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A. INTRODUCTION

Shall the world always stay divided into rich and poor, into the affluent
industrial and primitive agricultural? Will the societies that are presently
undeveloped pass through their own industrial revolution and eventually catch
up with high income countries of today? 1Is it realistic to expect that some
time in the future all people in the world will be as affluent as people in
the United States are today? Can we imagine, sometime in the future, our
globe with ten billion people and five billion carsg?

In two previous papers (JOVA 86; JOVA 86a) we have discussed this problem
and concluded that the world is moving in the direction of global affluence.
When, and if, the world achieves this global affluence, assuming that the
energy consumption per person will stay the same as it is in the United States
and Canada today, and that the world population will stabilize at 10 billion
people, the demand for energy will increase tenfold over the present demand.
Furthermore, it was argued (JOVA 86, Figure 5) that this tenfold increase 1in
energy demand may be reached as soon as half a century from now.

The object of this paper is to survey the existing and emerging energy
technologies, the available resources and the impact such high consumption of
energy would have on the environment.

B. ENERGY TECHNOLOGIES

Where can energy needed by an affluent future world come from? An
optimist will answer that new technologies using renewable and clean energy
sources will provide all that energy, if only enough money is 1invested into
properly selected research areas. It would be great if this statement could
be true. Unfortunately, a realistic investigation of the existing
commercially feasible and some other scientifically feasible technologies
reveals that only two energy sources, coal and nuclear, could provide enough
energy needed by an affluent world within the next 50 to 60 years.

Bl. EXISTING TECHNOLOGIES

There are essentially only five existing energy producing technologies.
They are coal, oil, gas, hydro electricity and nuclear electricity. The
contribution of these five technologies, as well as the total world
consumption of energy during the last six decades is shown in Figure 1.

Coal. After wood, coal is the oldest fuel used by man. It was used in
China for smelting copper at least 3000 years ago. By the end of the 17th
century 200,000 tons of coal a year were produced in England (ENCY 74). In
the 19207s, well over 80% of energy used in the world was produced by burning
coal. At present, coal supplies only 30% of the world energy (c.f.

Figure 1).
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Figure 1. The growth of consumption of industrially produced and commercially
sold energy for the period between 1925 and 1983 is illustrated in this graph.
The data before 1968 were taken from (DARM 71) and after 1965 from (BPST 84).
The heavy black 1line represents the energy consumption for the whole world.
Five thin lines represent consumption of major energy sources, oil, coal, gas,
hydro electricity and nuclear electricity. Units used for oil, coal and gas
are metric tons of oil equivalent (t.o.e.) per year on the left and terawatt
on the right. Hydro and nuclear electricity are shown as amount of oil that
would be needed in thermal power stations in order to produce the same amount
of electrical energy. This was achieved by equating 1 KWh to 125 grams of
coal equivalent. Where data follow a pure exponential, straight lines vere
drawn and times in years needed to double the amount (called D) are explicitly
shown.
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Coal is a bad technology because it is dangerous to dig from deep mines,
ugly to scrape from the surface, difficult to transport and it produces acid
rain which kills lakes, forests and shortens life expectancy of people. The
results of some of the recent studies indicate (OFFI 82, page J-7) that acid
rain is a contributing factor in 51,000 deaths each year from various heart
and lung diseases. Nevertheless, all these difficulties are not the most
important difficulties. If we wanted to pay, we could stop acid rain and
reclaim abandoned open pit coal mines. The major difficulty with coal, as
well as with all other fossil fuels (oil, gas, tar sands, etc.) 1is the
production of carbon dioxide, which cannot be removed from smoke stacks in any
feasible manner and which threatens global climate (c.f. Sec. C3).

0il and Gas. At the present stage of technological development, o0il 1is
indispensable as raw material for the production of liquid fuels, so essential
in both surface and air transportation. Since 1973 o0il is widely being
replaced by gas for heat production and by coal and uranium for electricity
generation. Figure 1 shows that the world oil consumption has been decreasing

since 1979.

Fossil Fuel Resources. Hafele et al. state (HAFE 81, page 40) that the
fossil fuel resource base is estimated as follows: conventional oil has
perhaps up to 400 TWyr of energy; heavy oil and tar sands another 400 TWyr;
shale oil, 60 TWyr; natural gas, 350 TWyr; and coal 2400 TWyr, the total of
all being 3610 TWyr. The present rate of energy consumption is about 9
TWyr/yr, thus, at present rate of consumption fossil fuels would last for
about 400 years, and at the assumed "saturation" consumption about 40 years.
At "saturation”, conventional oil would last less than & years. From these
very crude estimates it follows that even if energy consumption grew at rates
as fast as discussed in (JOVA 86), that is increasing by ten times within the
next half a century, there would be enough fossil fuels, mainly coal, to power
the world to beyond the middle of the next century, but not much longer.

Hydro Electricity. At present about 20 percent of world electricity and
seven percent of world energy is produced by hydro power (c.f. Figure 1).
Hydro electricity is a very clean and cheap source of energy although the
ecological consequences produced by flooding large tracts of 1land are
sometimes very undesirable. Dam bursts have also occurred a number of times
in the past with many people being killed (c.f. Sec. Cl).

Nuclear Fission. The world resources of wuranium are not sufficiently
large to provide all the energy needed for the next 50 years if only reactors
burning uranium-235 are used. Breeders, which convert 130 times more abundant
uranium-238 into fissionable plutonium, will have to be extensively employed.
Although the working prototypes of these breeder reactors have been made, they
have not yet been commercially exploited. Once breeders are commercially
available the nuclear power will be able to provide the world with needed
energy for thousands of years.
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Unfortunately, even with this scheme there are difficulties.

If the energy consumption in the undeveloped world continues to rise as
during the last few decades and if the bulk of this increase should come from
thermal and breeder reactors a difficulty with supplies of wuranium and
plutonium would arise. While the fast breeder reactors would be able to
provide enough energy at the assumed saturation for many centuries once the
steady state is reached (or almost reached), fast breeder reactors will not be
able to convert U-238 into plutonium fast enough to supply fuel for all new
breeder reactors. The reasons are that the production of nuclear energy
should be doubled every five to six years until "saturation” is reached. The
supply of plutonium to be initially loaded into new reactors must grow at the
same rate. Unfortunately, present breeders can double the amount of fuel
initially loaded only in fifteen to twenty years. Thus, the world supplies of
energy could not be bootstrapped by fast breeders alone at a rate which would
double the world energy consumption every fifteen years or so. This problem
has been considered by World Energy Conference (FOST 78) and the conclusions
were illustrated in a diagram which is reproduced in Figure 2.

The anticipated plutonium shortage can be resolved by developing
accelerator breeders (DAVI 77) a technology which is scientifically feasible
but has not yet been developed. The accelerator breeders are discussed in the
next section.

Fission Power Resources. The resources of uranium are estimated by
Hafele et al. (HAFE 81, p. 49) to be about 25 million tons of uranium, using
only ores with concentrations higher than about 0.1 percent. As one ton of
uranium wused in breeders could produce, under ideal conditions 2.8 GWyr of
thermal energy and present world consumption is 9TWyr = 9000 GWyr, it follows
that about 3,000 tons of uranium can power the present world for a year, or
30,000 tons at the assumed saturation. Thus, the estimated resources of "high
grade” wuranium ores could power an affluent world for about ten centuries.
Low grade uranium ores with uranium content between 0.01 percent and 0.001
percent are quite abundant. When thorium resources are added to these uranium
resources, it is clear that fisslon energy can power an affluent world for
many millenia.

If the world would use only present, non-breeder reactors which use
uranium roughly 100 times less efficiently than breeders, the world”s "high
grade” uranium supplies of 25 million tonnes at "saturation” would not last
ten centuries, but only ten years!

This very rough calculation clearly shows that from the existing
technologies only breeder reactors could supply an affluent world with energy
for many centuries.
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Figure 2. Schematic illustration of world uranium supply problem until year
2020 (reproduced from FOST 78). On the vertical scales is plotted quantity or
uranium needed annually for initial fueling of new reactors and refueling of
the existing reactors. Scenario C is the one which assumes relatively fast
industrial growth in developing nations and use of fast breeders as expected
to be economically justified. 1In fact, this perceived shortage of uranium, as
well as perceived difficulty in mining sufficiently large amounts of coal, are
main reasons why the study by the World Energy Conference (BLOO 78) has

considered the historical growth of doubling energy consumption every 15 years
as 1lmpossible to achieve.
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B2. EMERGING TECHNOLOGIES

Renewable Energy Sources. Renewable hydro electricity, wind electricity,
biomass fuels, geothermal heat, and OTEC (Ocean Thermal Energy Conversion)
electricity could not provide more than a few percent of the total energy
needed by an affluent world. A number of studies of these resources have been
made (PUTN 53, STAR 71, HUBB 71, HAFE 81). The technical potential of these
fuels (HAFE 81, p. 84) on a global scale is illustrated in Figure 3. The
pPractical, economic potentials are naturally significantly lower, and thus,
even 1f these fuels were economically competitive, they could not possibly
satisfy the global need for energy.

Solar Energy. The technical potential of solar energy is enormous. Our
sun supplies the earth with energy which is several orders of magnitude higher
than the presumed "saturation" amount indicated in Figure 3. In spite of
this, it is difficult to see how solar energy could provide significant
amounts of needed energy during the next half century.

The basic difficulty with solar energy 1is the Second Law of
Thermodynamics. Solar energy is diffused, about one kilowatt per square
metre, and so much only when the sun shines. (As a comparison, fission energy
is "dense", about 100 megawatts per cubic metre). For most applications we
need "dense" energy. To use solar energy for electricity production, it must
first be concentrated, and this requires work. Work costs money, thus, the
solar electricity is intrinsically expensive. Various engineering designs of
solar power stations clearly show this fact (STAR 79). As a result, solar
electrical power stations have not yet become commercially feasible and no
company in the world is selling them.

Aside from being very expensive, solar electricity has two more
disadvantages. One 1is that the sun shines only during the day, and it is
bright if there are no clouds. Therefore, a practical method of storing large
amounts of electricity would have to be found before solar electricity could
be used day and night, sunshine or rain. The second disadvantage is that
densely populated countries would have to use a sizeable fraction of their
land to collect enough sunshine. For instance, if the population of 1India
doubled, if each person used as much electricity as we use in North America
and Scandinavia today, and if all that electricity was to be produced by solar
energy using the only presently available technology, that of mirror
collectors, then close to two percent of the Indian subcontinent would have to
be covered by mirrors and access paths to these mirrors. In the case of
countries with less sunshine, like England, a much greater fraction of the
British Isles would be covered with mirrors and auxiliary power-related
facilities. This is clearly impractical.

If all the solar power stations were located in various deserts around
the world and the electricity generated was used to produce hydrogen gas,
then, in principle, the world could get all its energy from the sun. But this
scheme is quite expensive and not practical to be fully deployed within the
next few decades, if ever.
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Figure 3. World consumption of commercial energy (top curve) is divided into
two world regions, one industrially the most developed and the rest of the
world. From 1925 to 1965 the data were taken from (DARM 71) and after 1965
from (BPST 84). In the 1920°s the industrially developed world, composed of
Western Europe, North America, Japan and Australia, was consumer of over 857
of all energy used in the world. These same countries, with some but not very
significant exceptions, form today the Organization for Economic Cooperation
and Development (OECD) and consume only 50% of the world energy. It should be
noticed that the non-OECD world has been doubling its energy consumption every
11 years, increasing it by 30 times during the last 55 years. Past and
projected future energy consumption for the whole world, OECD countries and
all other non-OECD countries. Dotted-dashed line is a historical trend for
the non-OECD countries. The heavy line is the sum of this line and the 1low
projection for OECD countries in the TIIASA study. In the top right hand
corner it is indicated what the energy consumption will be a few decades from
now, when, and if, the whole world becomes as affluent as the United States
and Canada are today. In the bottom right hand corner the upper 1limits
(technical potential) of several renewable energy sources (HAFE 81, page 84)
are indicated with arrows and bars.
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Optimistically, the solar energy will be able to provide a certain
fraction of electricity in some selected areas of the world, Southern
California or Egypt, for instance. The bulk of the energy used by the rest of
the world will have to be produced using other energy sources.
Pessimistically, the solar produced electricity will never become commercially
practical, not even in southern California or Egypt.

Accelerator Breeder. As explained earlier (Section Bl) and pointed out
during the World Energy Conference (FOST 78), if the use of nuclear energy
expands as needed by a world that iIndustrializes 1itself along historical
lines, a shortage of uranium would develop early in the next century. If fast
breeders are extensively used, the pressure on uranium supplies would be
reduced, but the shortage of uranium and plutonium needed for the first
fueling of the breeders would develop again, a decade or two later (see
Figure 2). The solution to this difficulty is a new know-how, the technology
of accelerator breeders (MYNA 77, DAVI 77, GRAN 77).

A schematic of an accelerator breeder complex is shown in Figure 4. In
such a system a very intense beam of protons (say, 300 milliamperes) is
accelerated to high energies (about 1000 MeV) in a linear accelerator. This
beam then enters a target structure made primarily of uranium and/or thorium.
Each high energy proton creates up to 100 neutrons which then either fission
uranium and/or thorium and create heat, as in any nuclear reactor, or become
absorbed in uranium-238 creating plutonium-239, or in thorium-232 creating
fissionable wuranium-233. The heat developed in the target is sufficiently
large to operate an electric power station, which would supply all the
electricity needed by the accelerator. In this way, the accelerator, target
and power station would be a self-contained plant producing enough energy out
of non—-fissionable uranium-238 and thorium-232 to drive itself and, in
addition, to convert sizeable amounts of these two elements into easily
fissionable plutonium-239 and uranium-233. These two could then be used
either in thermal reactors or in fast breeders. As accelerator breeders could
produce plutonium as needed, the anticipated shortage of plutonium for the
first fueling of breeders would be overcome.

This technology does not exist yet. It is a scientifically feasible
technology, but its engineering feasibility has not been demonstrated, as no
other but some early design work has been done on it. The development of this
technology would enable the fast, worldwide deployment of breeders, as well as
the full exploitation of thorium resources. This technology should be of
particular interest to India, a country which is relatively poor in any other
energy resource but thorium.

Nuclear Fusion. Thermo-nuclear fusion, once harnessed, will provide
mankind with almost unlimited amounts of energy. Unfortunately, this process
is so complicated that even the scientific feasibility of a fusion reactor has
not yet been demonstrated. Thus, it would be too optimistic to expect that
this source will provide significant amounts of energy, if any, within the
next half a century.
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Summary. From among all emerging technologies that seem to be on the
verge of being practical to use within the next half a century or so, the
accelerator breeders seem to be the only ones that have good prospects of
being useful, in fact, essential if developing nations continue in their march
towards the global affluence.

C. ENERGY AND ENVIROMENT

There exists no ideal technology, a technology that would not present
certain dangers to man and the environment. Energy technologies, nuclear
power included, are no exception.

A1l harmful effects produced by various energy technologies can be
divided 1into three broad groups: (1) Local and/or short term effects; (2)
Regional and/or medium term effects; (3) Global and/or long term effects.

Under local, we shall understand events whose spatial extent 1is a few
kilometers. Under regional, those events whose extent is up to a few thousand
kilometers. Global events affect the whole earth. Short term events will be
those whose effects last for a few days or weeks. Medium term would be those
whose characteristic times are years and long term events are those that
persist for times comparable to or longer than the human lifetime.

The Bhopal disaster, or the collapse of a hydroelectric dam are obvious
examples of local effects with short term duration.

Acid rain is a typical example of regional effects whose spatial extent
is hundreds and thousands of kilometers. Slow health effects of acid rain, as
well as ionizing (nuclear) radiation, have significance on the (medium term)
time scale of a decade or more.

There exist only two long term global effects related to energy
production. These are the productions of nuclear waste and carbon dioxide.
The first problem is, in fact, more regional than global, but it is certainly
of long duration. The carbon dioxide problem is truly global in its nature
and also of long duration.

The proliferation of nuclear arms does not fall into any of the above
three categories. It is the case of a gross misuse of a technology which
appears as a result of human relations, rather than the coupling between
technology and the evironment. A short discussion of this problem was
presented in (JOVA 86).
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Cl. LOCAL/SHORT TERM EFFECTS

Events of local significance and short duration are wusually called
accidents, sometime disasters. They are of the most direct and immediate
concern to people. They usually produce instant injury or death and easily
visible damage to the property and environment. Victims of these accidents
are either people working with particular technology or the general public.

Non-nuclear Technologies. Every technology has 1its own type of
accidents. The coal industry is well known for its mining accidents which
kill anywhere between a few and a few hundred miners. Hydro electricity is
known for its high rate of construction accidents and occasional dam failures
which sometimes have killed thousands. H. Inhaber (INHA 82) in Table K-3,
reproduced in Figure 5, 1lists numbers of dead due to various major dam
disasters and concludes that up to 1980 (including Morvi dam accident)
somewhere between 5500 and 7000 people have been killed in this way. Many
more examples of energy related accidents could be given.

Nuclear Accidents. A major concern about the nuclear power is the
possibility of catastrophic accidents. Although Three Mile Island accident
did not kill anybody (KEME 79), the Chernobyl accident did. In 1957,
scientists at Brookhaven National Laboratory estimated (WASH 57) that if one
half of the radioactive inventory of a 500 megawatt (thermal) reactor were
somehow released into the atmosphere in the vicinity of a populated city, and
if atmospheric conditions were unfavourable, then 3,400 deaths, 43,000 acute
illnesses and tens of thousands of induced latent cancers could occur.
Present day power reactors are three to eight times larger, thus, the damage
could be much worse.

For several reasons this first and very crude study was too pessimistic.
It did not consider what the plausible physical and chemical processes were
that could spread half of the reactor core into the atmosphere outside the
very strong reactor containment building. Also, this study did not even
attempt to estimate how probable such catastrophic accidents may be.

In the Rasmussen report (WASH 75) a set of complex calculations were
performed in order to estimate the probability of a nuclear (power) reactor
accident that could kill a certain number of people. The results of their
study are shown in Figure 6 (reproduced from RUED 75) where they are compared
with risks due to other natural or man-made disasters.

It has been hotly debated how good these estimates are (see for instance
STUD 75, SHEA 78). The authors of the study themselves did not claim that the
results are better than an order of magnitude, that is a factor of ten in
either direction.

In recent years, more studies about the safety of certain types of
nuclear reactors were made and the conclusions are even less pessimistic than
the first Brookhaven estimate and the Rasmussen report (c.f. LEWI 80, LEVE 81,
RIPP 84, LEVI 85, LEDE 85, CASE 84).
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Table K-3. Major Disasters Likely Associated with
Hydroelectricity Generation (c)

Number
Place Date Dead References

Vajont, Italy (a) 1963 2600-3000 153,154 (b)
Gleno, Italy 1923 600 155,156
St. Francis, United States 1926 426-450 155,156
Kiev (Babi Yar), U.S.S.R. 1961 145 161
Koyna (Shivaji Sagar Lake),

India 1967 180 158
Vega de Tera, Spain 1959 123-150 153,155,156
Sella Zerbino, Italy 1935 100-111 155,156
Oros, Brazil 1960 30-1000 153,155,156
Coedty, Wales 1926 20-60 155,156
Teton, United States 1977 9-11 159, 160
Bhakra, India 1959 10 155
Colorado Dam, Texas,

United States 1900 8 155
Necaxa No. 2, Mexico 1909 4 155

4255-5729

(a) Dam did not fail, but was overtopped.

(b) Reference 155 indicated 5000 dead, but this may be in error.

(c) Since data on hydroelectricity production are considered only to the end of
1978, the Morvi dam accident of August 1979 in India is not included. This dam
had a hydro component (531). A late report (535) placed the number of dead at
1335. This would increase the total associated with hydroelectricity at around
25%. On the other hand, a statement by the president of a local municipality
near the dam accident places the number of missing as high as 25,000 (534). In
either case, this accident is either the largest or second largest disaster in history
associated with energy systems.

Figure 5. A table reproduced from (INHA 82) illustrates often ignored fact
that dams are very dangerous structures and that dam accidents have killed
many thousands in the past.
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It should be also mentioned that the number for dam accidents is an
experimental number - this 1is what has actually happened in the past. The
numbers for nuclear reactor accidents are theoretical estimates based on some
particular model and a particular set of assumptions. These assumptions may,
of course, be wrong, in which case the conclusion would be wrong too, thus
making nuclear power either more safe or less safe.

Comparing Nuclear and Other Risks. When all theoretical estimates
performed so far are combined with the practical experience in operating
existing power reactors, two conclusions emerge.

Until now, all nuclear power statioms around the world have produced
about 80 PWh, which is about one-sixth as much power as all hydroelectric
power stations since the time the first one was built at Niagara Falls. Among
the general public there has not been a single fatality yet due to nuclear
power reactor accidents. At Chernobyl there were 31 occupational deaths. On
the other hand, dam failures occur every few years somewhere, sometimes with
thousands of people being killed in a single failure (see Figure 5). Until
now, the nuclear power has had hundreds of times less fatalities per unit of
electricity produced than the renewable hydro power. (Long term effects of
released radiation are wunknown and often missinterpreted by assuming that
nature obeys the linearity hypotheses. 1In case on Chernobyl accident, the
expected collective dose from external radiaton exposure to the population in
different regions of European part of the USSR (CHER 86) over the next 50
years was estimated to be 30 million person-rems. Assuming validity of the
linearity hypotheses, this would produce about 4000 cancer deaths in a couple
of decades. On the other hand, if radiation has a hormeses effect on human
body (LUCK 86), then the effects of Chernobyl radiation spill would be

beneficial.)

The second conclusion that emerges is that Murphy”s law predicts that
severe accidents 1like the one at Chernobyl, or even worse, will happen again
sometime in the future. This will be nothing unusual. Other man-made
activities and devices have killed in the past many more people.

Could something be done about this risk? Of course, it can. The safety
can always be improved--at a price. The safer electricity will be a more
expensive electricity. So, the real question is, how much do we want to pay
for our own safety, and how should we invest our limited resources in order to
get the maximum benefit for the minimum amount of money and effort. This
problem was discussed in some detail in (JOVA 86).

Are present day nuclear reactors sufficiently safe? Or could it be that
they are over-designed, 1implying that they have been made unnecessarily
expensive? Is the nuclear industry over-regulated or under-regulated? Cohen
(COHE 83) presents arguments in favour of the view that the nuclear industry
in the United States is unnecessarily over-regulated. At present, there is no
way to answer these questions in a conclusive way. The only conclusive way is
to do the experiment, that means to operate reactors for thousands and
millions of reactor years. While this experiment 1is going on, it would
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presumably be prudent to build reactors far from densely populated areas,
particularly when one keeps in mind that transmission of electricity over
short distances is relatively cheap. 1In fact, this was one of the -chief
recommendations of the Kemeny Commission (KEME 79).

On Figure 7 is reproduced a graph (INHA 82) that relates fatality rates
(public and occupational deaths were combined) in various industries per unit
of energy produced. According to that study the natural gas is the safest.
Nuclear power is the second best.

Summary. Our technological society is a dangerous place to live. There
are many ways to get killed in 1it. But we still live much longer in a
high-technology society, than in an underdeveloped society (JOVA 86). If we
do not have technology which consumes large amounts of energy, do not have
cars and bicycles, electricity and nuclear power stations, we are not going to
live over 70 years, we are going to die much earlier due to poor medical care,
malnutrition, etc. And, of course, our life is what we value the most.

C2. REGINAL/MEDIUM TERM EFFECTS

Acid rain. This is one of the effects of energy technologies on man and
enviroment whose spacial extent is a few hundred to a few thousand kilometers
and whose effects are felt for periods anywhere between several weeks and
several decades. A nice introduction to the topic was presented in (LIKE 79)
and a detailed review is given in (OFFI 82).

The following news report illustrates vividly the difficulty with acid
rain. In an article "Rain of Troubles”, C.K. Groves (GROV 80) writes, "During
several recent storms in Wheeling, West Virginia, the rainfall measured 1.5 on
the pH scale, a level far more acid than vinegar”. Vinegar has a pH level of
3.0, thus, the Wheeling rain was 30 times more acid than vinegar, and about 5
times more acid than lemon Juice!

The technology for the control of acid rain exists but it is quite
expensive to implement. The report (OFFI 82) states that something like four
billion dollars a year would be needed to reduce the acid emissions in the
Eastern half of the U.S. to one-half the present value (see Figure 8). This
estimate was echoed in a short news report (THIS 83) where it was stated “...
the electric industry”s research institute (in the U.S.) predicted that
cutting (acid producing) emission (from power stations) by 50 percent would

raise prices (of electricity) by anything up to 50 percent”.

Radiation Effects of Nuclear Power. One of the concerns related to
nuclear power is the release of radiation and health dangers associated with
it. These dangers have been discussed at some length in several submissions
to this conference (TOTT 86, LUCK 86). Also, risks associated with the
potential increase in the natural background radiation levels were discussed
in (JOVA 86), so, this topic will not be discussed here.
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Figure 13. Total deaths, times 1000, per megawatt-year as a function of
the energy system. (See explanation in caption to Figure 9. ) For this graph,
the public and occupational deaths are combined. Natural gas-fired elec- Figure 14, Total man-days lost per megawatt-year net output over life-
tricity has the lowest value, followed by nuclear. time of the system. (See explanation in captions to Figures 9 and 10.) This

graph is similar to Figure 13. However, there are some differences in rank-
ing. Natural gas has the lowest values, followed closely by nuclear. Jagged
lines imply low risk or no back-up assumed.

Figure 7. Total deaths, times 1000, per megawatt-year as a function of the
energy system.
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FIGURE B-1
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Figure 8. Estimated cost of sulfur dioxide controls in the U.S. coal fired
electric power stations (OFFI 82). It has Dbeen estimated that the total
amount of sulfur dioxide and nitrogen oxide emissions in the 31 states of the
Eastern U.S. amounts to 22.4 million tons per year.
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C3. GLOBAL/LONG TERM EFFECTS

Radioactive nuclear waste. This topic has been discussed at fair 1length
in Chapters 5 and 6 of Cohen”s book (COHE 83) and in his Scientific American
article (COHE 77). It is also the topic of a paper submitted to this
conference (COHE 86). Only a summary will be given here.

The critics of nuclear power state that the ultimate disposal of nuclear
waste has not yet been solved, which is essentially true. No waste from
nuclear reactors has yet been irretrievably disposed of and no specific
process for its disposal or destruction has been selected yet. All nuclear
waste produced until the present time has been temporarily stored in one form
or another, wusually in the pools at the reactor sites. Why is this done?
Briefly, the waste decays all by itself and the longer it is kept, the easier
it 1is to handle it. The temporary storage is safe and cheap, thus, it is
better to wait until safer and cheaper disposal technology is developed.

What are the possible technologies that might be used or developed in
order to dispose of nuclear waste permanently? A summary of possible options
is shematically presented in Figure 9. The full discussion of options
indicated in this Figure is given in (JOVA 85, Sections D and E).

Carbon Dioxide Pollution. Our atmosphere contains at present about 340
ppm (parts per million) of carbon dioxide and every year, by burning fossil
fuels, we add to it one more ppm (WOOD 78). If we keep increasing our fossil
fuel consumption as in the past, doubling it every 15 or so years, we will
have, a few decades from now, tripled or quadrupled the amount of carbon
dioxide in the atmosphere. If we would continue in this way, the amount would
increase even more. In Figure 10, the growth of atmospheric carbon dioxide
(LISS 83) is illustrated under various assumptions for the increase in fossil
fuel consumption and for the absorption of the released CO2 by the biosphere
and the oceans. If industrial revolution keeps spreading to the presently
undeveloped parts of the world as discussed in (JOVA 86 and JOVA 86a), and if
this industrial growth is fuelled by coal and other fossil fuels, then the
world will be moving along the steepest curve on Figure 10, possibly even
Steeper. The effect would be quadrupling of the CO2 concentration in less

than a century.

What would be the effects of such a dramatic 1increase in the carbon
dioxide content of our atmosphere? Nobody will know for sure until the
"experiment” is done, and then it will be, of course, too late. But,
something is known for sure. By adding carbon dioxide into the air, we are
warming up the earth due to "greenhouse effect”. Again, nobody knows by how
much. At present, the best theoretical estimates indicate that, by doubling
the amount of carbon dioxide, the average global temperature would increase
between two and four degrees centigrades. Higher amounts of carbon dioxide
would increase the temperature even more. It has also been estimated that the
temperature increase in polar regions would be above the global average (REPO
83). If this warming is sufficiently large, and the existing estimates are
that it will be large, all the ice in the polar regions would melt and the
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level of all seas and oceans would rise at first, within the next few decades
or centuries, by five to six meters, and then, probably after several millenia
by about 70 meters (MERC 78, BART 84).

In addition, a higher average global temperature would certainly produce
large changes in regional climates. Deserts and fertile regions would move
about. How much, where and how quickly would these changes occur mnobody can
predict for certain (BERN 80, HANS 81, REVE 82, ROTT 84). It is reasonable to
expect that some changes will be beneficial and others catastrophic. There
will be winners and losers.

The Earth”s climate is a very complicated system and relatively sudden
changes are possible. We can only speculate on the consequences of a global
warming of two, four, or more degrees centigrade. For instance, it would be
reasonable to ask what would happen to one billion people living in India if
the monsoon rains shifted farther east and if the Indian Thor desert shifted,
in a period of few decades, over a sizeable portion of the Indian
subcontinent? What would happen if the North American bread basket, the
Midwest, would turn into a desert? While, of course, there is no way claiming
that such a terible shifts in rain patterns would occur, the atmospheric
science cannot prove that something like that would not happen. By changing
the content of carbon dioxide in the atmosphere we are gambling with the
earth”s climate and human lives on a grandiose scale.

It may not be necessary to speculate about the future in order to
convince ourselves of the gravity of the problem. It may be sufficient to
look at the present. In the beginning of the last century, the carbon dioxide
(LISS 83) content was about 280 ppm, thirty years ago 315 ppm and today 340
ppm. Therefore, this very important component of the atmosphere, a component
that has a very strong effect on the regulation of the temperature of the
globe, has been changed by about 20% during the last 150 years, and by 8%
during the 1last 30 years. During the last decade or so, sub-Saharan Africa
has been hit with a series of severe droughts. It has been reported (CROS 83)
that the Sahara has been extending Southward at the rate of 10,000 square
kilometres per year and that contributing factors to this fast desertification
are overpopulation, overgrazing and poor agricultural practices (CROS 83,
CROS 84). But, as Elssaser pointed out (ELSS 85), could it be that the
movement of the Sahara desert is the first effect of our changing of
atmospheric carbon dioxide content by 20% ? We, of course, do not know. The
present atmospheric science can not give us an answer to this question. But
the possibility is clearly there. We have changed the enviroment in a
significant manner without knowing whether the climate will be affected or
not. Our inability to predict climatic changes raises another very important
question.

If we are able to change our enviroment in an apreciable way and do not
know what are consequences going to be, should we change it? Or, putting it
another way, on whom is the burden of proof, on those that are changing the
enviroment to show that the changes are harmless, or on those that eventualy
get affected to prove that changes are harmfull and ask for compensation?
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Clearly, the first should be the rule.

Drought and flood have always been among the worst calamities that could
befall people. The large increase in the fossil fuel consumption will almost
certainly induce them on an unprecedented scale.

Summary. In some respects nuclear waste is similar to carbon dioxide.
When fossil fuels are burned, carbon dioxide is produced. When nuclear
reactor operates, nuclear waste is produced. Both products are unavoidable
and when produced in large quantities and released into the environment, they
both represent a threat to the environment and the human race on the time
scale of centuries and millenia. Carbon dioxide will trigger climatic changes
and nuclear waste will increase the background level of naturally occurring
ionizing radiation. We do not know how harmfull these effects are, and if
they are harmfull at all, thus it is reasonable to be on guard against them.
nfortunately, we are protecting ourselves from these two enviromental effects
very selectively. We keep contained nuclear waste and make every possible
effort to achieve its absolute confinement. On the other hand, we routinly
dump carbon dioxide into the atmosphere and simply ignore its possible
detrimental effects. Is this attitude reasonable? Clearly, no. Just as we
do not release nuclear waste into the environment, we should not do that with
carbon dioxide either.

D. SUMMING IT ALL UP

Dl. THE LEAST BAD OF ALL TECHNOLOGIES

An "ideal” techmology does not exist. Each of the technologies is "bad"
in some respects. Thus, a question which technology is "good” and which one
is "bad"” is a meaningless question. The only meaningful question to ask is
which technology is "the least bad"”.

The major criticism of hydro power are that there is not enough of it,
that it often makes more environmental damage than benefit, and that it is
very dangerous for those who live downstream from power dams.

The major criticisms of fossil fuels are the creation of acid rain, which
can be controlled at a price, and the production of carbon dioxide, which
cannot be controlled in any known manner. It is virtually certain that the
increase in the carbon dioxide content of the atmosphere will change global
climate in some way, but we do not know in which way. We expect that there
will be “winners” and "losers". For "losers” the change may be, or likely
will be, catastrophic.

The major criticisms and fears of nuclear power are due to the
intentional and accidental releases of radioactive substances into the
enviroment and the proliferation of nuclear weapons. By some, the nuclear
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power 1is considered as an unacceptable technology due to these undesirable
effects. The implication is that other technologies are better.

The first issue to be resolved is just how do radiation dangers compare
with dangers of other technologies, for instance, danger due to releases of
sulphur dioxide, pesticides, various chemical substances (Bhopal!), etc. What
are the appropriate comparisons? Only a brief discussion will be given here.

Long term effects of low levels of ionizing radiation on human body are
not known. Often, the linearity hypotheses is used to estimate the number of
people "killed” in a specific radiation release, 1like those at TMI and
Chernobyl. It has been pointed out before that such statements are incorrect
and deceiving and that the effects of low levels of radiation on human health
should be compared with effects of smoking (see for instance, MARS 82).
Marshal points out that, according to the linearity hypotheses, the risk of
death from exposure to one rem of radiation is about equal to the risk of
death from smoking 78 cigarettes over 30 year period. This comparison 1is
certainly better than the one which calculates the number of "killed", but it
also suffers from two weaknesses. It assumes the validity of the 1linearity
hypotheses for 1low radiation effects and a similar linearity hypotheses for
the health effects of smoking. (Smoking of a few dozen of cigarettes a day
has been related to the 1lung cancer incidence, but not smoking of one
twentieth of a cigarette per week.) We believe another comparison is more
appropriate.

The cosmic component of natural background radiation is responsible for
about 25 millirem of exposure per year at the see level and it doubles at
about the 1200 meter level. Therefore, receiving one rem of radiation once in
a lifetime, or about 14 millirem every year during somebody”s lifetime (assume
70 year life expectancy), is equivalent to moving about 800 meters up the
hill. In the Soviet report (CHER 86) it was estimated that 75 million people
will be exposed to about 30 million person-rems of radiation during the next
50 years as a result of the Chernobyl accident. This means that, on the
average, each person will receive additional 7.8 mrem per year, the same as if
he moved 470 meters up the hill. (1 mrem of additional exposure 1s equivalent
to moving up for 68 meters, that is onto the 16-th floor of a high rise
building.) The adventage of this comparison 1is that it is free from any
assumptions, and it is also very descriptive.

When one speaks of nuclear accidents, a comparison ought to be made to
accidents caused, say, by hydro dam failures. Such a comparison was discussed
earlier in this paper and the conclusion was reached that the nuclear power
(with Chernobyl accident included) has in the past caused much less fatalities
per KWh than hydro power, although it may have produced more material damage.

Comparisons of potential damage due to radiation releases and production
of nuclear wastes should be compared with the potential dangers due to carbon
dioxide. For instance, we should ask the following question: 1Is it better to
double the carbon dioxide content of the atmosphere, or to double the
background radiation in the whole world? As discussed by Luckey (LUCK 86) it
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is not clear how dangereous ionizing radiation 1s, and wheather it is
dangerous at all, or maybe even beneficial. If carbon dioxide doubles, rain
patterns may change and millions may starve. Thus, the question is not
whether it is acceptable to us to increase radiation background for a certain
amount, but which of the two risks we wish to choose from, to change climate
or "move up the hill". 1In fact, even in an all nuclear world there is no need
to 1increase the world background radiation by a factor of two, while we have
already increased C02 content of the atmosphere by 20%, and are on our way to
double, even quadruple it. Apparently, the risks due to possible climatic
changes are much greater than those due to the radioactivity released from
nuclear power stations or leaking from nuclear waste depositories.

Disposal of nuclear waste should be compared with the disposal of fossil
fuel wastes, namely acid rain and carbon dioxide (coal ashes are relatively
easy to handle). Sulphuric and nitrogen oxides which produce acid rain do not
have to be dumped into the environment--technically it is possible to contain
them at the source, but the cost of some fossil fuel produced electricity
would be increased significantly, by a quarter, possibly more. But, as far as
carbon dioxide is concerned, there is no known way how to contain it, it must
be dumped into the atmosphere. So, by comparing the problem of nuclear wastes
with the problem of acid rain and carbon dioxide, one concludes that nuclear
waste is less troublesome.

The potential connection between the development of nuclear power and the
proliferation of nuclear arms 1s generally considered to be a very serious
problem and unique to the nuclear power. This problem, however, 1s more
political than technical in its nature and thus it should be compared with
political problems that would be created if a severe world shortage of energy
developed and various nations would have to agree on how to share the
available energy. These risks have been discussed in (JOVA 86) and will not
be repeated here.

In summary, it is fairly obvious that nuclear power is "the least bad" of
all energy technologies.

D2. A DESIRABLE SCENARIO

At present more than 90% of the commercial energy consumed in the world
is produced by burning fossil fuels. If undeveloped and developing countries
continue expanding their economies until they catch up with the United States,
as apparently they are doing it (JOVA 86, JOVA 86a), the enormous increase in
the energy consumption could come, for all practical reasons, only by burning
coal or splitting uranium. Idealy, due to greenhouse effect, the burning of
fossil fuels should be kept at the minimum with nuclear power producing the
bulk of the rest. How fast should the use of nuclear power grow in such an
ideal case?
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In Figure 11, in a schematic manner is outlined a desirable, although
probably not a very realistic, scenario for the future. The past world energy
consumption is shown together with curves due to hydro and nuclear produced
electricity and the sum of the two. The difference between that sum and the
total electricity curve, multiplied by about three, gives approximately the
amount of fossil fuels that is burned in order to produce the remaining amount
of electricity. A simple extrapolation of the total electricity consumption
into the future is made on the assumptions discussed before (JOVA 86). The
scale for electricity is on the right hand side, wunits used represent the
energy content of electricity as used. The curve for hydro electricity is
fairly arbitrarily extended into the future until a reasonable saturation is
reached, a saturation which assumes that most of the economically feasible
hydro cites will be developed. The curve for non—fossil electricity has been
extended so as to intersect the total electricity curve at the year 2020.
This procedure effectively assumes that by 2020 almost all electricity will be
produced by nuclear power. By that time it is also assumed that the world
will be an almost all- electrical world. The curve labeled fossil fuels was
obtained by multiplying the non-fossil electricity curve by three and
subracting it from the curve for total energy consumption.

This exercise was performed in order to see what should be done in order
to minimize the further growth in fossil fuel consumption and at the same time
to allow for the expansion of economies in undeveloped and developing world
along the historical 1lines. The assumption of no fossil-fueled electrical
power stations by 2020 essentially implies an immediate ban on new
construction of these stations - in 35 years presumably all of the stations
that are now in existance will be retired from service as old and obsolete.
The curve on nuclear electricity then shows that nuclear power stations should
be built at a rate doubling nuclear capacity every six years, which is about
the same as the growth rate since 1976 (c.f. Figure 1). In this sheme by the
year 2030 there will be something like 50,000 nuclear reactors, each of 1000
MW(e) capacity operating in the world. Even under these assumptions the
fossil fuel consumption, that is carbon dioxide production, would double by
the year 2000 and stay constant or decrease slowly afterwards. A crude
comparison with Figure 11 would indicate that the carbon dioxide concentration
in the atmosphere might not in that case increase over 450 ppm or 500 ppm by
the end of the next century. Climatic consequences of such an increase are
not known, but they would certainly be much smaller than if carbon dioxide
content increased to 1000 ppm, or even higher.

The above desirable scenario is technically feasible only on the
assumption that the technology of accelerator breeders can be developed on
time. There are enough uranium and thorium resources in the world to sustain
such a growth in nuclear electricity production, if accelerator breeders would
be used to create enough plutonium for the first fueling of breeder reactors.
An affluent world 50 years from now will almost certainly have difficulty with
liquid fuels for transportation, but liquifaction of coal, wuse of ethanol,
non-polluting electric car for short trips and trolley-trucks for long trips,
should probably be able to make up for the shortage of o0il that would 1likely
develop well before 50 years are up. Whether such a desirable and optimistic
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Figure 11 Past and assumed future world energy consumption and electricity
production are shown 1in a simplified manner. The scale for the electricity
consumption is shown on the right in conventional units. The assumption 1is
made that the growth of total energy and electricity consumption will continue
as in the past until a saturation level of twenty times present energy and
forty times present electricity consumption is reached. Present production of
hydro and nuclear electricity which is also shown accounts only for about
one—quarter of all electricity produced, the remaining three-quarters coming
from the burning of fossil fuels. A postulated growth of nuclear electricity
with doubling times of five years, was chosen so as to assume only the modest
growth in use of fossil fuels, a growth which may produce some climatic
changes, but hopefully not the catastrophic ones.
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scenario is feasible from the point of view of political and economic
conditions in the world is, of course, another matter.

D3. SOME OPINIONS

If we are able to change our enviroment in an apreciable way and do not
know what are consequences going to be, should we change it? On whom is the
burden of proof, on those who are changing it to show that the changes are
harmless, or on those that eventualy get affected to prove that changes are
harmfull and ask for compensation? Clearly, the first should be the rule.
Therefore, we should reduce carbon dioxide pollution of the globe before the
first effects show up, or at least until we learn enough about climate to know
what we are doing. And if we do that, then the only source that could provide
more energy to the energy-hungry developing world within the next few decades
is nuclear (fission) power.

The world needs more energy. Trying to stop further expansion of nuclear
power, as the anti-nuclear movement is trying to do, is wunrealistic,
dangerous, and risky. It 1s unrealistic because some countries, like France,
India or Japan, have neither enough coal nor oil. For these countries the
only alternatives are nuclear power or a heavy dependance upon imported
energy. As the second alternative 1s in the long run unacceptable, these
countries simply cannot afford the luxury of not using nuclear power. It 1is
dangerous because a world without adequate supplies of energy is an unstable
world, a world in which devastating wars could easily break out. And it is
risky, because carbon dioxide pollution due to increased use of coal would
have unpredictable and, in some world regions, catastrophic effects on the
climate.

The wundeveloped world badly needs more energy. While intensive
conservation efforts in the developed countries can slow down, and possibly
even stop, the growth in energy consumption, in developing countries such
measures cannot be successful, as there is simply so little to use and nothing
to conserve. Nuclear power stations are very capital intensive and can be
purchased only in a few developed countries. The developing countries simply
cannot afford to import this technology at commercial prices and at
inflationary interest rates, which effectively transform all long term credits
into short term credits. So, for them, the only possible way of increasing
energy consumption is through heavy reliance on indigenous sources of fossil
fuels, since the associated technology is simple enough and could be developed
relatively easily domestically. On the other hand, a further increase in
fossil fuel consumption is in nobody”s interest. The only escape from this
impasse is for the developed countries to provide generous financial and
technical help to the developing countries to enable them to expand their
energy supplies using nuclear energy. As some increase in fossil fuel
consumption in developing nations is inevitable, even if they use exclusively
nuclear power for the production of electricity, the developed nations should
reduce the use of fossil fuels wherever it could be replaced with nuclear
power. Whether such a scenario is politically feasible or not, is, of course,
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another question.

The world as a whole should invest more effort and monies into the
research and development of all energy-producing technologies, and into
nuclear power in particular. The opponents of nuclear power complain that
nuclear power is too heavily subsidized through research. 1Is this charge
justified? In 1982, the world produced close to ten trillion KWh of
electricity. If each KWh was sold for five cents, the total value of the
electricity produced was about one half trilliom dollars. Five percent of
that amount, namely, twenty-five billion dollars, is a very small fraction
indeed. Would it not be reasonable if at least so much money were invested
into the research and development of new sources of electricity? The
International Energy Agency reported (NULC 83) that in 1982 the governments of
all industrialized nations together, excepting France and the Soviet Union,
spent seven billion dollars on nuclear energy research, and over three billion
dollars on non-nuclear energy research. If the Soviet Union, France, and all
other countries in the world are included, one can estimate that only about
two percent of the value of the world electricity is spent on all, and not
just nuclear, energy research. If the world introduced a two percent research
tax on the electricity sold, which is not very much, the amount of money used
in both nuclear and non—nuclear research would be doubled. As a comparison,
it should be mentioned that reducing by half the acid rain emissions from
coal-fired power stations would increase the price of electricity by ten times
as much. Clearly, all energy research, nuclear and non-nuclear, is a bargain.

Will there be anything wrong with an almost all-nuclear world operating
tens of thousands of nuclear (breeder) power reactors?
P; The answer is NO, if it is used wisely. Nuclear power is abundant and, if
handled properly, is environmentally very clean. Thermal pollution, which is
not much different from what the fossil fuels would produce, and can be easily
absorbed by the environment. Nuclear power stations emit no carbon dioxide or
gases producing acid rain. Some radioactivity 1is released during regular
operations, and although there is much concern about it, it is negligible both
locally and globally. Nuclear waste, which accumulates in relatively small
(by weight and volume) quantities, is extremely dangerous if released in large
amounts into the biosphere but with proper care it can be satisfactorily
controlled. The mining of wuranium and thorium for these breeder reactors
should be no major problem as breeders would use uranium and thorium hundred
to a thousand times more efficiently. At present about 107 of world
electricity is produced by nuclear power, thus twenty—-fold increase in
electricity would require 200 fold increase in consumption of uranium fuel.
But as breeders would be more than a hundred times more efficient than
presently used thermal reactors, in an all electrical, all nuclear world,
uranium (and thorium) mining should increase only two to three times over
present amounts and all coal mining would be closed.

This is the reason why scientists and engineers around the world have
been and still are enthusiastic about nuclear power. This is the reason why
politicians have agreed so easily to provide money for research and
development of nuclear power. No other technology has ever shown so much



Page 29

promise.

Unfortunately, the so called Murphy”s law, which is so popular among
scientists and engineers, states that if something can go wrong with a device,
one day it will. Thus, we have also to consider what can go wrong with
nuclear power, what would be the consequences and what can we do in order to
reduce the risks. Here are some opinions.

The management of the nuclear industry should be improved, just as the
management of many other technologies should be improved. The accidents at
Three Mile Island and Chernobyl would not have happened if the reactors had
been better designed and managed. Similarly, the oil rig “Ocean Ranger” would
not have sunk with 84 people aboard if it had been better managed, and the
Bhopal disaster would not have occured if the plant had been better managed.
The real problem is how to assure a better management of all these
technologies, in fact, of any technology. Strong and continuous public
pressure could help greatly in this direction. The present anti-nuclear
movement 1is misguided. The energy problems of the world cannot be solved by
stopping nuclear power, they can only be further aggravated. The opponents of
nuclear power would provide a much greater service to the society if they
concentrated their pressures on mismanagement, rather than attempting to shut
down the nuclear power industry altogether.

The safety of nuclear reactors is of paramount importance, and more
research should be done in this field. No comprehensive world-wide study
comparing safety aspects of various reactor types has ever been performed.
For instance, no comparative study of Soviet RBMK and PWR reactors, Canadian
CANDU"s and American PWR”s and BWR”s has ever been made. The need for such a
study was clearly demonstrated after the Chernobyl accident, when everybody
asked "could it happen here?”. In fact, there exists no institution in the
world that has the task of making such a study. Any national study comparing
reactors produced by different countries would be suspect, so such a study
would have to be performed by an international organization. The
International Atomic Energy Agency in Vienna could, in principle, perform such
a study, if it had funds and authority to do so.

Finally, the question of nuclear arms proliferation must be resolved in a
satisfactory manner if the world is to avoid small, or large, nuclear wars.
The processing, storage, and use of fissionable plutonium must be strictly
controlled. At present, these controls are too weak. The United Nations and
its organ, The International Atomic Energy Agency should play a much stronger
role.

E. CONCLUSION

Energy resources and technological know-how to use them essentially
exist. If they are used wisely, an affluent world with ten billion people can
be fueled without producing unacceptable insult on the environment and the
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people themselves. Whether food resources, mineral and other raw materials
exist to sustain an affluent world of ten billion people and five billion cars
has not been discussed in this article. On the other hand, if enough energy
and know-how exists, in principle, all other non-energy raw materials could be
replaced by something else.

For above reasons, the nuclear breeder power is not the only choice, but
it 1is both economically and envirommentally nearly an ideal choice. Nuclear
breeders would be able to provide needed power, whenever and wherever needed,
in an envirommentally acceptable manner and at a reasonable price for the next
few thousand years. What else could one ask for?

Unfortunately, the world is not introducing nuclear power as fast as it
should be desirable to avoid risks due to CO2 induced climatic changes. Every
country is solving its own energy problem in its own way without any regard
for the effects on the globe as a whole. Such attitudes should not continue
much longer. The production of energy in general, and carbon dioxide
pollution in particular, have become of world wide importance. They should be
tackled at an international level.
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