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1. BACKGROUND

A series of important international gatherings which have recently drawn
attention to Global Warming (eg WMO 1986, WMO 1988, Toronto 1988, UNEP &
Beijer 1989, Delhi 1989). In 1985 the total Global anthropogenic emission of carbon
dioxide was about 5 gigatonnes (Gt) cf carbon. Long-range projections of global
emissions vary considerably, depending on the particular assumptions (Keepin 1986).
The Toronto Conference has called for an initial step of 20% reduction in annual
greenhouse gas emissions by the year 2005 (about 1 - 3 Gt/yr). Although technically
feasible, such a target is by no means easy to achieve. A number of options are
available, however, on both the demand and supply sides (UNEP & Beijer 1989). The
options differ from country to country, and have different ranking, depending on local
economic, political and social contexts. This menu includes efficiency measures
everywhere. The main supply options are nuclear energy, advanced fossil conversion
systems, as well as solar and biomass energy.

Nuclear energy during normal operations emits little carbon dioxide. Upstream
carbon dioxide emissions vary with the source of electricity used in the preparation and
fabrication of the nuclear fuel. According to data from the Federal Republic of
Germany, the German PWR fuel cycle emits twenty times less carbon dioxide than the
coal fuel cycle (Fritsche et al. 1^89). Consequently, nuclear energy is a low carbon
dioxide emitter, and can be considered as an alternative source of energy in greenhouse
gas reduction strategies. As an added bonus, the nuclear fuel cycle emits only small
amounts of acidifying gases and other air pollution typically caused by the combustion
of fossil fuels.

The purpose of this paper is to look at nuclear fission, as one of the available
options, and evaluate qualitatively the extent to which it can play a role in greenhouse
gas reduction strategies during the next three decades. No attempt will be made here
to make a quantitative comparison with alternative energy supplies, or with energy
efficiency measures.

2. NUCLEAR ENERGY IN THE 1980's

At the end of 1988 there were a total of 429 commercial nuclear reactors in
operation in the world, with a capacity of 311 GWe. In addition, there were 105
reactors under construction, representing an additional 85 GWe (IAEA 1989a). During
1988, about 17% of the world's electricity was generated from nuclear energy. The
total world operating experience with nuclear reactors passed the 5000 reactor years
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mark at the end of 1988 (IAEA 1989a). These figures indicate that nuclear power has
entrenched itself as a major source of electrical energy.

There has, however, been a considerable siow-down in the ordering of and
planning for new reactors. Many old projects have been cancelled. In 1988
construction started on only six new plants, with 14 planned to begin in 1989 (IAEA
1989a). Apart from a handful of countries, such as France and Japan, where the
nuclear industry is doing relatively well, the immediate future of nuclear energy does
not look very promising.

Projections of future nuclear capacity have come down over the years (NEA
1989). IAEA estimates that total world nuclear capacity will rise to 490 GWe of which
320 GWe will be in OECD countries, 120 GWe in the Centrally Planned Economies
and 50 GWe in the Developing Countries. The World Energy Conference (WEC) also
scaled back its projections of future nuclear energy use at its 1989 congress in Montreal
(WEC 1989).

Out of the 24 OECD countries, 12 used nuclear power. Those without nuclear
power will all continue that way until 2005, according to present plans. The total
installed nuclear capacity was 247 GWe in 1988, which is expected :o rise to 313 GWe
by 2005. Actual generation of nuclear electricity represented 24% in 1988, dropping to
22% in 2005 (NEA 1989).

Japan, is the only country where significant expansion in nuclear generating
capacity is expected by the year 2005. In addition to plants already operating or under
construction, only four new reactors are firmly committed, and all those are in Japan.
There are only 17 plants which are in a planning status in the whole of the OECD, of
which 14 are for Japan, 2 for France and 1 for the UK, as of the end of 1988 (NEA
1989). Sweden wiil start to cut nuclear capacity from 9.7 GWe in 1988 to 4 GWe in
2005 (NEA 1989), in line with its decision, following a 1980 popular referendum, to
phase out nuclear energy completely by 2010 (Moberg 1986).

Meanwhile, increasing numbers of existing nuclear reactors will come to the end
of their lives. By 2005, 42 nuclear reactors with a total capacity of 13 GWe will be
retired (NEA 1989). Given the present hesitance to plan and order new reactors, many
may not be replaced by other nuclear units.

Nuclear energy in the USSR and other centrally planned countries in Europe has
been an important cornerstone of development efforts. At the end of 1988, the total



installed nuclear capacity was 43 GWe, of which 34 GWe was in the USSR. While a
number of countries, such as the German Democratic Republic, Czechoslovakia, Poland
and Hungary, have access to cheap lignite for power production, environmental
considerations have contributed to plans for increased nuclear generated electricity and
district heating. An additional 26 reactors (21 GWe) are under construction in the
USSR, and 23 (15 GWe) in the other CPE countries (IAEA 1989c).

The developing countries developed ambitious nuclear plans in the early 1970's
and a large number of orders were placed. India was to reach 10 GWe capacity by the
year 2000, Mexico 22 GWe, Brazil 10 GWe and the Republic of Korea had plans for
46 reactors by the year 2000 (Surrey 1988). China did not launch a major near-term
nuclear capacity, although expectations of 300 GWe and 250 GWt for heat by 2030
have been reported (Lu 1986). The reality has turned out very different. At the end
of 1988, installed nuclear capacity in 7 developing countries was 15 GWe. In addition
to this, 11 GWe of nuclear capacity are now under construction, making a total of
about 26 GWe of nuclear capacity in operation or under construction (IAEA 1989c).

Mexico, Brazil and the Philippines have effectively turned away from nuclear
power. Latest developments in the Indian power sector indicate that, although the
ambitious nuclear programme is not about to be abandoned, more emphasis will be
placed in providing power economically, from fossil-based plants.

While nuclear power is still being viewed as the major alternative to coal in
China, in large part for environmental reasons7, and while plans are still there to
expand nuclear capacity to a maximum, both for electricity and district and industrial
heating (Lu 1987), it is unlikely that China is going to substitute any major portion of
its coal consumption with nuclear energy before well into the next century (Chandler
1988, NEI 1988a and Stahlkopf 1989).

A number of developing countries, at least in principle would like nuclear
technology, but their grid size is too small to accept a large 1000 MWe plant. If
reactors in the 100-500 MWe size were economically available, the list of countries with
potential nuclear programmes by the next century would increase considerably. This,
however, would only change the technical factors. The literature has been full of
proposals for new, smaller, reactors which would be more appropriate for applications
in developing countries (Egan & Arungu-Olende 1980, Egan 1986, 1987). Such

1 In addition to the classical air pollution issues, mining accidents and the transport of coal from the mines to the
major population centers is increasingly causing problems (Lu 1986)



developments never took place, for a combination of reasons, including economics,
dependence on foreign countries for technology and fuel supplies and proliferation
issues, the most important one, however, probably the economics. Overall system costs
are not likely to fall, or if they do, not fall enough. Furthermore, such reactors would
probably be factory built (in the industrialized countries), and only assembled on site.
This would probably increase the foreign exchange component of such reactors, making
the financing even less likely, except in some of the fast growing NICs. Additional
problems would also arise in terms of increased dependence on foreign suppliers, and
in many cases even on foreign utilities and operators (Surrey 1988).

3. NEW TECHNOLOGIES

There are a number of new technologies which may have important impacts on
the penetration of nuclear power in the future. Some of them are evolutionary changes
to existing technologies, while others include radically new designs on what has been
called the "Second Nuclear Era" (Weinberg & Spiewak 1984). Some involve only the
reactors, while others have impacts at various stages of the fuel cycles. The main
trends of technological change are summarized below.

The nuclear industry is convinced that today's nuclear reactors are safe, and no
radical design changes are necessary in the short term future (Starr 1987, O'Connor
1988, Stahlkopf et al. 1988). Nevertheless, the industry concedes that a number of
design improvements will be necessary to make new nuclear reactors more economical
and safer, in order to gain public acceptance.

Advanced light water reactors (ALWR)2 will incorporate a number of
evolutionary improvements: their increased core size would result in lower power
density, and consequently decay heat would raise the core temperature more slowly
than in traditional LWRs. Emergency cooling is also made easier, extending the time
operators would have to respond to emergencies. Medium- to large-scale HTGRs
(High Temperature Gäs cooled Reactor) are also being promoted by a number of
countries, including the Federal Republic of Germany , USA, USSR, UK, Japan and
China (Oeko 1989).

The Electric Power Research Institute (EPRI) in the USA has developed a set
of guidelines for the ALWR of the 1990's. Amongst other points, the ALWR should
have a severe accident event of greater than or equal to 106 per reactor year. In

2 For a detailed study of the different advanced designs, see IAEA 1988.
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addition, the ALWR should be available at least 87% of the time, be refuelled every
other year, and have a lifetime of 60 years. Furthermore, such a reactor should be
constructed in 54 months (Stahlkopf et al. 1988).

Present day LWRs are far from these criteria. Estimates have been made for
core meltdown probabilities for precursor events in operating reactors, had they not
been aborted by human or mechanical intervention. During the period 1969-79, this
was 10"3 per reactor year, falling to lQr4 per year during 1980-81. Today's nuclear
reactor's in Hie USA have been estimated to be of the order of 10"5, while some of the
new designs are approaching the 10"6 per reactor year value (Weinberg 1986).

Average constructions times of 54 months will also be a challenge. While
Japan's average construction time has been consistently just above 50 months, other
countries range typically between 70 and 100, with Brazil averaging 130 and India 161
months per reactor (IAEA 1989b). In the USA, construction times have risen from an
average of less than 50 months to over 120 in the 1980's (Lester 1986).

This evolutionary mode is the preferred way into the future of the nuclear
industry in all the major nuclear supplying countries. They have committed a
considerable amount of human and financial resources into the LWR technology, and
they do not see the need for any radical departures.

Experimental breeder reactors were built by a number of countries in the 1950 s,
expecting that uranium shortages in the future would require breeder technologies.
These developments have not taken place, and only a few countries continue active
programmes. The only commercial-size fast breeder reactors are those in France and
the USSR. In addition, the Federal Republic of Germany has also been building a
prototype plant and Japan and India are still interested in developing their own
technology.

The main reasons for the slow down, or abandonment of fast breeder
programmes have been economic, safety, and in some cases the issue of nuclear
proliferation. Most of the experimental and prototype fast reactors have been beset by
various difficulties, including problems with the liquid sodium coolant. The future of
breeder reactors is uncertain. While in the longer-term a return of breeder technology
is still possible (especially through newer, inherently safer designs, as discussed below),
it is very unlikely to happen before well into the next century.



The term inherently safe reactor (ISR) has been much discussed (Weinberg &
Spiewak 1984, Spiewak & Weinberg 1985, Lu 1987, Barkenbus 1988a), especially since
the two major nuclear accidents at Chernobyl and Three Mile Island. In the traditional
LWR, safety is achieved by add-on, engineered safety features. As safety concerns
intensified, progressively more safety devices had to be added on to the basic design,
increasing both the costs, and the complexity of the systems. The complexity itself
leading to increased risk of accidents. Indeed, the present day LWR has been called
n~Jnherentfy an exceedingly complex, unforgiving device." (Lidsky 1987)

Absolute safety is not possible. There will always be some possibility that a
particular event could occur. Inherently safe means that inherent to the particular
reactor technology basic physical properties of the system will ensure safe operation.
Inherent safety, therefore, concerns the way safety is achieved, not the actual level of
safety. In ISRs the safety is achieved by relying on basic physical principles, such as
thermodynamics and gravitation. In case of malfunction, the control rods would fall
into the reactor by gravity, and cooling would be via natural convection. Such features
make reactors less complicated, smaller, and safer.

One environmental group in the USA has developed a set of criteria which an
"acceptable" nuclear reactor should have. Such a reactor should have a core which will
neither melt down nor catch on fire upon any conceivable operator action or sabotage,
including abandonment of the site. Furthermore, such a reactor should be able to hold
its radioactive inventory following attack with explosives (eg by a terrorist group) or an
earthquake (Beyea 1989).

If such a reactor existed, it could have a profound impact on the public
perception of nuclear power. This may not be a sufficient condition to change the
views of the critics, but would be a necessary one. Furthermore, the safety of the
reactor could be illustrated by creating "worst case scenarios, and demonstrating that
the reactor can shut down, and dissipate the remaining heat without any outside
control.

Fuel integrity in the case of loss of coolant can only be achieved if the maximum
temperature in the center of the reactor core is lower than the failure point of the fuel.
The maximum temperature, however, is determined by the size of the reactor core, and
the power density during normal operation. If the reactor is small enough, and the
power density is low enough, then an inherently safe reactor design is achieved. The
inherent limit seems to come to about 250-300 MWt, which is an order of magnitude
smaller than present day reactors (Lidsky 1988).



A number of reactor designs and even some prototypes exist which have
inherently safe design features, some of which would probably pass the test of
demonstrable safety. However, no such commercial reactors have yet been built, and
even if they turn out in reality as good as on paper, they are a long way off as a major
energy source.

One of the first inherently safe reactor designs was the PIUS (Process Inherent
Ultimately Safe) reactor designed by the Swedish ASEA-ATOM3, which was followed
by other designs by most of the major reactor manufacturers, including inherently safe
fast reactors (eg ANL 1988, Winslow 1988), and small, "super-safe" heating reactors
(Oeko 1989, NEI 1988a). These have been discussed extensively by various analysts
(Weinberg & Spiewak 1984, Lu 1987, Hannerz 1988, Wakabayashi 1988, Oeko 1989).

The most promising design, however, is the MGR (Modular high temperature
Gas cooled Reactor). Both Kraftwerk Union (KWU) of the Federal Republic of
Germany, and General Atomic (GA) of the USA have proposed designs. The fuel is
tiny spheres of uranium oxide encapsulated in successive shells of low density graphite,
pyrolytic carbon, and silicon carbide, embedded in prismatic or spherical graphite fuel
elements. The MGR's small power density and size4 inherently ensure that
temperatures will always remain below 1600 °C, under any circumstances. Intensive
testing of the fuel has shown that they can perfectly contain the fuel up to about 1800
°C, and significant fuel failure occurs only at temperatures in excess of 2000 CC (Lidsky
1988). Since the MGR has an output of only typically 100 MWe, in practical
applications a number of 100 MWe modules would probably be used together.

An interesting combination of a modular gas cooled reactor with a gas turbine
(MGR-GT) has been proposed (Lidsky et al. 1988, Mori & Lidsky 1988) with a rated
output of 200 MWt. The system would be constructed from existing materials, within
existing design codes, yielding 45-50% net efficiency at a cost substantially below that of
steam generating plants. The high thermal efficiency using the gas turbine reduces the
costs per unit output. The small reactor size allows considerable factory production and
assembly, making licensing simpler and faster, and reducing overall construction times.

3 Now merged with Brown Boveri of Switzerland, forming the ABB (Asea Brown Boveri) multinational.

4 Larger high temperature gas cooled reactors (HTGR) have also been proposed in a number of countries,
including the USA and the FRG. However, due to the increased core sizes, some o< the inherent safe design
features are lost in these concepts. Consequently, the reference concepts show a tendency toward the smaller
designs (Oeko 1989).



Finally, given the inherently safe features, a number of the complex, and expensive
engineered safety devices will not be needed. Promoters claim that such a reactor
could produce electricity for 4.5 c/kWh at a capital cost of 1000 $/kWe (Gray 1989).

The MGR is looked at as the possible saviour of the nuclear option in the USA
(Iidsky 1986) for the late 90's and thereafter, and the same view can be found in
Germany also (Hahn 1988). But, can the MGR and other inherently safe designs make
the difference for the future? Will they be the "...pollutant free energy source." of the
future (McDonald 1989)? While this reactor design certainly has advantages, such as
improved safety, economics, and the possibihty of a large export market, particularly to
developing countries, the advantages have yet to be demonstrated. Claims for its
demonstrable safety are questioned by some (Hahn 1988, Hahn & Nockenberg 1989a,
Beyea 1989, Oeko 1989), and will need to be tested. Furthermore, the actual systems
costs can only be ascertained once a prototype commercial-scale reactor is built. Since
the MGR is particularly suitable for the production of tritium5, it will raise additional
problems of nuclear proliferation also (Hahn & Nockenberg 1989b). Without major
intervention from nuclear supplier countries, such as the USA, FRG, etc., and intensive
international cooperation, it is unlikely that inherently safe nuclear reactors will make
an important penetration of the energy supply sector during the period under
consideration in this study. However, during the first two decades of the next century,
increasingly reactors with inherent safety features will be the reactors of choice.

4. THE DISPOSAL OF RADIOACTIVE WASTES

Public concern over radioactive waste is a major impediment in many countries.
In a number of industrialized countries legislation have been introduced which tie the
continued operation and further construction of nuclear power plants to the resolution
of the issue of nuclear waste disposal. Nuclear waste refers either to spent nuclear
fuel which is to be disposed directly, or reprocessed waste of various categories. We
focus on high-level waste here, since it has the most difficulties. It is assumed that if

5 Tritium is used in nuclear « jaoons as a neutron source to increase explosive power Presently the USA is
considering building a new reactor to produce tritium (or weapons purposes. One of the proposed choices is a
MGR. If it is chosen, it will be ironic, that, yet again, the military needs will drive the development of a particular new
technology.
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the capability exists to safely and convincingly dispose high-level wastes, all other
radioactive wastes can also be disposed6.

A related problem is the decommissioning of nuclear reactors. The
decommissioning process would produce large quantities of low- and medium-leve?
wastes, but the quantity of high-level wastes will not be significantly affected. Since no
large-scale commercial reactor has yet been decommissioned, the costs, the technical
details, the problems and the quantities and types of wastes which will result are not
known with certitude. Decommissioning cost have been estimated at around 200 $/kW,
although this is probably an underestimate (Bernow & Biewald 1987). Assuming this
optimistic figure, the total costs of decommissioning are not expected to make nuclear
power considerably more expensive, given other fuel cycle costs (MacKerron 1989).
Were decommissioning costs to rise significantly higher than presently estimated, the
high cost could act as additional deterrent to new plant ordering. Furthermore, almost
irrespective of price, given the high volume of wastes, the decommissioning process is
going to concern public opinion, similar to the overall problem of waste disposal.

Considerable quantities of nuclear wastes have already been produced, which will
have to be disposed one way or an other. Although the total amount of nuclear waste
generated by the nuclear fuel cycle is small compared to the quantities of hazardous
wastes produced by industry, its high radiotoxicity requires its isolation from the
biosphere. The total amount of spent fuel generated by nuclear energy worldwide, up
to 1988 was 15,100 m3, which is expected to rise to 24,700 m3 by 2005. In addition,
some of the spent fuel is reprocessed, resulting in high, medium and low level wastes.
The high-level wastes totalled 3,200 m3 in 1988, expected to rise to 5,120 3 by 2005
(IAEA 1989a).

During the last decade considerable progress has been made in the quest for the
disposal of radioactive wastes. Low- and medium-level wastes are being disposed in a
number of countries, and plans are under way for high-level wastes also (Parker et al.
1984, 1987, and IAEA 1989b). However, to date no high-level waste (or spent nuclear
fuel) has been disposed in a final repository, and all is now stored in various forms of
temporary storage facilities, either on reactor sites, or in specially designed storage
facilities.

* This may be an overly optimistic assumption. From a technical point of view, disposal of high-level waste is
dtatty the limiting issue Due to the much larger volume of low- and medium-level wastes, and the consequent need
for larger repositories, from the point of view of public acceptance the disposal of low- and medium-level wastes may
also act as constraints on nuclear growth.



It is difficult to predict what will happen during the lifetime of a repository.
Anticipating all possible human and natural actions, which could compromise the safety
of a repository over a few hundred thousand years is daunting indeed. While some of
the biological and geophysical processes which have impacts on a repository can be
modelled fairly well, it is extremely difficult to envisage the full spectrum of possible
scenarios, and it is practically impossible to assign probabilities to inadvertent or
intentional human intrusion into a repository (Parker et al. 1987).

There is no "proof of a successful repository in the traditional sense. The time
horizons are so long that national boundaries, civilizations, everything will change in that
period of time. This is recognized by promoters and critics alike. The promoters are
searching for various ways of demonstrating safety, by combining various modelling
techniques, and some hands-on experimental methods. The critics seem to be
unanimous that the institutional process used in safety assurance, and not the technical
demonstration, would be the critical factor. Overcoming the scientific uncertainties of
the disposal process will require institutional processes which inspire confidence in those
who certify that the safety has been met (Parker et al. 1987).

One technical solution to the extremely long time horizons involved would be to
"burn up" the long lived actinides in nuclear reactors, in a process called transmutation.
Following irradiation in a nuclear reactor, the long lived nuclides would transmute into
shorter lived ones with half lives of the order of hundreds of years and less, instead of
the tens of thousands of years for some of the actinides. This would correspondingly
reduce the geological waste disposal problem. Although the physical feasibility of
nuclear transmutation is not in doubt, no engineering feasibility study has been carried
out (IAEA 1976), and presently no country is actively pursuing this option.

The siting of a nuclear repository is a delicate socio-political process. The not-
in-my-backyard syndrome is evident (Colglazier & Langum 1988). In addition to
technical criteria for site selection, countries are increasingly using non-technical criteria,
which are better categorized as criteria of "Political Acceptability" (Parker et al. 1987).
Thus many of the potential or planned sites for repositories have been selected on
existing reactor, or other nuclear facility sites. Similarly, many sites were chosen in
depressed local communities, where the economic compensations (eg taxes or outright
compensation payments) would pay off in terms of public acceptance. In Sweden the
relatively successful waste management programme owes, at least in part to the 1980
decision to phase out nuclear energy in the 1990's. Consequently, the opposition to
nuclear power does not see the waste management programme as a de facto acceptance
of the nuclear programme (Parker et. al. 1987).
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There has been considerable discussion in the literature about the desirability
and the possibility of an international repository for high-level radioactive wastes (IAEA
1983, Parker et al. 1984, 1987, IAEA 1989b). The rationale behind such a concept is
partly technical, and partly political. On the one hand, some of the most stable
geological formations of the world are not where population densities are high (and
where nuclear power is intensively used), but often in remote areas, which are either
international territory (eg sub-seabed, Antarctica), or are in remote parts of national
territories (eg N. Canada, N.E. Siberia). Technically, the location of large repositories
in such areas would be ideal. Such solutions are particularly favored by small nations,
whose nuclear programmes are too small for independent work on a repository to be
economical. Furthermore, many of these countries may not have appropriate geologies,
for disposal, or simply are concerned because of high population densities. To date,
technical feasibility of such a concept has not yet been provided. Politically, such a
solution would be even more difficult, with a number of international conventions would
prohibit such an act. Most observers, however, exclude the possibility of an
international repository before national repository programmes begin to take more
concrete shape in the next century.

Countries which are interested in disposing their nuclear wastes outside their own
territories have apparently initiated contacts with developing countries to take these
wastes for a tee. While a number of reports have appeared in the international press
describing such negotiations, no agreements have yet been made, and officials of both
exporting and importing countries tend to deny it. Although presently not contrary to
international law, such actions could reinforce a dangerous trend toward the export of
pollution to developing countries.

During 1988 the dumping of radioactive and toxic waste disposal was reported in
the international press (IAEA 1989a). In the reported cases, either the importing
country was unaware of the radioactive content of these wastes, or they "neglected"
them against a payment. Investigations of a number of these claims found
considerable quantities of toxic but no radioactive wastes (IAEA 1989b). In the
meantime, the IAEA has set up a committee to advise its Secretary General on this
matter. It is expected that this committee will draft guidelines on the transboundary
movement of all radioactive wastes, which eventually could be drafted into a binding
international agreement.

In summary, therefore, with considerable difficulty, national programmes for final
radioactive waste disposal are progressing. Although the problems of site selection and
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public acceptability will probably intensify as nations get closer to actual disposal, based
on progress to date, it is not likely that the final disposal of high-level radioactive waste
will be the major limiting constraint on the further development of nuclear power. The
necessary repositories will probably be built out of sheer necessity. In a number of
countries, however, public opposition to the geological waste disposal may substantially
slow nuclear power programmes.

5. NUCLEAR PROLIFERATION

With increasing numbers of nuclear plants, more nuclear fuel, spent fuel, and
reprocessed wastes will be transported both within and between countries, proliferation
concerns will increase. While some of the nuclear technologies are technically less
prone to proliferation issues, no nuclear fuel cycle under discussion is without problems
(Oeko 1989).

A typical 1 GWe LWR produces approximately 250 kg of plutonium annually.
Following reprocessing of the spent fuel, the recovered plutonium is sufficient to make
25 nuclear warheads. The plutonium can also be mixed with natural uranium to form
mixed oxide (MOX) fuel. Although the latter is not weapons grade fissile material, a
low yield nuclear explosive in the kiloton range can be constructed from it. Canada,
the USA and Sweden have made formal decisions not to reprocess spent fuel. Other
nuclear countries are reprocessing (or planning to) at least part of their spent fuel.
Countries like France, the UK, Germany and Japan have made considerable
technological and financial investment in their reprocessing activities (Parker et al. 1987,
Albright & Feiveson 1988).

As a result, there will be considerable quantities of plutonium and mixed oxide
fuel transported between and within countries by the turn of the century. The four
major reprocessing countries will be separating about 27 tonnes of plutonium per year
by the end of this century, resulting in hundreds of shipments containing plutonium per
year (Albright & Feivéson 1988). Terrorist groups could divert some of this material
and prepare crude, but functioning nuclear explosives. Also, individual nations could
use their nuclear fuel cycle programmes, to help them reach a nuclear weapons
capability, through acquiring general nuclear experience, or switching from civilian to
military activities once the program is under way.

Thus individual countries or terrorist groups may divert weapons-grade or
weapons-usable nuclear materials. Avoiding this risk will require considerably
increased controls and with possible loss of liberties, proliferation of risks, health and
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environmental damage, and considerable increase of public opposition to nuclear energy
worldwide.

6. THE PUBLIC ACCEPTANCE OF NUCLEAR ENERGY

The public voice has become increasingly strong and negative in most
industrialized countries on nuclear energy. In the USA during the ten year period
starting in 1975, the fraction of respondents who opposed nuclear power increased from
about 15% to 75%, while the fraction who favored it decreased from about 65% to
15% (USDOE 1987). Similar tendencies can be observed in other industrialized
countries (Kasperson 1986, EGES 1988, Oeko 1989). In Japan, although a long history
of public opposition exists, it has not been sufficiently strong to be a major obstacle to
its nuclear program (Oeko 1989). More recently, public attitudes toward nuclear power
have been influencing nuclear energy policies of centrally planned and developing
countries as well. Public opposition has contributed to scaling down or stopping nuclear
developments in countries like Brazil, Mexico, and the Philippines (Surrey 1988). In the
USSR opposition to nuclear power has been publicly voiced following the policy of
glasnost. There seems to be some form of public opposition to virtually all new plants
now under construction (Varley 1989).

The public's fear of and attitude to nuclear energy is a complex issue7.
Important factors which seem to affect public opinion include the connection to military
technology; the perceived costs and benefits; the issue of safety; as well as questions of
philosophy and life styles. The first large-scale use of nuclear science was for military
purposes. Present day nuclear reactors were developed directly form US military
submarine technology. There is considerable evidence that nuclear power has
contributed to military applications and may in those countries which do not yet possess
such weapons.

The fear of civilian technology giving rise to military applications, has shaped
important decisions relating to the use of nuclear energy. Examples are the US
decision not to reprocess spent nuclear fuel in the 1970's, and the restriction of the
supply of nuclear technologies and fuels to certain countries, particularly those which
have not signed the Non Proliferation Treaty. Reports of the Nukem/Transnuclear
scandal from the Federal Republic of Germany (Oeko 1989), as well as disappearance
of civilian plutonium and its possible use in military applications in the UK (Milne

7 A number of interesting studies are available, including: Kasperson & Pijawka 1985, Kasperson 1986.

Kasperson & Kasperson 1987, Kasperson et al. 1988, Fremlin 1985, Hohenemser & Renn 1988, Renn 1987, etc.
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1989) continue to reinforce public perceptions of the connections between military and
civilian nuclear technologies.

A crucial factor shaping public attitudes has been the costs of nuclear power,
compared to the benefits it provides. In countries such as France or Japan, where the
relative cost of nuclear power is perceived to be low, and its benefits great, the
opposition tends to be less. The converse is true in the USA, where fossil fuel-based
power is relatively cheap and easily available, while the costs of nuclear are high.

The costs of nuclear energy, however, include more than just the narrow
economic costs. Nuclear risk is another "cost" which has had an important effect on
public opinion. These risks can be grouped into two categories: major nuclear
accidents resulting in important releases of radioactivity, or chronic, low-level radiation
releases. While the probability of large accidents is claimed to be very small, the
consequences can be very high. In such cases the public tends to de-emphasize the low
probability and emphasize the possible consequences (Kasperson 1986).

The most serious nuclear accident so far was in Chernobyl in the USSR in 1986.
It has had a profound impact on the public's view of nuclear power worldwide. In
addition to the major release of radioactivity, perhaps the most important dimension of
this accident was its international character, affecting all of Europe, and even countries
further away. Studies show a sharp rise in anti-nuclear sentiments everywhere, and
although in all countries this has decreased somewhat since, in none has it reached its
pre-Chernobyl level (Hohenemser & Renn 1988).

The nuclear industry has learned a great deal from these accidents, both in the
sense of improving technical safety, and in terms of organizing emergency response
(Golding & Kasperson 1988). Through the efforts of various international
organizations, and particularly the International Atomic Energy Agency (IAEA), the
international community is much better prepared for an other major nuclear accident
with transboundary effects8. Nevertheless, another major nuclear accident would
certainly further increase opposition of the public, and could possibly provide the final
blow to increased nuclear energy utilization in a number of countries.

8 Following the Chernobyl accident, the IAEA rapidly developed and entered into force two international
conventions: Convention on Early Notification of a Nuclear Accident, and Convention on Assistance in the Case of a
Nuclear Accident or Radiological Emergency (IAEA 1989c). In cooperation with the FAO and the WHO, internationally
agreed food intervention levels were also adopted.
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Another major safety issue which causes public concern is the controversy
surrounding the effects on humans of low-level radiation. There is no clear scientific
consensus on the effects of low-level radiation on the human body9. For example, the
long-term additional cancer deaths due to the Chernobyl fallout have been estimated to
lie anywhere between 0 and 28,000 additional deaths over the next SO years, depending
on which assumption one believes for the health effects of low-level radiation
(Hohenemser 1988, Hohenemser & Renn 1988).

Finally, many people are opposed to, or are concerned about the use of nuclear
energy for reasons of life-style, philosophy or even religion (WCC 1980). Nuclear
energy may be considered inherently evil or bad, while for many people it may be the
ultimate symbol of the materialist, ever-growing Western industrialized mode of society.
In such cases opposition to nuclear energy can be one means by which other social
goals can be achieved.

Often proponents of nuclear energy try to brush aside the above issues, labelling
them, irrational, unfounded, and unscientific. It must be recognized, however, that the
public perception of technological risk (and not just to nuclear power, although this
certainly represent technological risk par excellence) does not obey simple, scientifically
determined equations where one inputs the probability of a reactor meltdown, and out
comes a clear indication of public attitude. Public attitudes are the results of a complex
interaction of information provided by the scientific community, and cultural, religious
and psychological issues, and other socio-political values of the public.

There are no easy, and generic solutions for improving the public's view of
nuclear energy. However, a few issues are clear from the various studies which have
been carried out on this subject in the past. First of all, nuclear energy has to be
perceived as having much higher cost benefit ratios than the available alternatives.
This means that the overall system price for nuclear energy must go down considerably.
Slightly lower than conventional alternative will not suffice.

But the benefits side must be equally clear. In order for any major increase in
public acceptance of nuclear energy to take place, the public must be convinced that
nuclear energy is clearly the only alternative to produce the required energy. So far,
the public is not convinced of this. Will the Climate Change issue be sufficient to
change the view of the public? It is difficult to predict this. Nuclear power advocates
will have to try to present the case that nuclear energy is the quickest, cheapest and

9 For a more detailed analysis of this subject see Oeko 1989
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socially and politically most acceptable way to reduce greenhouse gas emissions. So far
this has not yet happened, and if anything the contrary seems to be true70.

7. THE FUTURE OF NUCLEAR POWER

A study has been prepared by the Nuclear Energy Agency (NEA) of the OECD
about the short and medium term prospects of the role of nuclear energy in reducing
greenhouse gas emissions in the OECD countries. According to this study (Todani et
al. 1989) the use of nuclear energy has already helped to "avoid" considerable quantities
of carbon dioxide emissions in the electricity sector, and this is expected to grow at a
modest pace during the next two decades. However, overall, carbon dioxide emissions
will continue to grow.

According to the OECD/NEA projections, nuclear electrical generating capacity
will climb to 320 GWe by 2005, representing about 17% of total electrical capacity
during the next two decades. The existing nuclear generation in 1987 "avoided" 0.3 Gt
of carbon dioxide emissions, had those been constructed as coal-based power plants.
This should be compared to total OECD carbon dioxide emissions of 2.4 Gt in 1985
(WRI-1988). By 2005 the total OECD carbon dioxide emissions will have risen to
about 4 Gt77, and nuclear energy will have avoided an additional 0.2 Gt. While this is
not negligible, it's total impact on greenhouse gases would be marginal at best.

It is also important, however, to look at a longer-term perspective, as it was
done in an other recent OECD/NEA study (Gehrisch et al. 1989). The study assumes
that socio-political and economic constraints to the further growth of nuclear energy are
removed72 and there is a moderate environmental push for increased nuciear energy73.
The study finds that under such assumptions, it might be conceivable that OECD
nuclear generating capacity would increase up to a maximum of 500 GWe by 2005 and

1 0 While comparison of/luclear energy to alternatives is not the subject of this study, it should be mentioned that
a number of recent reports indicate that, in the short and medium terms, nuclear energy is neither the fastest nor the
cheapest way to provide the required energy compared to alternatives, such as increased efficiency in both the use
and the supply of energy (Keepin & Katz 125S. Bodansky 1989. Fulkerson & Jones 1989, Oeko 1989).

11 Following estimates by Edmonds & Reilry 1985.

1 2 Including the following assumptions: nuclear would always be marginally cheaper than competing coal
systems; the issue of nuclear waste disposal would be resolved; no major nuclear accident would take place; and
overall public acceptance would not be a concern. These are clearly very optimistic assumptions!

1 3 This means a continued and increased concern over the effects of acid rain and air pollution caused by fossil
fuels, but a somewhat reduced concern over the Climate Change issue, following the realization, that although real,
the effects would not be as serious as previously assumed.
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1120 GWe by 2030. Even such an optimistic scenario would result in only about half a
gigatonne of additional reductions by 2005u. Table 1 contains a summary of these
calculations.

This very optimistic scenario for nuclear development, however, would not be
easy to achieve. OECD countries, on the average would have to reach 70% of their
electricity from nuclear on an asymptotic curve, with a halving time of only 20 years,
involving the construction of 27 GWe nuclear capacity every year. While this is not
infeasible from a technical point of view, a number of constraints appear.

Installed nuclear capacity in the OECD countries grew at rate of around 17
GWe between 1975-1985. The expected rate during the present period of 1985-2000,
however, is only 6.5 GWe, coming down to around 3 GWe/yr during the last decade
1990-2000. If orders started coming in in increasing numbers, the industry could
probably gear up to the 27 GWe/yr target sometime in the next century. The
likelihood of this happening, however, is very small, given the constraints described
above. Even a 10 GWe^r rate may be difficult to achieve. Additional problems
relating to the decommissioning of nuclear plants, of manpower availability, sufficient
fuel cycle capacities, and even the availability of uranium resources might present
constraints to such developments.

The official COMECON forecasts for the Centrally Planned Economies in
Europe are high, and expected to increase capacity from 30 GWe presently to 224
GWe by 2000 (Varley 1988), but it is questionable, if these can be realized given the
present climate of increasing economic difficulties and at the same time increasing
freedoms for a public opposition to develop. The IAEA projects a more modest
growth of 120 GWe by 2005 (IAEA 1989a). Using the IAEA projections, and the same
emission factors as in the OECD study, we find that by 2005, nuclear power in the CPE
countries could contribute to the avoidance of only about 0.3 additional gigatonnes of
carbon per year. If we assume the more optimistic COMECON figures, the avoided
emission per year is still only about 0.6 Gt.

Apart from a few success stories, mainly limited to the Newly Industrializing
Countries (NICs), nuclear power has not managed to substantially penetrate into the
electricity supply of developing countries. The IAEA estimates an increase to 50 GWe

14 This also assumes that the nuclear generation would be replaced by coal-based electricity. However, the
study did assume a 25% decrease in carbon emissions from coal plants, given changes in efficiency and increased
use of cogencration.
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capacity by 2005, while Surrey (1988) estimates 30 G We by 2000. These projections
are probably an upper limit of what may take place by the turn of the century, and
given the prospects for overall development, and a resolution to the debt crisis, the
situation is unlikely to radically change early in the next century.

Using the total projected nuclear capacity for the developing countries to be
around 30 GWe by the end of this century, and assuming emission and substitution
factors as in the OECD study, the total avoided yearly carbon dioxide emissions would
come to about 0.1 gigatonne. Even assuming [arbitrarily] a doubling of this capacity,
the emission reduction would still only be about 0.2 Gt per year.

8. CONCLUSIONS

While nuclear energy has its problems, it is here to stay. It is unlikely that it will
die out completely. Even in a worst-case scenario for nuclear development, there will
continue to be countries which will wish to keep a certain level of nuclear generation.

It is equally unlikely that given the various constraints on nuclear power growth
outlined in this paper, a major expansion of nuclear power will be possible during the
next two decades. The availability of new technologies, such as inherently safe reactors
are not likely to influence this much. The most likely situation for the next two
decades, therefore, is a continuation of events: modest overall nuclear growth, with
considerable inter-country and inter-regional variations, more or less following the IAEA
projections cited in this study, as the upper bound. In such a case, the nuclear option
could be responsible for approximately 5-25% of yearly carbon dioxide emission
reductions by 2005, with the higher figure representing the effect of nuclear energy use
in a "high energy efficiency" scenario, where a much greater quantity of carbon dioxide
emissions are avoided by the efficiency measures themselves.

Given even the most optimistic future for nuclear power expansion, the upper
limit of the avoided yearly carbon emissions three decades from now will be somewhere
around 1.7 gigatonnes, representing between ten to thirty percent of total emissions.
While this is not negligible, it is nowhere near the required targets, and it should be
looked at as an upper bound. The likelihood of such an "optimistic" future is very low
given the constraints outlined in this paper.

If the opposition to nuclear power turns out to be more persistent, even the
"modest" IAEA projections will not be realized, and even if they did, the rates of
nuclear penetration could not be sustained much beyond that, since replacement of old
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nuclear plants in such a climate would not be possible. In such a "pessimistic" scenario,
the contribution of nuclear power to carbon dioxide reduction strategies could go down
to zero by the end of the second decade of the next century, assuming that none of the
presently functioning reactors are replaced by nuclear units. This "pessimistic" scenario,
however, seems equally unlikely as the very "optimistic" scenarios discussed above.

The most important conclusion, therefore, is that although nuclear energy is a
low carbon dioxide energy system, it is by no means a very good tool for reducing the
targeted carbon emissions by the required time. This is because carbon dioxide
emissions are not only from the electricity sector but also from transport, industry, and
the domestic sectors, where nuclear has less possibilities for substitution. Furthermore,
given long planning and construction times, nuclear development takes a very long time.

Qosing down existing nuclear reactors for whatever socio-political goals, however,
would imply that that much more will need to be done to reduce carbon dioxide
emissions from other demand or supply side strategies. From the point of view of
Climate Change, replacing existing nuclear reactors with fossil fired ones would be
stepping backwards.

This then leads us to the most important next step. If not nuclear energy, than
what are the best tools for reducing carbon dioxide emissions during the next three
decades? While such a comparative study was not the subject of this paper, there is
sufficient evidence accumulating that energy efficiency measures are indeed more
effective. They are cheaper, and they can be implemented much faster than increasing
nuclear supply'5.

While the scope for efficiency measures is very large in all countries, at some
point all potential efficiency measures will have been exhausted, and new supplies will
be necessary. In many developing countries, with or without strong efficiency measures
additional supplies may be necessary at earlier stages. At that point, nuclear energy
will need to compete'with the available options at that time, which will probably include
new supplies from hydro, solar, other renewables and some advanced fossil systems.

Notwithstanding the various problems of safety, waste disposal, nuclear
proliferation and the overall economics, we should not foreclose the option that nuclear
energy, particularly in the context of a "second nuclear era", could be one element of

15 For generic studies of this issue see for example (Keepin & Kats 1988, Goldemberg et al. 1988). For a
country study of the role of energy efficiency measures see (EGES 1988)
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that future supply mix. Where additional supplies are needed the nuclear risk can be
perhaps considered worthwhile considering the risk of Global Climate Change.

The Global Wanning problem therefore, as important, and as serious it may turn
out to be, does not justify a considerably increased global nuclear programme for the
next two to three decades. Even if for other political or other socio-economic reasons
such an intensive global nuclear programme were initiated, its impact on carbon dioxide
emissions would be only marginal. This conclusion is true whatever maybe the costs
and feasibilities of alternative emission reduction strategies, such as energy efficiency
measures, or the availability of other low-carbon dioxide energy supplies, such as
additional hydro, direct and indirect solar, as well as some biomass options.
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OECD
CPEs
DCs

a.

2.4
1.3
1.4

1987
b. C.

0.3
0.1
0.05 -

d.

4
4
2

2005-IAEA
b.

0.5
0.4
0.1

C.

0.2
0.3
0.1

2005-Optimistic
d.

4
4

2

b.

08
0.7

0.2

c.

0.4
0.6

0.2

WORLD 5.1 0.45 • 10 1.0 0.6 10 1.7 1.2

Tabte 2: Present and projected contribution of nuciear power to carbon dioxide reductions, using the
1989 IAEA and the Optimistic Projections.

NOTES: The numbers in this table should be interpreted with caution, and only as indicative, particularly
since the carbon dioxide projections shown are not necessarily consistent with the nuclear projections.

a. Total Carbon Dioxide Emissions in gigatonnes of Carbon for the year 1985 (WRI-1988)
b. Yearly Avoided Carbon Emissions in gigatonnes due to Nuclear Power Use
c. Incremental Yearly Avoided Carbon Emissions (after 1987) in gigatonnes
d. Projected Total Yearly Carbon Emissions in gigatonnes (Edmonds & Reilly 1985)16

1 6 In this table we did not assume a range for carbon dioxide emissions, and used only one of many available
projections.
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The Stockholm Environment Institute is an independent Foundation, originating in a Swedish
Governement initiative, and governed by an international Board of Directors (see overleaf) which met
for the first planning meeting in September 1989.

Central to the Institute's work are insights highlighted by the Stockholm Conference of 1972 and the
World Commission on Environment and Development of 1987: Pollution and environmental
degradation are creating threats to human life on aglobal scale. There is an urgent need to manage the
environment with the least possible degradation and disturbance. Such sustainable management must be
at the core of long-term economic development worldwide.

SEI emphasizes policy-related research into what can be called "minimal harm" and "environmentally
sustainable" technologiesand into the global strategies required to ensure sustainable development.
Such approaches promote the most economical andefficient use of world resources and the technical
measures needed for getting the environment onto a future path ofsustainability. They should be
incorporated into any human intervention from the outset.

The Stockholm Environment Institute encourages a "systems approach", multidisciplinary, international
collaboration called for by the urgency of current threats to the environment.

PROGRAMME ACTIVITIES

A rolling programme of research activities is being designed around the following main themes, in a
globally sustainable development context:

• Environmental implications of the future management of agricultural biotechnology

• Techniques for responding to global climatic change

• Energy assessment and policy: global demand and development

• Economics, ethics and environmental value issues

Supporting preparatory studies will also be initiated in areas such as:

• Integrated pollutant management for a low-waste society goal

• Diffusion of environmental management capability

Many of these activities will be promoted via specific case-studies.

Obviously, a main stream of the proposed research is the special impact on developing countries, for it is
there that environmental pressure will be felt most acutely.

The work of the Stockholm Environment Institute is supervised by a small core staff in Stockholm, linked
to SEI Centres in Boston, USA and York, UK. An international network of affiliated scientists and field staff
will carry out the projects.
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