
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.



-69-

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.
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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.



-80-

(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.
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