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INTRODUCTION

Every stage of energy development and utilization has
some impact on the environment. The generation of
electricity, whether it is by fossil fuels or by nuclear
power, or whether all performance criteria have been
met for example in hydrodevelopment, has environ-
mental implications for air, water, and soil, and also for
the global climate. The magnitude of the impact ranges
from very small and insignificant ones at the lower end
of the spectrum, to the major ones that are difficult to
manage and at best very difficult to control. In general
it can be said that the nature of waste-disposal practices,
regulatory requirements, and the status of technological
developments, will define the level of impacts. These
interrelationships become clear if the elementary law of
conservation of matter is considered in an environmental
sense—that is, in the ultimate analysis Man does not
'consume' any materials: they are simply changed from
usables to residuals, which are then discharged into the
environment in different forms.

Even though the energy industry is one of the largest
and most widely-spread industries in the world, the en-
vironmental consequences of energy production, con-
version, and use, can be described as relative newcomers
in an area of major international concern. Increasing
global energy production and use, without concomitant
increase in efficiency, means that more and more residu-
als are being discharged into the environment. Also, our
perception of the environmental problems with relation
to energy growth, as in many other areas of resource
utilization, is due partly to increasing levels of pollution
and partly to increasing realization of the problems crea-
ted by pollution. This gradual change in perception has
gradually begun to permeate the political processes, and
this is being increasingly reflected in the debate that is
currently going on in many parts of the world—especial-
ly concerning nuclear energy. A significant percentage of
the current discussions on the pros and cons of nuclear
energy is not based on scientific facts—the discussions
are often political and emotional.

ENVIRONMENTAL ASPECTS OF NUCLEAR ENERGY

In the area of environmental implications of nuclear
energy, most of the discussions so far have been on the

radiological aspects: safe disposal of radioactive wastes;
safety of nuclear power production, including avoidance
of catastrophic accidents; safe handling of plutonium;
and problems associated with uranium mining. As this
paper is on the non-radiological aspects of nuclear
energy, none of these concerns will be discussed here.
Good summaries of these problems can be found in
IAEA (1971, 1973, 1975a, 19756), Biswas (1974,
1977), UNEP (1976), Duckworth et al. (1977), Nuclear
Energy Policy Study Group (1977), and Workshop on
Alternative Energy Strategies (1977).

In addition to radiological aspects, the only other
environmental implication of nuclear energy that has
received considerable scientific and public attention is
the question of thermal pollution. Much literature (e.g.
IAEA, 1974, 1975a, 1975ft; Coutant, 1975; Cairns,
1976; Esch & McFarlane, 1976), exists on this topic. In
contrast, however, not much work has been done on the
land-use aspects. Even less has been done in the area of
noise and conventional accidents, but this is not surpris-
ing as in nearly all cases these two constitute minor pro-
blems. Accordingly, much of the emphasis in the present
paper will be on thermal pollution and land-use prob-
lems.

THERMAL POLLUTION

Probably the most extensive man-made production of
heated water is by steam-operated electrical power-
plants—either by the burning of fossil fuels or by the
release of nuclear energy (Brock, 1975). Power-plants
are usually located near adequate sources of water,
namely rivers, lakes, or estuaries, and they use this con-
veniently available water as a medium for cooling. During
this cooling process, the water used becomes heated, and
is then usually discharged back into the natural environ-
ment.

Both nuclear and coal power-plants contribute to
thermal pollution in natural bodies of water, but the
extent of thermal pollution depends on various factors,
such as types of generation and the efficiency of the
plant in question. The thermal efficiency of fossil-fuel-
fired plants has steadily increased over the last few
decades. A modern fossil-fuel-fired plant, based on the
steam cycle with superheat, has a thermal efficiency of
around 40% (IAEA, 1974), but further technological

229

Environmental Conservation, Vol. 7, No. 3, Autumn 1980—:©1980 The Foundation for Environmental Conservation—Printed in Switzerland.



230 Environmental Conservation

improvements to increase the thermal efficiency are be-
coming more and more difficult to achieve. It should be
emphasized that, in countries having a large number of
power-plants using fossil fuels, the average thermal effi-
ciency is likely to be less than 35%.

As a rule, nuclear power-plants are thermally less
efficient than plants using fossil fuels, and accordingly
contribute to somewhat increased temperature differ-
entials, which are usually expressed as the difference be-
tween intake and outlet temperatures, At. This tempera-
ture differential between fossil-fuel and nuclear plants
arises mainly for two principal reasons. Firstly, nuclear
power-plants convert only 30 to 33% of energy to elec-
tricity (Nuclear Energy Policy Study Group, 1977).
Secondly, a coal-fired plant discharges part of its waste
heat into the atmosphere, but in contrast a nuclear plant
discharges practically all of its heat into the receiving
water. Because of these two reasons, a nuclear plant
could contribute to '50% or more local heating of a
body of water than a comparable coal plant' (Ibid.).

Different 'average' figures are available on the extent
of thermal differentials between nuclear and fossil-fuel
plants. Only four will be mentioned here, but it should
be realized that the figures quoted are not so very differ-
ent. According to Harleman & Stolzenbach (1972), typ-
ical figures for temperature differentials for 1,000 MW
power-plants would be 9 °C for fossil-fuel-fired plants
and 13 °C for nuclear plants. The Nuclear Energy Policy
Study Group (1977) stated that, for a typical 1,000 MWe
nuclear plant using once-through cooling, it would usu-
ally heat up 'a thousand cubic feet [ca 28 m3] of water
some 10 °C each second'. According to IAEA (1973),
nuclear plants on average use about 180 litres of cooling
water per second per kilowatt-hour, with an average
maximum temperature rise across the condenser of about
10 °C. Plants using fossil fuels require about 115 to 150
litres per second per kilowatt-hour for a maximum tem-
perature rise of about 8 °C. Brock (1975) carried out a
study of a fossil fuel plant on Lake Monona, Wisconsin,
and -found an average temperature increase over an an-
nual cycle of 8 °C, although at certain times the increase
was considerably higher.

Many advanced industrialized countries have so far
been able to locate power-plants near major water-bodies,
and thus have been using these sources for cooling pur-
poses. However, with increasing demand for electricity
consumption, it is unlikely that this practice can con-
tinue indefinitely, as water temperatures would rise to
unacceptable levels. According to IAEA (1974), assum-
ing a thermal efficiency of 33% and temperature differ-
ential of 10 °C, 1 GW(e) of electrical capacity requires
about 50 m3/sec of cooling water. If the temperature of
the receiving waters may not exceed some reasonable
increment, at least twice this amount of water should be
available. If this reference figure of 100 m3/sec is used,
the following situation emerges for the United Kingdom
(England and Wales), the Federal Republic of Germany
(FRG), and the United States (IAEA, 1974):

UK: Average runoff 2,100 m3/sec. Reference ceiling of
21 GW(e) reached in 1950s. Shift to cooling towers

and sea cooling. Has more than 300 wet towers, pro-
viding cooling for 50% of total installed generating
capacity.

FRG: Average runoff 4,000 m3/sec. Reference ceiling of 40
GW(e) reached in 1960s. Cooling towers commonplace.
Most nuclear plants to be equipped with wet towers.

USA: Average runoff 53,000 m3/sec. Reference ceiling of
53 GW(e) to be reached in 1980. Due to regional lack
of water, 13% of existing thermal plants equipped
with cooling towers; 35% of plants under construction
or ordered will have cooling towers.

The US Atomic Energy Commission (1974) carried
out an overall analysis of the environmental reports sub-
mitted as a part of the licensing process of nuclear power-
plants. At that time it was forecast that 102,000 MW of
nuclear power capacity would be placed in operation by
1980. Approximately 34% of the plants proposed once-
through cooling from freshwater sources, some 50%
would use a closed-cycle, and the balance would be loca-
ted on coastal or estuarine areas. For a 1,000 MW(e)
plant, estimates of condenser cooling water ranged from
45 m3/sec to 60 m3/sec, depending on the extent of the
temperature rise across the condensers (Belter, 1975).

The types of cooling systems for removing waste heat
from power stations can be divided into the following
four major categories, depending on the mechanism for
heat dissipation or their unique characteristics (US
Nuclear Regulatory Commission, 1976).

i) Once-through Systems
Using Natural Water-bodies
Using Reservoirs on Navigable Rivers

ii) Evaporative Systems
Natural Draft Cooling Towers
Mechanical Draft Cooling Towers
Spray Cooling Systems
Cooling Lakes, Ponds, Canals, etc.
Combinations of Ponds and Mechanical Systems

iii) Dry Systems
These may include both natural and mechanical draft
towers. Costs are likely to be relatively high, and one
would expect them to be used only in very special
circumstances, as in arid regions,

iv) Hybrid Wet/Dry Systems
These are systems which may operate in either the dry
or the evaporative/wet mode, or simultaneously in
both modes, depending upon prevailing meteorological
conditions and design specifications.

The type of cooling system used mainly depends on site
conditions—especially on availability of water for dis-
sipating heat.

Thermal pollution affects mainly water-based eco-
systems, as heat in an important natural parameter in a
water system. Heat influences all biological activity,
ranging from feeding habits and reproduction rates of
fish, via metabolism, to changes in nutrient levels, photo-
synthesis, eutrophication, and degradation rates of or-
ganic material.

The effects of environmental forces on organisms were
divided into five categories by Fry (1971). These were
lethal, controlling, limiting, masking, and directive,
factors. Hutchison (1976) consolidated these five factors
into three—lethal, controlling, and directive—for the
specific case of consideration of thermal effects on
organisms. Lethal effects occur when temperatures kill
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organisms within a finite time-frame. Effects are said to
be controlling if temperature influences metabolic rates
and the underlying biochemical reactions, and control of
isoenzyme systems that are uniquely fashioned to oper-
ate over the environmental temperature ranges of eco-
therms (Hochachka & Somero, 1973). Directive forces
can be said to result when temperature affects sponta-
neous systems.

Depending on specific circumstances, temperature in-
creases could have a number of effects on aquatic orga-
nisms (Brett, 1969; Cairns, 1970, 1976; Abrahamson,
1972; Sylvester, 1972; Biswas, 1974; Coutant, 1975;
Gibbons, 1976; UNEP, 1976). Among these are:

1. Thermal death directly due to increased or decreased
temperature;

2. Internal functional aberrations, such as changes in
growth, respiration, etc.;

3. Interference with spawning or other critical activities
in the life-cycle;

4. Disruption of normal biological rhythms, including
migration patterns;

5. Increased susceptibility to chemical toxins, and to
pathogenic organisms;

6. Increased predation rate due to changes in avoidance
reactions induced by temperature changes, decrease
in swimming speed, stamina, etc.;

7. Decreased spawning success and decrease in survival
rate of young fry;

8. Reduction in dissolved oxygen concentration due to
higher BOD (biochemical oxygen demand) require-
ments;

9. Disruption of food supply;
10. Increased growth of taste- and odour-producing

blue-green Algae; and
11. Competitive replacement by more thermally tolerant

species.

Principles of thermal ecology at the population level
are not well defined, but in our Fig. 1 Gibbons (1976)
has attempted to provide theroretical responses, in a qual-
itative fashion, of plant and animal populations exposed
to higher temperatures than are normally encountered.
Increase in temperature initially can be considered to be
an energy supplement to an aquatic system. Except for a
few particular species, aquatic organisms live in environ-
ments having fluctuating temperatures, and can tolerate
reasonable fluctuations, whether they are natural or man-
induced.

Basically, temperature can affect organisms in two
ways. With increases in temperature, the rates of chemi-
cal and enzymatic reactions in the cell would increase,
and growth may become faster. However, if the rise is
high, then at a certain level proteins, nucleic acids, and
other cellular components, that are sensitive to high tem-
peratures, may be irreversibly inactivated (Brock, 1975).
If temperature increases beyond the point where inactiva-
tion reactions set in, cell functions fall sharply to zero.
In other words, for every organism, there are minimum
and maximum temperatures between which growth is
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Fig. 1. Theoretical responses of plant or animal populations
exposed to environmental temperatures above those naturally
encountered.

most rapid, and also a more crucial temperature of in-
activation. These three temperatures, known as cardinal
temperatures, are characteristic of each organism, but
the cardinal temperatures of different organisms can
vary widely. The cardinal temperatures can be considered
to be genetically fixed properties (Ibid.). Thus if the
temperature regime of an aquatic habitat is modified,
the population structure will probably change—primarily
due to migration and growth of new species, rather than
through physiological or genetic changes of existing
species.

If the temperature exceeds 40 °C, species diversity
becomes markedly reduced. The ecosystem becomes
greatly simplified, as fish and other vertebrates disappear
completely; the number of species of insects and other
invertebrates, and of higher plants, all become greatly
reduced, and the ecosystem tends to become predomi-
nantly microbial as regards its living components.

It is difficult to generalize about the effects of thermal
pollution on the aquatic environment. However, a few
statements can be made. Addition of heat does affect
the water quality, most important being the reduction of
oxygen. This reduction takes place for two principal
reasons. Firstly, the solubility of oxygen in water de-
creases with temperature. Thus, oxygen solubility from
air into water is 16% lower at 30 °C than at 20 t , and
29% lower at 40 t than at 20 °C (Brock, 1975). Second-
ly, the rate of biological processes increases with temper-
ature, and accordingly biochemical oxygen demand
(BOD) increases as well. The net result of these two
effects could be a significant reduction in the dissolved
oxygen content of the water, which under some specific
site conditions could become anaerobic, thus posing seri-
ous consequences for an ecosystem. Sensitive species such
as Trout (Salmo trutta) require higher dissolved oxygen
content in water than do many others.

It is also necessary to distinguish between thermal
effects in temperate and tropical or subtropical habitats.
In temperate habitats, as water temperature starts to
decrease at the end of the summer, the activity of the
ecosystem becomes reduced as well. Addition of heated
water from power-plants could then contribute to exten-
sive ecosystem development, which would otherwise not
have been possible. In contrast, in the tropics and sub-
tropics, the water temperature would be high in summer,
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and additional thermal input could be detrimental. This
could be especially important for water-bodies that
become shallow in the summer, and under such circum-
stances the siting of a power-plant becomes an important
consideration. In any case it should be noted that, where-
as many studies are available on the effects of thermal
discharges in temperate climates, not enough research
has been carried out under conditions of tropical and
subtropical climates, where the effects could be more
pronounced.

In addition, seasonal differences in thermal tolerance
should be noted, for seasonal changes could be critical to
certain species at specific stages of their life-cycle. It has
also been found that the critical thermal maximum
(CTM) of near-shore fishes in the Gulf of California, is
lower than the maximum temperature of their habitat in
the summer (Heath, 1967). Moreover, Hutchison (1976)
reports that the 'CTM of the Newt (Notophthalmus
viridescens), all collected in the same locality, is signifi-
cantly different at the different times of the year'.

From all the experimental studies that have been
carried out so far, it does not appear that dishcarges of
heated effluents have had major impacts on aquatic eco-
systems; thus no massive fish-kills have been reported,
which could be directly attributed to thermal discharges.
It is, however, important to note that the combined
effects of heat and other pollutants could be serious. For
example, power-plants often treat cooling waters with
chemicals to control corrosion, neutralize pH, or control
biological fouling. These chemicals are often discharged
into the receiving waters, along with the thermal dis-
charges. There is very little experimental information
available on the combined effects of temperature and
'foreign' chemicals on different plant or animal species.

Some evidence exists on the effects of temperature
on the development of radiation damage in organisms
and cells. For example, it has been observed that radiation
effects on Ascaris (nematode) eggs were greater when
they had been kept at higher temperatures after irradia-
tion than formerly (Strefer, 1975). Studies of tempera-
ture effects on the survival rate of mammalian cells
after irradiation indicated that the lowest sensitivity was
at 37 °C. If the temperature was increased to 39 °C or
41 °C, the recovery from sublethal damage was consider-
ably impaired. Much work, however, remains to be done
on these types of possible synergistic effects before any
definitive generalized statements can be made.

Cairns (1976) has suggested six reasons for the diffi-
culty of documenting the subtle perturbations of aquatic
ecosystems due to thermal discharges. These are the
following:

1. They are difficult to distinguish from normal succes-
sional changes.

2. Normal variability or 'noise' masks them.
3. Adequate background data on either ecosystem struc-

ture or function are rarely available.
4. Heated-water discharges are often associated with

other stressful conditions, such as chlorination, addi-
tion of heavy-metals, etc.

5. As it has been more up to regulatory agencies than
discharges to prove 'harmful effects', there was little
incentive to undertake appropriate research.

6. The academic community was not prepared for this
kind of task, and accordingly has frequently collected
inappropriate data.

Whether the predicted scale of waste-heat rejection is
potentially harmful (above a socially acceptable level) in
either the long or short term, remains to be evaluated.
Some research workers claim that the effects are harmful;
others suggest that the effects may be harmless, or per-
haps even beneficial to fisheries. Any further evaluation
should consider the effects of waste-heat discharge in
conjunction with other forms of waste loading for total
drainage basins. The nature of the effects will depend
heavily on the unique features of each situation, which
poses the problem of evaluating and monitoring the con-
dition of each particular ecosystem. Mathematical models
have largely followed the basic DO—BOD relationship,
with very little attempt at modelling other quality para-
meters (Biswas, in press).

Development of comprehensive models necessitates
large amounts of data which are usually unavailable and
often have to be interpolated. Models may, however,
permit the planner to gain a broadened perspective on a
complex problem. It is evident that, considering the cost
and time involved, total investigation is seldom practical.
Therefore, investigation should perhaps be directed to-
wards identifying and selectively studying the more
meaningful parameters such as key species (presence/
absence), and species-diversity. In extending this, how-
ever, to developing generalized indices of environmental
quality, there is a danger that these can be easily misused
or misinterpreted (Biswas & Cook, 1974).

Much has been written about possible beneficial uses
of thermal discharges (Biswas & Cook, 1974; Belter,
1975; IAEA, 1975a, 1977; Lee & Sengupta, 1977) from
both fossil fuel and nuclear power stations. Among pos-
sible uses cited are agriculture, aquaculture, space heating
and cooling, industrial applications—including waste
and water treatments, and extension of navigation sea-
sons. For example, by controlling the water temperature
in winter, it is possible to increase and control the
growth-rates of shrimps, prawns, catfish, oysters, and
other creatures. Use of heated irrigation water can extend
the growing-season and also prevent damages occurring
from early or late frosts.

The Author has carried out a comprehensive analysis
of all possible uses of waste heat around the world
(Biswas & Cook, 1974). From this study, the following
conclusions emerge:

1. Waste heat from power stations is low-temperature
heat. Normally its energy is so degraded as regards
temperature that its possible practical uses are severely
restricted.

2. Power stations require tremendous amounts of cool-
ing water. A single 1000-MWe nuclear power-plant
can use 45 to 60 m3/sec of cooling water. To get a
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better perspective, this is approximately equivalent to
the water requirements of such a city as Chicago.
Some existing and proposed sites will have from four
to ten such units. In 1975, the United States had
eighteen sites having three or four such units each. It
is unlikely that such a tremendous quantity of heated
water can be used beneficially.

3. Most of the proposed beneficial uses are for winter,
when thermal pollution problems are normally not
severe. There is very little need for thermal discharges
in summer, when thermal pollution problems are
generally acute.

4. From the above three facts, it is evident that the
prospect of using thermal discharges in a beneficial
way to alleviate thermal pollution problems signifi-
cantly in the future is not very promising.

The land-use aspects of cooling ponds and cooling
towers will be discussed in the next section.

LAND-USE

With regard to possible impacts of nuclear energy on
land-use, the principal impact is due to mining and mil-
ling of uranium ore. Since these impacts have radiological
implications, they are not within the scope of this paper.
Accordingly, only a very brief account of the extent of
the problem will be given here.

Naturally, land that is disturbed from any mining
operation depends on the concentration of the ore. If
the current uranium ore concentration of around 0.2% is
considered, it has been estimated that some 20 to 50
acres (8—20 ha) of land has to be disturbed annually in
order to obtain enough uranium to support a 1,000 MWe
nuclear power-plant. Furthermore, another 30 to 70 acres
(ca 12—26 ha) of land will be required for milling opera-
tions and for storage of tailings for a 1,000 MWe plant
per year for 0.2% uranium (Nuclear Energy Policy Study
Group, 1977).

When richer and shallower uranium ores become de-
pleted with time, naturally more land-area has to be dis-
turbed to obtain the same amount of uranium. Accord-
ingly, at ore concentrations of 0.03 to 0.07%, the land
requirements for a 1,000 MWe nuclear plant increase to
about 100 to 400 (40-160 ha) per year. This figure is
comparable with the land requirements for the coal-
cycle to generate 1,000 MWe per year (Nuclear Energy
Policy Study Group, 1977).

Land-use by individual nuclear power stations varies
considerably. The US Nuclear Regulatory Commission
(1976) analysed the land requirements of 72 existing or
planned nuclear power stations in the United States.
The average value for the 72 stations was 11 megawatt
per acre (0.405 ha). Sixteen stations used less than 10
MWe/acre, whereas 20 had densities higher than 20
MWe/acre. The Indian Point Nuclear Generating Plant 1,
2, and 3, on the Hudson River—some 24 miles (38 km)
north of New York City—occupies a land area of 235
acres (95 ha) for 2,100 MWe, or 9 MWe/acre. However,

it should be noted that the plant uses once-through cool-
ing, which requires a minimum site area. The land area
used also depends on such factors as the value of the land
and the scarcity of available land.

An indication of the land area that would be necessary
for possible future nuclear energy centres, can be ob-
tained from a report prepared by the US Nuclear Regu-
latory Commission (1976). Assuming that the reactors
are grouped in clusters of four, a nuclear energy centre
site will occupy a maximum area ranging from 75 square
miles (184 km2) for a 40-reactor centre to about 19
square miles (49 km2) for a 10-reactor centre.

Land requirements for cooling systems for nuclear
power-plants differ quite widely. For a 1200-MWe nu-
clear plant, the following are typical land areas necessary.
For once-through cooling, the area necessary would be
less than an acre (0.405 ha), and cooling towers will
usually take no more than about 16 acres (ca 6.5 ha).
Thus, land required for a cooling tower is not necessarily
a major component of total land occupied by a nuclear
plant, as a typical 1,000 MWe nuclear station without a
pond requires more than 200 acres (81 ha). Land require-
ments for cooling ponds and canals vary widely, even for
areas having identical meteorological conditions. As a
rule, the larger the pond area, the lower will be the tem-
perature of cooling water available to the condenser. For
a 1,000 MWe plant, the areas could range from 800 to
3,000 acres (324 to 1,215 ha), and many exceptions to
the extremes of this range are not exactly unusual. (US
Nuclear Regulatory Commission, 1976). Thus, the cost
of land available is a principal factor determining the
land area to be used.

An analysis of areas that cooling ponds occupy in the
United States, for all nuclear units in use or planned,
indicates an average pond utilization area of 2.1 acres
(0.85 ha) per MWe, with minimum and maximum of
0.68 and 3.6 acres (0.27 and 1.46 ha), respectively.
Minimum land areas required for spray ponds are typi-
cally 50 to 100 acres (20 to 40.5 ha) per 1,000 MWe
(US Nuclear Regulatory Commission, 1976).

It has been estimated that, for pressurized light-water
reactors, the land requirements for all operations is
about 77 km2 (ECE, 1978).

The corridors for transmission lines require commit-
ments of large strips of land. Land areas used as rights-
of-way for transmission lines are long and narrow, usually
ranging from 110 to 200 ft (33 to 61 m) for single lines
to as much as 500 to 1200 ft (ca 152 to 366 m) for mul-
tiline corridors. According to the Solandt Commission
(1975), one double-circuit 500-kV line requires a right-
of-way width of 250 ft (76 m), but for two such lines,
rights-of-way will be at least 425 ft (129 m) wide, and
may occasionally extend to more than 1,200 ft (ca 366 m).

The land area which is needed often depends on the
voltage that is being used. In the United States, the
highest transmission voltage in 1892 was only 10-kV. By
the mid-1950s, transmission began at 345-kV, and by
the late 1960s it had increased to 765-kV (Janes, 1977).
By 1971,22%of all the U.S. transmission was at 500-kV,
and it is estimated that by 1980, 15% of transmission



234 Environmental Conservation

capability will be on 765-kV lines (Janes, 1977)..Exten-
sive research has already been done at the 1500-kV level
(EPRI, 1975). Wider corridors may be necessary for
higher kV lines, but on the other hand fewer corridors
may suffice. Depending on length, one 765-kV line could
replace two 500-kV or four 345-kV lines (US Nuclear
Regulatory Commission, 1976).

While it is unanimously agreed that substantial land is
used for transmission lines, estimates differ somewhat
for land requirements per mile (1.6 km) of right-of-way.
A booklet published jointly by the US Department of
the Interior and the Department of Agriculture (1970),
estimated that approximately 3,600 electric utilities in
the United States 'operate over 3,000,000 miles
[4,800,000 km] of overhead electric transmission lines,
which present nearly 4 million acres [1,620,000 ha] of
land for right-of-way'. It was forecast at that time that
approximately 100,000 miles (160,000 km) of new trans-
mission lines will be constructed on Vh million acres
(607,500 ha) of right-of-way, in each decade for the
balance of this century. These figures have been basically
accepted by later investigators (Hendrickson etal., 1974;
Kitchingsef a/., 1974; Jackson etal., 1978), even though
one of the basic assumptions was that the demand for
electric power will double in every decade.

The above estimate indicates an average land require-
ment of about 13 acres (ca 5.3 ha) per mile (1.6 km) of
right-of-way. This is approximately the same (12 acres
[ca 4.9 ha] per mile or 30,000 m2/km) as that estimated
by Hammond etal. (1973) and the Economic Commission
for Europe (1975). In contrast the US Nuclear Regulato-
ry Commission (1976) provides an estimate of 24 to 37
acres (9.7 to 15 ha) per mile (1.6 km). The estimates,
however, are not as widely incompatible as they may
appear at first sight. The difference lies in the width
of the corridor considered: 110 ft (33 m) for the USDI-
USDA estimate (Hendrickson et al, 1974), and 200 ft
(61 m) to 300 ft (91 m) by the US Nuclear Regulatory
Commission (1976).

One possible way of looking at the environmental
implications of high-voltage transmission lines is to com-
pare them with other linear systems that compete for
land, namely pipelines, expressways, and railways. This
is shown in Table I (Solandt Commission, 1975). As
noted in this Table, there are secondary uses of rights-of-
way. It should also be noted that the environmental
implications of transmission lines remain the same, irre-
spective of whether electricity is generated by nuclear or
a coal cycle.

OTHER IMPLICATIONS

There are other environmental implications of nuclear
energy, which are worth considering. Among these are
aesthetic aspects, habitat alteration, and atmospheric
effects, which we will now treat in turn.

Aesthetic Aspects

Normally, nuclear-power stations are architecturally
well-designed. However, major aesthetic problems arise
with cooling towers, and with circuit towers for trans-
mission lines. Because of technical requirements, very
little can be done to change the design of cooling towers.
However, with the increasing recognition of the environ-
mental dimensions of energy production, distribution,
and use, many regulating agencies and utility companies
have retained landscape architects and environmental
planners to improve the current situation. Environmental
design criteria are being continually developed and up-
dated, so as to minimize adverse environmental conse-
quences. One example is the architecturally designed
towers, using tubular steel construction, that can replace
lattice steel structures. The new tower is more pleasing
to the viewer, but may cost up to some 125% more than
conventional steel towers.

Extensive public hearings undertaken by the Solandt
Commission (1975) in Ontario, Canada, give a good pic-

TABLE I. Comparison of Features of Linear Land-uses. (Measurements are in feet. 1 foot = 30.48 cm.)

Features

Right-of-way width
(typical)

Effect as physical
barrier

Secondary uses of
right-of-way

A. Farming
B. Forestry/Orchard

Local noise

Atmospheric pollution

Visibility (at a distance)

500 kV Transmission Line

250-600 feet

Minimal except at towers
(every 900 feet)

Yes
Yes (with 25-ft height
restriction)

Not serious

Negligible (ozone)

162-ft-high towers and lines,
often visible at great
distances

Pipeline

60 feet

Minimal

Yes
No

None (except at
pumping stations)

No

Limited and local

4-Lane Controlled
Access Expressway

150-300 feet

Yes

No
No

Considerable
(often serious)

Yes

Limited and
generally local

Railway

60-100 feet

Yes

No
No

Intermittent

Intermittent

Limited and
generally local
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ture of public attitudes to, and perception of, electric
transmission lines. In the case of a 500 kV line, a single
circuit tower is about 120 ft (ca. 36 m) high and a tower
capable of carrying two circuits is 162 ft (49.4 m) high.
Such 162-ft-high towers are all too highly visible under
most circumstances. The Solandt Commission came to
three important conclusions, so far as public preferences
are concerned:

1. Where several circuits are required to achieve the
necessary capacity and security, these circuits should
be placed on as few towers as possible.

2. Where several lines of towers have to be used between
two points, they should be kept side by side through-
out the entire route, rather than made to run separate-
ly on different rights-of-way.

3. Where there is more than one line in the same right-
of-way, the preference is to have towers located in
lines abreast.

It goes without saying that the visual impact of trans-
mission lines can be greatly reduced by putting them
underground. Current estimates, however, indicate that,
even though the present-day costs can be reduced by im-
proving design methods, costs of putting lines under-
ground would still be approximately 10 to 15 times
those of overhead lines (US Nuclear Regulatory Commis-
sion, 1976).

It should also be emphasized that, contrary to popular
belief, underground transmission lines will not eliminate
land-use impacts. Even though the diameter of the cable
would be only between 12 and 36 inches (30.48 and
91.44 cm), the right-of-way requirements may exceed
100 ft (30.5 m) owing to the necessity of having access
roads, adjacent storage facilities, adequate space to allow
earth-moving equipment to operate, and a place to de-
posit excavated soil. Furthermore, the need to have free
and ready access in order to monitor or carry out repair
work could, unlike overhead transmission lines, severely
restrict the use of the corridor for farming purposes. It
has also been suggested that underground high-voltage
lines may effect some types of surface vegetation (US
Nuclear Regulatory Commission, 1976). If this should
prove to be correct, possible alternative uses of such
corridors could be further restricted.

Habitat Alterations

It is important to prevent trees from growing into or
falling onto transmission lines, as they can interrupt
service. Thus, herbicides are often used to control utility
rights-of-way. Plants exceedings 6 feet (1.8 m) in height
are usually cut before herbicides are applied. One prob-
lem that often arises from such spraying of herbicides is
the drift that eventually affects nontarget foliage. Also,
extensive research at Hubbard Brook, New Hampshire
(Kitchings et al., 1974), showed that where herbicide
was applied after all trees and shrubs had been cut and
left in situ, the cut area had an accelerated loss of nutri-
ents, with losses of cations ranging from 3 to 20 times as
high as from undisturbed systems. Moreover, increased
erosion is often noticed, indicating soil losses.

Transmission lines can also have adverse impacts
when crossing wetland areas. There is some evidence that
behavioural modifications may occur for waterfowl,
which could result in the absence of birds from an area
within a few hundred metres of the transmission lines.
The swaying of the lines in the wind, their reflective
properties, and the humming of the lines, could explain
the abnormal behaviour of the birds. Direct current
transmission could also have effects on migratory birds
using magnetic homing (US Nuclear Regulatory Commis-
sion, 1976).

Electric fields associated with a transmission line can
produce a charge on human beings or other animals
within the operative range of influence. For example, at
certain locations, ground-level field strengths can ap-
proach appreciable values such as 10-kV/m for a 46-ft-
high (14 m) 765-kV line (Janes, 1977). In comparison,
the Earth's DC electric field is about 0.13-kV/m, and can
be as high as 3-kV/m under thunder-clouds—even in the
absence of local lightning. Questions have been raised on
the resultant effects of this displacement of currents on
biological systems, but any such effects are normally
well below the values that are generally accepted as 'safe,
let's go' levels.

Comprehensive reviews of existing studies on biologi-
cal effects of high-voltage electric fields are available
(Kaufman & Michaelson, 1974; Bridges, 1975, 1977).
The former authors conclude that 'research to date has
failed to provide convincing evidence that human ex-
posure to stationary or low-frequency electric fields has
any harmful biological effect'. According to Bridges
(1975), 'although the great bulk of evidence suggests
that there are no significant effects of electric fields en-
countered under extra-high-voltage lines, further research
is needed'.

A tmospheric Effects

Possible atmospheric effects of nuclear power-plants
are mainly local. There have been a few reports of local-
ized fogs due to cooling towers. Studies (Fern & Brabets,
1974) have indicated that contributions of high-voltage
transmission lines to the increase of ozone levels are
negligible.

SUMMARY

Discussions on environmental implications of nuclear
energy have so far been concentrated on radiological
aspects: disposal of radioactive wastes, safety of nuclear
power production, safe handling of plutonium, and pro-
blems associated with uranium mining. There are, how-
ever, several environmental issues associated with nuclear
power production that are non-radiological in nature:
thermal pollution and attendant effects on aquatic life,
problems associated with land-use requirements, aesthe-
tic considerations, habitat alterations, and atmospheric
effects. These different non-radiological environmental
implications of nuclear energy are reviewed.
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The paper concludes that, while there are some envi-
ronmental problems which exist at present, and a few
more could emerge in the future, all these problems
appear to be solvable with the present state of techno-
logical development. The extent of environmental degra-
dation can be significantly reduced by appropriate design
and planning.

REFERENCES

ABRAHAMSON, D. E. (1972). Ecological hazards from nuclear
power plants. Pp. 798-811 in Careless Technology (Ed.
M. T. Farver & J. P. Milton). Natural History Press, Garden
City, New York, NY: [not available for checking].

BELTER, W. G. (1975). Management of waste heat at nuclear
power stations, its possible impact on the environment, and
possibilities of its economic use. Pp. 3—23 in Environmental
Effects of Cooling Systems at Nuclear Power Plants. IAEA,
Vienna, Austria: xii + 831 pp., illustr.

BISWAS, Ash K. (1974). Energy and the Environment. Planning
and Finance Service, Environment Canada, Ottawa, Canada,
Report No. 1,42 pp.

BISWAS, Asit K. (1977). Environmental implications of energy
development. American Society of Civil Engineers, Engi-
neering Issues, 103 (El l),Proc. Paper 12681, pp. 49-59.

BISWAS, Asit K (in press). Models for Water Quality Manage-
ment. McGraw-Hill, New York, NY.

BISWAS, Asit K. & COOK, B. (1974). Beneficial Uses for Ther-
mal Discharges. Planning and Finance Service, Environment
Canada, Ottawa, Canada, Report No. 2,173 pp.

BRETT, J. R. (1969). Resume—temperature and fishes. Chesa-
peake Science, 10, pp. 275-6.

BRIDGES, J. E. (1975). Biologic Effects of High Voltage Electric
Fields. Electric Power Research Institute, Palo Alto, Cali-
fornia, Report 381-1. [Not available for checking].

BRIDGES, J. E. (1977). Environmental Considerations Concern-
ing the Biological Effects of Power Frequency (50 or 60 Hz)
Electric Fields. In: Proceedings IEEE PES Winter Meeting,
Paper F77-256-1, Institute of Electrical and Electronics
Engineers, New York, NY: 17 pp., mimeogr.

BROCK, T. D. (1975). Predicting the ecological consequences of
thermal pollution from observations on geothermal habitats.
Pp. 599-621 in Environmental Effects of Cooling Systems
at Nuclear Power Plants. IAEA, Vienna, Austria: xii + 831
pp., illustr.

CAIRNS, J. (1970). Ecological management problems caused by
heated wastewater discharge in the aquatic environment.
Water Resources Bulletin, 6(6), pp. 868-78.

CAIRNS, J. (1976). Heated wastewater effects on aquatic eco-
systems. Pp. 32-8 in Thermal Ecology II (Ed. G. W. Esch
& R. W. McFarlane). ERDA, Washington, DC: ix + 404 pp.,
illustr.

COUTANT, C. C. (1975). Temperature selection by fish-A factor
in power-plant impact assessments. Pp. 575-95 in Environ-
mental Effects of Cooling Systems at Nuclear Power Plants.
IAEA, Vienna, Austria: xii + 831, illustr.

DUCKWORTH, H. E., DUCKWORTH, H. W., PORTER, A. &
ROGERS, J. S. (1977). Environmental Aspects of Nuclear
Power Development in Canada. Canadian Environmental
Advisory Council, Occasional Paper No. 2, Environment
Canada, Ottawa, Canada: 53 pp.

ECONOMIC COMMISSION FOR EUROPE [cited as ECE]
(1975). Environmental Aspects of Energy Production and
Use, With Particular Reference to New Technologies.
Report ENV/R. 43, ECE, 15 December, Geneva, Switzer-
land: 42 pp.

ECONOMIC COMMISSION FOR EUROPE (1978). Environmen-
tal Aspects of Energy Production and Use, With Particular
Reference to New Technologies. Report ENV/R. 43/Add.
2, 12 January, 15 pp.

ELECTRIC POWER RESEARCH INSTITUTE [cited as EPRI]
(1975). Transmission Line Reference Book 345 kV and

Avove. Fred Weidner and Son, New York, NY: [not avail-
able for checking].

ESCH, G. W. & McFARLANE, R. W. (Ed.) (1976). Thermal
Ecology II. Proceedings of a Symposium, Augusta, Georgia,
2-5 April 1975. ERDA Symposium Series CONF-750425,
Energy Research and Development Administration, Wash-
ington, DC: ix + 404 pp., illustr.

FERN, W. J. & BRABETS, R. I. (1974). Field Investigations of
Ozone Adjacent to High Voltage Transmission Lines. IEEE
Paper T 74 057-6, Institute of Electrical and Electronics
Engineers, New York, NY: [not available for checking].

FRY, F. E. J. (1971). The effect of environmental factors on the
physiology of fish. Pp. 79-134 in Fish Physiology (Ed. W.
S. Hoar & D. J. Randall) Vol. 6. Academic Press, New York,
NY: Vol. 6 [not available for checking].

GIBBONS, J. W. (1976). Thermal alteration and the enhance-
ment of species populations. Pp. 27-31 in Thermal Ecology
II (Ed.G. W. Esch & R. W. McFarlane). ERDA, Washington,
DC: ix + 404 pp., illustr. [see also Esch & McFarlane, above].

HAMMOND, A., METZ, W. & MAUGH, T. (1973). Energy and
the Future. American Association for the Advancement of
Science, Washington, DC: xi + 180 pp.

HARLEMAN, D. R. F. & STOLZENBACH, K. D. (1972). Fluid
mechanics of heat disposal from power-plant generation.
Annual Review of Fluid Mechanics, 4, pp. 7-32.

HEATH, W. G. (1967). Ecological significance of temperature
tolerance in Gulf of California shore fishes. /. Arizona
Academy of Sciences, 4, pp. 172-8.

HENDRICKSON, P. L., BAHL, R. W., GRAY, B. A. & MAY-
NARD, W. S. (1974). Measuring the Social Attitudes and
Aesthetic and Economic Considerations which Influence
Transmission-line Routing. Battelle Pacific Northwest
Laboratories, Richland, Washington, Report BNWL-1837,
7 pp.

HOCHACHKA, P. W. & SOMERO, G. N. (1973). Strategies of
Biochemical Adoption. W. B. Saunders, Philadelphia, Pen-
nsylvania: [not available for checking].

HUTCHISON, V. H. (1976). Factors influencing thermal toler-
ances of individual organisms. Pp. 10-26 in Thermal Ecol-
ogy II (Ed. G. W. Esch & R. W. McFarlane). ERDA, Wash-
ington, DC: ix + 404 pp. [see also Esch & McFarlane,
above].

INTERNATIONAL ATOMIC ENERGY AGENCY [cited as
IAEA] (1971). Environmental Aspects of Nuclear Power
Stations. Proceedings of a Symposium, New York, 10-14
August 1970, Doc. STI/PUB/261, IAEA, Vienna, Austria:
970 pp.

INTERNATIONAL ATOMIC ENERGY AGENCY [cited as
IAEA] (1973). Nuclear Power and the Environment. Doc.
STI/PUB/321 (Rev.), IAEA, Vienna, Austria: 85 pp.

INTERNATIONAL ATOMIC ENERGY AGENCY [cited as
IAEA] (1974). Thermal Discharges at Nuclear Power
Stations: Their Management and Environmental Impacts.
Doc. STI/DOC/10/155, IAEA, Vienna, Austria: 155 pp.

INTERNATIONAL ATOMIC ENERGY AGENCY [cited as
IAEA] (1975a). Environmental Effects of Cooling Systems
at Nuclear Power-plants. Proceedings of a Symposium, Oslo,
26-30 August 1974. Doc STI/PUB/378, IAEA, Vienna,
Austria: 831 pp.

INTERNATIONAL ATOMIC ENERGY AGENCY [cited as
IAEA] (19756). Combined Effects of Radioactive, Chemi-
cal and Thermal Releases to the Environment. Proceedings
of a Symposium, Stockholm, 2-5 June 1975. Doc. STI/
PUB/404, IAEA, Vienna, Austria: 360 pp.

INTERNATIONAL ATOMIC ENERGY AGENCY [cited as
IAEA] (1977). Urban District Heating Using Nuclear Heat.
Proceedings of a Symposium, Vienna, 15-19 March 1976,
Doc. STI/PUB/461, IAEA, Vienna, Austria: viii + 209 pp.,
illustr.

JACKSON, R. H., HUDMAN, L. E. & ENGLAND, J. L. (1978).
Assessment of the environmental impact of high-voltage
transmission lines. Journal of Environmental Management,
6(2), pp. 153-70.



Biswas: Non-radiological Environmental Implications of Nuclear Energy 237

JANES, D. E. (1977). Background information on high-voltage
fields. Environmental Health Perspectives, 20, pp. 141-7.

KAUFMAN, G. E. & MICHAELSON, S. M. (1974). Critical
review of the biological effects of electric and magnetic
fields. In Biologic and Clinical Effects of Low-frequency
Magnetic and Electric Fields (Ed. J. G. Llaurado et al).
Charles C. Thomas, Springfield, Illinois: [not available for
checking].

KITCHINGS, J. T., SHUGART, H. H. & STORY, J. D. (1974).
Environmental Impacts Associated with Electric Transmis-
sion Lines. Oak Ridge National Laboratory, Oak Ridge,
Tennessee, Report ORNL-TM-4498, pp. 1-41.

LEE, S. S. & SENGUPTA, S. (Ed.) (1977). Waste Heat Manage-
ment and Utilization. Proceedings of a Conference, Miami
Beach, 9-11 May 1976. Mechanical Engineering Depart-
ment, University of Miami, Coral Gables, Florida: 3 vols.

NUCLEAR ENERGY POLICY STUDY GROUP (1977). Nuclear
Power Issues and Choices. Ballinger, Cambridge, Massachu-
setts: xvi + 418 pp., illustr.

SOLANDT COMMISSION (1975). Transportation: A Public
Inquiry into the Transmission of Power Between Lennox
and Oshawa. Report to the Government on Ontario, Toron-
to: 213 pp.

STREFER, C. (1975). Interaction mechanisms of radioactive,
chemical and thermal releases from the nuclear industry.

Pp. 3—11 in Combined Effects of Radioactive, Chemical
and Thermal Releases to the Environment. Doc. STI/PUB/
404, IAEA, Vienna, Austria: 360 pp.

SYLVESTER, J. R. (1972). Possible effects of thermal effluents
on fish: A review. Environmental Pollution, 3 (3), pp. 205 -
16.

UNITED NATIONS ENVIRONMENT PROGRAMME [cited as
UNEP] (1976). Review of the Impact of Production and
Use of Energy on the Environment. Report of the Executive
Director, Document GC/6 I/Add. 1, UNEP, Nairobi, Kenya:
107 pp.

US ATOMIC ENERGY COMMISSION (1974). Nuclear Power
Growth 1974-2000. Report WASH-1139, mimeogr., AEC,
Washington, DC: [not available for checking].

US DEPARTMENT OF THE INTERIOR AND DEPARTMENT
OF AGRICULTURE (1970). Environmental Criteria for
Electric Transmission Systems. US Government Printing
Office, Washington, DC: [not available for checking].

US NUCLEAR REGULATORY COMMISSION (1976). Nuclear
Energy Centre Site Survey-1975: Part III, Technical Con-
siderations. US Nuclear Regulatory Commission, Washing-
ton, DC: [not available for checking].

WORKSHOP ON ALTERNATIVE ENERGY STRATEGIES
(1977). Energy: Global Prospects 1985-2000. McGraw-Hill,
New York, NY: xxv + 291 pp.

Nature's Own Nuclear Reactor
Introduction

In September 1972, almost three decades after the
first nuclear reactor build by Man started to operate at
the University of Chicago, scientists of the French Com-
missariat a l'Energie Atomique announced the discovery
of a 'fossil' fission reactor that had operated long ago.
The reactor was located in a rich deposit of uranium ore
in an open pit at Oklo, in the Republic of Gabon on the
coast of western equatorial Africa. This reactor is the
first known natural nuclear reactor.

Early during Precambrian time, roughly two thou-
sand million years ago, and at about the time at which
the rocks surrounding the ore-body formed, or shortly
thereafter, the reactor operated during several hundred
thousand years, consuming a part of its nuclear fuel. The
conditions in the uranium ore underwent changes during
the sustained fission reaction; these changes affected the
rate of reaction and finally stopped the fission of uranium.

During its period of operation, the reactor has been
calculated to have produced an amount of energy that
equals the electrical energy produced by a large fission
reactor during four years, or enough to satisfy the needs
of a major metropolis. When discovered during mining
operations at Oklo, the reactor was almost intact.

About two thousand million years before Man existed
to contemplate the splitting of the atomic nucleus,
Nature herself performed a remarkable experiment. The
history of Nature's own nuclear reactor is a series of
implausible events. The start was the accumulation and
enrichment of uranium in an ancient watershed area to
form, in places, small pockets of rich uranium ore,
including the Oklo ore-body. Subsequently, the geologi-
cal environment formed what was necessary for the start
of a continuous nuclear reaction. The environment
regulated the uranium content of the ore, the size and
shape of the ore pockets, and the amount of other
minerals and water present. When the fission reaction
finally stopped, evidence of its operation was preserved
for eons without being affected by subsequent geological
changes.

Discovery of the Reactor
The discovery of the Oklo reactor includes much

brilliant research. The story starts in France, where, in
May 1972, in the nuclear-fuel processing plant at Pierre-
latte, the observation was made that some uranium com-
pounds, when investigated mass-spectrometrically, con-
tained less than usual of the readily fissionable uranium
isotope, 235-U. Its present-day relative abundance in
uranium is about 0.72%. Natural uranium consists mainly
of the isotope 238-U, and the isotopic constitution of
uranium is believed to be constant in various uranium
minerals at any given time.

Even though the anomaly in the abundance of 235-U
was very small, it was considered important enough to
warrant an investigation as to its cause. The Commissariat
a l'Energie Atomique was finally able to trace the anom-
aly to a uranium-processing mill near Franceville in
southeastern Gabon. The ore was delivered to the mill
from the near-by Oklo open-pit mine.

As a result of chemical processes taking place in rocks,
some regions may become enriched in uranium while
others contain only little uranium. However, the uranium
isotopes are chemically virtually indistinguishable. No
natural processes are known to exist that can separate
238-U and 235-U from each other, and thus could explain
the selective removal of 235-U from a uranium ore-body.

Continued research produced a sample containing
only 0.3% 235-U. The possibility was considered that
the missing 235-U had not been displaced but had been
destroyed in the Oklo ore.

The Key to the Riddle
When the investigation had been completed, it became

obvious that 235-U had indeed been destroyed in the
Oklo ore. The elements that form as characteristic pro-
ducts of uranium fission were abundant in the parts of
the ore that was depleted in 235-U, but were almost
totally absent in other parts of the ore-body. At least
one-half of the fission products of uranium had remained
in situ in the ore. Thus Nature herself had 'constructed'


