecast in Table I.
2. PER CAPITA CONSUMPTION

Calculation of future energy requirements can also be based on
estimates of population growth and increases in energy consumption per
capita. The annual growth rate for South-Central Brazil was reported to
be 3»9$ in 1962̂ - —\ Let us assume that this rate will gradually drop
to 1.9$ in the year 2000, which is the value assumed for average growth
in the world population̂ - -/in the period 196! to 2000. Then, the
population in South-Central Brazil will be as indicated in Table III.
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On the other hand, the installed capacity in the same area was
equivalent to 110 W per capita in 1962. One might assume that this
would gradually increase so as to reach the value 700 W per capita in
the year 2000, which is about 80$ of the probable value (890 W per
capita) corresponding to Europe at the same date 2000 AD. On this
basis, Table III shows the values corresponding to the installed
capacity that will be needed to meet electric energy requirements in
South-Central Brazil between 1962 and 2000:

Table III
ELECTRIC POWER REQUIREMENTS

Requirements for year:

Population (millions)
Watts per capita
Capacity to be installed (GW)

1962

31.0
110
3-4

1970

42.0
163
6.8

1980

57.4
265
15-2

1990

74-2
431
32

2000

89.2
700
62.4

These figures give a reasonable cross-check of the trends corres-
ponding to the forecasts presented in Table I.
3. EXHAUSTION OF HYDRO POTENTIAL

Various estimates have been made of the hydro resources of the
southern.central region of Brazil. A figure of 9100 MW was indicated
some years ago by the Water Division of the National Department for
Mineral Production. Revised estimates made by the Canambra consortium,
which take account of the possibility of engineering changes in the
basins of certain rivers, suggest a figure of 15.1 GW, not including
major projects such as Sete Quedas, Rio Negro and Canoas Diversion.
If a figure of 16.5 GW is assumed and the mean growth rate as shown in
the last line of Table I is adopted, all hydro reserves will be fully
utilized by 1987.

On the basis of lower and upper limits of 12.5 and 20.0 GW
respectively, the saturation date would fall between 1983 and 1990.
It would seem therefore that the hydro resources of South-Central
Brazil would be fully utilized by 1987 or even earlier - if the
reserves are actually less than anticipated, if requirements
increase at a more rapid rate than indicated by the mean values in
Table I, or if the utilization of particular waterfalls should
prove to be too expensive.
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In view of this situation, the Canambra report̂ - —'emphasizes
the need to install conventional or nuclear plants to supplement the
hydro installations to be built in the years ahead.

The various advantages to be derived from establishing nuclear
plants for this purpose may be summarized as follows:

(i) In a number of countries nuclear power can now
compete with power based on fossil fuels. Recent
studies suggest that South-Central Brazil might be
such an area (nuclear fuelled plants versus plants
fired with coal from the south of the country).

(ii) Use of nuclear fuels would make it possible to
reserve fossil fuels for other industrial uses*
Brazil is unlikely to be in a position for some
time to supply its own oil requirements and the
use of nuclear fuel would help save foreign
currency.

(iii) A nuclear programme would produce all sorts of
side benefits in Brazil : use of national ores,
encouragement of research and development,
production of reactor components, desalting, etc.

In conclusion, it is now the time to embark on a programme of
nuclear power for the southern-central region of Brazil. Moreover,
in view of the complexities involved, that programme should be a
long-term one. Table IV shows estimates of the quantities of new
thermal power (installed capacity) that will be required to
supplement the power produced from hydro resources (assuming 16.5
GW as the maximum utilizable hydro potential and the values
given in Table I as mean forecast of power requirements). The
figure for the total average generation in the year 2000, taken from
Table III, was adjusted to fit the corresponding vacant place in
Table I.
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Table IV
NEW THERMAL PLANTS

1985
Total average generation (GWh/h) 14 • 4
Thermal supplement (GWh/h) -
Thermal plant capacity (GW) to be

installed if the load factor
is:

= 0.60
= 0.70
- 0.80

Tear:
1990
20.5
4.0

6.1
5.7
5.0

2000
43-8
27.3

45 .6
39.0
34*2

It is difficult to establish the proportion of this additional
thermal plant power to be supplied from nuclear sources. A reasonable
course open to Brazil would be to build as soon as possible one or two
small- or medium-sized nuclear plants (60 to 300 M¥) and increase
their number and/or capacity in the light of experience* Studies for
the construction of a first power reactor could start in 1966 and the
plant could then com© into operation by 1971 or 1972« This would give
the country a six- to twelve-year margin before the date when it would
become compulsory to utilize nuclear power plants in. Brasil with a
total installed capacity of several thousand megawatts.

REFERENCES
] Canambra Engineering Consultants Limited, Power Study of

South-Central Brazil? in 5 vols (Dec. 1963).
United Nations, Statistical Yearbook 1961,
Institute Brasileiro de Geografia e Estatistica, Anuftrios
Estatisticos do Brasil̂ l962 and 1963.



THE CHOICE OF SITES FOR THE FIEST NUCLEAR POWER PLANTS IN BRAZIL

1. CONVENTIONAL REQUIREMENTS
In selecting the sites for nuclear power plants a decision has

to be taken as to (l) which area of the country is best suited for
the purpose - e.g. the area of Recife, Rio or Sao Paulo, etc. - given
the trend in energy requirements and the availability of resources,
and (2) where to site the plant or plants within that area. In this
paper I shall concentrate on the first of these problems and shall
be concerned with assessing the merits and demerits of installing
nuclear power plants in certain regions of Brazil which seem parti-
cularly well suited for the purpose.

Before doing this, however, I should like to review briefly the
criteria governing the choice of an adequate site within a given
area. They are as follows:

(a) The soil must have sufficient strength to support the
foundations. Nuclear plants include structures
weighing up to several tens of thousands of tons and
the ground has to be able to support stresses of up
to 13 kg/cm .

(b) The cost of land has to be reasonable. This is
generally not a large item of expenditure.

(c) There must be adequate facilities for linking up the
plant with consumer areas or the electricity grid.
Relevant factors are distance from consumer area or
grid, the configuration of the surrounding ground, the
absence of serious obstacles to the construction of
transmission lines, etc.

(d) There must be adequate facilities (road, rail, etc.)
for transporting heavy and bulky machinery during
construction and the materials required during
operation of the plant. It is useful to have an
airfield nearby.

(e) Drinking water must be available for persons working
in the plant and fresh water must be available for
certain services.



-88-

(f) It is desirable to have facilities in the vicinity,
such as existing transmission lines,, to supply
electricity during construction (for the purpose of
telecommunication^ lighting, workshops, etc.).
Otherwise a diesel oil or other generator has to
be installed.

(g) For thermal plants only it is essential to have
abundant fresh or salt water for cooling of systems
in which water steam is condensed after having gone
through the electricity-generating turbines. The
thermal efficiency of nuclear plants of "proven"
types (about 30$) is lower than that of modern
oil- or coal-fired plants (over 40/£). Nuclear plants
require 50/£ more cooling water than conventional
plants of the same size (for 500 MW(e), 75 000 as
against 50 000 vr/h). Thanks to the higher
efficiencies achieved in the latest reactor concepts,
e.g. HTGR, the conditions for nuclear and conventional
plants are similar, use being made of the same turbines
and the same quantities of water for cooling. In any
case a lot of water is required. It is supplied by
siting plants by the sea, rivers, lakes, etc. If
water is insufficient cooling towers can be used to
disperse heat to the atmosphere. However, these are
expensive and reduce thermal efficiency.

Another factor to be mentioned is the "amenity", i.e. the adaptation
of power plants to the landscape *~ —'• In this respect nuclear plants
have a certain advantage over conventional thermal plants since they
do not require large storage facilities for fuel, bulky chimneys, etc.
2. SAFETY OF POPULATION

Of all the other factors affecting the choice of a site (existence
of mines, effect on local agriculture, etc.), the most important is
the protection of the population against radiation hazards. As a
result of internal causes (defects in installations) and external
causes (aircraft crashes, earthquakes, lightning) highly radioactive
material might escape from nuclear installations - in particular



-89-

from the fuel elements containing the fission products - and expose
workers in the plant and persons in the vicinity to gamma and other
types of radiation. In such an eventuality a radioactive cloud .
could be formed and might migrate over considerable distances. The
public would then suffer external exposure to gamma rays or
internal exposure through the ingestion of radioiodine and other
radioactive elements.

The extent of these hazards depends on the amount of the doses
involved and thus on the size and proximity of the reactor. As a
general rule, nuclear plants should be as far away from populated
areas as possible. This safety criterion thus conflicts with the
economic desideratum of siting nuclear plants as near as possible
to consumer areas. Obviously the provision of containment vessels
and other safety devices offers reasonable guarantees against the
escape of fission products and experience has shown that the
probability of accidental releases of radioactive material is
very slight. Nonetheless, this factor is clearly an important one
for the siting of nuclear power plants.
3. TERRITORIAL ASPECTS

Two basic United States documents (Code of Federal Regulations,
10 CPR 100, 1961, and TIB-14844, USAEC, 1962) define the three
parameters that have to be borne in mind in considering the possible
hazards of a "maximum credible accident" (which assumes extensive
melting or vaporization of the reactor core)s

1. An exclusion area, restricted to persons whose work
is connected with the reactor or who have special
authorization to visit the establishment. The radius of
this circular area is obtained (in metres) by use of the

n /•}following formula: r • 11 P ' (P is the reactor thermal
power in megawatts). This formula has been established mainly
with a view to the dangers of radioiodine absorption in
the event of a maximum credible accident. Roads and canals
are permitted in this zone provided they are not so close
to the nuclear installations as to affect their operation.
People may live in the area only if they can be easily
evacuated in case of need.
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2. Low-population zone, a zone outside the previous area,
where the total number of inhabitants and the population
densi-ty are limited to ensure that immediate steps can be
taken to protect inhabitants (evacuation from the zone or
removal .to a shelter) in the event of a serious accident.
Population size and density are worked out as a function
of reactor characteristics, allowance being made for the
configuration of the ground, the situation of roads and of
houses, etc. The radius of this zone (ft), which is also
established on the basis of the radioiodine uptake hazard,
is taken as being fifteen times the radius of the exclusion
area*
3» Population centre distance, the minimum permissible
distance between reactors and the perimeter of the nearest
densely populated town of over 25 000 inhabitants. This
distance is taken to be twenty times the radius of the
exclusion area.
Table I gives values for these three parameters as a function

of the electrical power (MW(e)) of the nuclear plant| an overall
efficiency of 30$ is assumed. TABLE I

VALUES FOR THESE PARAMETERS AS A FUNCTION OF REACTOR POWER

Reactor
electric
(Mtf(e))

_
10
20
50
100
200
300
500
1000

power
thermal
(MW(th))

5
33
67
167
333
667
1000
1667
3333

r
Exclusion-area

radius
(•)

32
114
181
333
529
840
1100
1546
2455

R

Restricted-area
radius
(km)

0.5
1.7
2.7
5.0
8.0
12.6
16.5
23.2
36.8

D

Population
centre
di stance
(km)

0.7
2.3
3.6
6.7
10.6
16.8
22.0
30.9
49.1
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Studies have been made of methods tending to eliminate the
possibility of radioactive iodine and strontium release with a, view
to enabling power reactors to be placed nearer populated areas.
4. PLANT SIZE

Because of the so-called "economy-of--scale91, a nuclear solution
is ruled out for those cases in which plant capacities are small,
i.e. less than 20 or even 30 MW.

In the case of a comparison between plants possessing reactors
of the same type (both GCR or both HWR, etc.), the relationship
between unit costs of investment (U and U' in US $/kW) and
installed power (P and P1) can be represented approximately as

U/U» = (P'/P)0'3

The unit cost for a 250-1W plant would be about 23$ higher than for
a 500-MW plant8, for a 100-MW plant it would be about 62$ higherf in
the case of a 50-MW plant the cost would be twice as high.

The cost of the nuclear electricity (cost of the kilowatt hour
produced) is largely made up of the capital cost (62-75$ as against
25-38$ for operation, maintenance and fuel costs). In the case of
two GCR plants the k¥h costs for a 50-MW plant would be ?0$ higher than for
a 500-MW plant (both operating at an average load factor of 0«65).

The trend is therefore towards higher installed plant capacities
and higher-capacity reactors; Wylfa in the United Kingdom will have
two 590-M¥(e) units, Dungeness B will have two 600-M¥(e) reactors*
5. POPULATION SUPPLIED BY A POWER PLANT

The problem of plant capacity ia linked to that of population
size. Table II shows the relationship between plant capacity and
size of population supplied for three different mean per capita
consumption values, viz. 6010 kWh per annum (United States of
America, 1965)* 430 k¥h per annum (South-Central Brazil, 1965̂  and
80 kWh per annum (North-East Brazil, 1965). The load factor is
assumed to be 0.65 in each case? this is the figure applicable in
South-Central Brazil for hydro-eleotric plants.
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TABLE II
POPULATION SUPPLIED BY PLANTS OP DIFFERENT CAPACITIES

(load factor - 0.65)
Plant capacity Mean armual consumption (k\1/h per capita)

(MW(e)) for per capita consumption values of*
6010 kWh/a 430 k>Yh/a 80 k,Vh/a

2550
100
200
300
500

24 100
48 200
96 400
192 800
289 200
482 000

331 100
662 200

1 324 400
2 649 000
3 973 000
6 622 000

i 780 ooo
3 560 000
7 120 000
14 240 000
21 360 000
35 600 000

(The figures were obtained by the following formula: power of plant
(kW(e)) x load factor x 8760s mean annual tier catdta consumption.)
6. INTERCONNECTED PLANT SYSTEMS

The modern trend in power generation of building large-scale plants
and operating them as part of interconnected systems deserves special
attention. This implies the construction of long-distance transmission
lines to convey the electricity to the consumer centres and to link
up the various power plants. The main advantages of interconnected
power systems are cheaper electricity and greater flexibility.
Temporary shutdowns by individual units can easily be compensated for
with such systems. A combination of hydro and thermal plants is
particularly useful: in periods of drought the thermal plants can
make up for deficient capacity and vice versa. Greater flexibility can
be achieved in the distribution of the power load over various units
to meet peak demands.

It has now become a normal practice to link up generating units
in the same area when they have individual capacities of more than
several megawatts. In densely populated and highly industrialized
areas such integrated systems can supply several thousand MW. Even
in the case of small-capacity plants, the advantages of interconnected
systems are considerable. Brazil has already started to link large
generating units. The Furnas project, conceived in 1956, initiated a
process of gradually linking up the major electricity systems; this
constitutes the first step towards a broader integration of the whole
southern-central region into one very large system. In 1963 a
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150 MW). The main sources of energy supply are found along the Sao
Francisco river "between Sobradinho (in Bahia near Pernambuco) and
Piranhas, where there ia a hydro potential of about 12 000 Mtf.
However, the river is a long way from many of the populated centres
of the north-east, such as Recife, Gampina Grande and Fortaleza.
Transmission lines would seem to be called for but the position in
this respect is paradoxical. The area is unable to make progress
economically because of the lack of electricity« The provision of
electricity would require the construction of transmission lines but
these have not been built because the economic conditions of the
consumer market have not been considered suitable*

Moreover, there is no coal in the area and oil has to be trans-
ported from refineries situated far away from consumer areas.

Under these conditions it would seem that nuclear energy could
conceivably be used to provide an additional source of power, as
part of the thermal complement, and reduce dependence on transmission
lines. Dual-purpose nuclear plants might also help the area to solve
the problem of poor fresh water supplies.

Table III (figures from Aguas e TUnergia Eletrica, ¥0.49, January-
March 1965) gives data on the capacity of thermal and hydro plants
in North-East Brazil. The plants include those built by the end of
1964, those under construction and those planned to be completed
by 1971.

TABLE III
GENERATING SYSTEMS IN NORTH-EAST BRAZIL

Location

Maranhao
Piaul
Ceara
Rio Grande do Norte
Paraiba
Pemambuoc
Alagoas
Usina Paulo Afonso

Installed
In

operation

7.78.8
51-910.0
15.0
52.6
11.8
280*0

power M¥(eX i^ plants
Available in
the near future

3.0
106.0
4.4_
_
—
—

300.0

Total MW(e)

10.7
114.8
56.3
10.0
15.0
52.6
11.8
580.0

Total (round figures) 438 413 851
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Steering Committee for Power Studies was set up. At the same time a
start was made on the construction of large-scale generating plants
with capacities of several hundred MW designed to make full use of
good hydro reserves situated at considerable distances from consumer
areas (transmission lines several hundred kilometres in length)*
These include plants at Paulo Afonso (North-East), Tres Marias
(Minas Gerais), Purnas (South-Central Brazil) and Urubupungfi. (Sao
Paulo).
7. THE INTEGRATION OP NUCLEAR POWER PLANTS

The practice of setting up interconnected systems was established
by the time research and development work on nuclear electricity
started. Thus nuclear power plants have generally been designed
with a view to being fitted into existing electricity grids
supplied by hydro and conventional thermal plants.

Ideally, no individual plant or unit (either nuclear or convent-
ional) should have a capacity exceeding one-tenth of the total system
capacity. At the moment the contribution of nuclear plants is much
lower than this figure. In the United States the contribution of
nuclear plants is between 2 and 4f° of the systems to which the plants
belong. As more experience is gained, as for example in the United
Kingdom, this percentage tends to increase.

Thus nuclear plants, included in larger networks, will gradually
become larger and more numerous until they are eventually in a
position to play a preponderant role in the power industry of the
future. It is known, for example, that by the end of the twentieth
century nuclear power plants will represent over 50^ °^ n̂e power
installed in the United States of America. In time there will be
a large number of nuclear power plants in each system and, in the
more distant fu-fcure, networks may be supplied entirely from nuclear
plants.
8. SITUATION IN NORTH-BAST BRAZIL

North-East Brazil is considered a suitable area for the establish-
ment of nuclear power plants. There are only a fov places suitable for
building large hydro plants capable of operating at high load factors
throughout the year (like Boa Esperan?a with 240 MS7 and Jaburfi with
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Generating capacities of "between 20 and 50 MW(e) would thus lie
within the 10$ limit recommended for the integration of new plants
into existing systems. In view of the economic arguments in favour
of high capacities, a figure of 50 MW can be adopted as representing
the minimum capacity recommendable for a nuclear plant.

The problem of integrating any power plant into & system is
particularly critical in cases where per capita consumption is low.
The greater the capacity of a plant and the bigger the population
supplied, the more comprehensive must be the supporting technical
services (personnel and resources) so as to make it possible to
cope promptly with breakdowns. A breakdown, serious enough if it
lasted only for a matter of hours, would become a public catastrophe
if it resulted in closure of the power plant for whole days or weeks.
In North-East Braail a 50-MW plant operating at a load factor of
0.65 would be able to supply a population of 3 560 000 inhabitants,
which represents a large section of the population distributed
over an extensive total area. As average consumption increases this
figure will naturally decrease. A nuclear power plant built in
the next few years in Forth-East Brazil would therefore have to
supply a large number of localities. Great care would therefore have
to be taken in setting up such an establishment in the area.
9. SOUTH-CENTRAL BRAZIL

The construction of new thermal plants to complement existing
hydro plants in South-Central Brazil is currently being studied by
the various bodies interested in the development of the area. No
final decisions on this subject have yet been taken but the con-
struction of nuclear power plants is not ruled out.

It is perfectly feasible to link up power plants - including
nuclear power plants - in various areas of South-Central Brazil.
Large-capacity distribution systems are already available, each of
them totalling many hundreds and even thousands of MW. Economically
attractive nuclear power plants could be built having capacities of
over 100 and even 250 MW. The availability of considerable
industrial and technical supporting facilities would alleviate
servicing problems.
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Other arguments - quite apart from the desirability of providing
complementary thermal power - militate in favour of building a
nuclear power plant in the area very soon. Even if its main purpose
were not to supply electricity, such a project would be useful
from other points of view, in particular as a means of preparing the
way for technological and industrial progress in Brazil, which will
in any case have to resort to nuclear power in twenty years'time, if
not earlier. It would provide valuable experience in the designing,
building and operation of nuclear power plants, stimulate the interest
of Brazilian manufacturers in the production of nuclear components,
provide opportunities for training nuclear specialists, open up the
way for the utilization of Brazil's thorium and uranium resources,
and initiate the production of fissile from fertile materials.

Either a small- or a large-capacity plant could easily be fitted
into the existing power systems. It would even be possible to
integrate a 300-MW nuclear power plant into some systems without
exceeding the IOfo system-contribution limit. Views are divided on
the question of capacity of the first plant(s) to be installed. A
small-capacity plant would have a number of advantages? lower capital
investment (US $15-25 million for a 5<D-M¥ plant); less trouble in
connection with the shutdowns liable to occur with a new type of
plant? greater opportunities for checking equipment and changing
fuel elements without endangering the total power available within
the grid system; easier absorption of slightly higher nuclear energy
costs; possibility of dispensing with a special subsidiary enterprise
to distribute and sell the electricity produced. On the other hand,
the big advantage of a large-capacity plant would be to give Brazil,
from the very beginning, genuine full-scale experience in nuclear
power problems.

In any case it seems very probable that work on a nuclear power
plant for the area - either small or large - will be started within
the year 1966. This will have to be followed by the construction of
further plants in the same area or other areas of Brazil. Planners
in different governmental and private bodies, responsible for the
development of the country, must envisage the timely installation of
a whole series of nuclear power plants in Brazil.
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