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FOREWORD

Nuclear energy is known to have a much wider potential than being used solely
for the generation of electricity. Ideas and technical solutions for non-electric nuclear
applications have been developed, although, for various reasons, they have not yet
reached the same industrial maturity as for the generation of electricity.

The IAEA has always followed the progress of nuclear technologies for non-
electric energy services, which is manifested by numerous technical documents on
cogeneration, heat production, desalination and ship propulsion. However, recent
developments have led to the need to focus attention, since:

— There is increased interest in non-electric applications facilitated by the recent
development of advanced reactor concepts;

— The current trend to a market oriented restructuring in the energy sector
requires an accurate estimation of the costs and benefits of nuclear applications
in comparison with the non-nuclear suppliers of similar services;

— Globally, since the use of nuclear energy is at a crossroads, with its prospects
ranging between negligible and highly accelerated growth, it is important to
identify the potential of the non-electric part of nuclear applications.

The IAEA has therefore prepared this report, which concentrates on the market
potential and economics of the nuclear option in district heating, the supply of process
heat, water desalination, ship propulsion and outer space applications. In addition,
there is an overview of innovative but promising areas of its use, such as fuel
synthesis (including hydrogen production), oil extraction and some others.

The report is intended primarily for senior experts in governmental
organizations, research institutes, industries and utilities who have influence over
decisions related to the support of research and development for non-electric
applications of nuclear energy.

The report was prepared in 1999-2001 by two sections of the Department of
Nuclear Energy: the Planning and Economic Studies Section and the Nuclear Power
Technology Development Section. The IAEA wishes to express its gratitude to all the
experts who participated in the drafting and review of the report. The responsible
TAEA officer was S. Kononov of the Planning and Economic Studies Section.



EDITORIAL NOTE

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any
Jjudgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be
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1. INTRODUCTION

1.1. OBJECTIVE AND SCOPE

The objective of this report is to assess the market potential for the non-electric
applications of nuclear energy in the near (before 2020) and long (2020-2050) terms.
The main non-electric applications are defined here as district heating, desalination
(of sea, brackish and waste water), industrial heat supply, ship propulsion and the
energy supply for spacecraft. This report is principally devoted to these applications,
although a less detailed assessment of some innovative applications (e.g. hydrogen
production and coal gasification) is also provided.

While the technical details of these applications are covered briefly, emphasis
is placed on the economic and other factors that may promote or hinder the
penetration of the nuclear option into the market for non-electric energy services.

The report is intentionally targeted towards expected demands. It is for this
reason that its sections are structured by demand categories and not according to
possible reactor types. At the same time, the orientation on the demand side can result
in overlaps at the supply side, because the same nuclear reactor can often serve more
than one type of demand. Such cases are noted as appropriate.

Each section characterizes a specific non-electric application in terms of its
market size, its prospects for nuclear technologies and the economic competitiveness
of the technologies.

1.2. MOTIVATION FOR NUCLEAR ENERGY

There are many factors that favour a possible revival of nuclear power production
in the future: the development of innovative reactor concepts and fuel cycles with
enhanced safety features, which are expected to improve public acceptance, the
production of less expensive energy as compared with the non-nuclear options, the need
for the prudent use of fossil fuel energy sources and the increasing requirements for
curtailing the production of greenhouse gases (GHGs), toxic gases, particulates and acid
rain, all of which are associated with the combustion of fossil fuels.

It is thus expected that this revival would also lead to an increased role for
nuclear energy for non-electric energy applications, which currently are almost
entirely dominated by fossil fuel energy sources. In addition, the use of nuclear
energy for non-electric applications has the following advantages:

— The advances in technologies for non-electric nuclear applications and the wide
spectrum of temperatures provided by nuclear reactors, from some 200°C to



1000°C, which covers practically the whole range required for non-electric
energy applications;

— The extremely high energy content of nuclear fuel, which makes it more
attractive in applications in which small amounts of fuel are desirable (e.g. long
duration space missions).

1.3. MARKET SIZE
Two different types of market size are distinguished for most applications:

— In the low estimate the market size is estimated using conservative assumptions
for the potential nuclear penetration into the market; for example, for district
heating the low estimate is determined on the basis of the amount of heat that is
currently supplied by centralized heat sources!. The low estimate therefore
corresponds to the situation in which only existing heat distribution networks are
used, while heat that is currently provided by decentralized energy sources is
excluded.

—In the high estimate, in contrast, the possibility of a full penetration of
nuclear energy into the respective markets is assumed. For the case of district
heating all the heat required (for space heating, water heating and cooking)
would be supplied by centralized sources, regardless of the mode of supply
(centralized or non-centralized) that exists today. This would require the
development of new networks or the existing ones to be considerably
modified.

Table 1 summarizes the two estimates for the applications considered in
Sections 1.3.1 to 1.3.6.

1.3.1.  District heating

Table 1 shows that there is indeed a very large market for district heating,
irrespective of the estimate used. The global estimate is between 340 GW(th)

I ‘Centralized’ means that the produced heat is sold for utilization to a third party; the
heat thus defined corresponds to the definitions used by the International Energy Agency
(IEA). Although this definition is not perfect (some heat sources that are technically centralized
may not be covered), it is used throughout this report because of the vast amount of IEA energy
statistics that can be utilized.



TABLE 1. MARKET SIZE AND NEAR TERM PROSPECTS FOR NON-ELECTRIC APPLICATIONS OF NUCLEAR ENERGY

Low estimate High estimate

Application  Present status of nuclear applications of the global of the global Nearest prospects of nuclear applications
market market
Traditional
applications
District Available: has been used in several ~340 GW(th) 7600 GW(th) China: a promising NHR-200 concept is being developed based
heating countries, mostly as cogeneration on the experience with NHR-5. The Russian Federation: a

nuclear heating plant (NHP), the AST-500 (in Voronezh), is
being considered; an AST-500 feasibility study (in Seversk) has
been accomplished; floating stations with KLT-40 reactors are

being designed.

Desalination ~ Available: has been used in two Not estimated: the market is Egypt: a feasibility study of a nuclear desalination plant at
countries (Japan and Kazakhstan®)  potentially very large and  El-Dabaa is being conducted. Europe and Canada: a consortium
in the cogeneration mode high growth is likely in the of seven European and Canadian organizations has recently

future; quantitative esti- launched the EURODESAL project in southern Europe, which

mates are not possible at is based on the use of innovative reactors for desalination. India:

present because of the un-  a hybrid desalination facility to be connected to existing

certain role of desalination  pressurized heavy water reactor (PHWR) units in Kalpakkam is

in general being constructed. Republic of Korea: the cogeneration approach
for desalination on the basis of an advanced reactor concept
(SMART) is being developed. Morocco: the use of a dedicated
heating reactor of a Chinese design (NHR-10) for deslination has
been considered. The Russian Federation: feasibility studies of a
floating nuclear power desalination plant with KLT-40 reactors
are under way.



TABLE 1. (cont.)

Low estimate High estimate

Application  Present status of nuclear applications of the global of the global Nearest prospects of nuclear applications
market market
Process heat ~ Available: has been used in three ~240 GW(th) 2900 GW(th) China: an HTR-10 reactor reached criticality in 2000. France,
countries (Canada, Germany and Japan, the Russian Federation and the USA: a promising
Switzerland) as cogeneration GT-MHR project with a modular system is being developed

(which would be suitable for most non-electric applications).
Japan: a 30 MW(th) high temperature engineering test reactor is
under development and has reached first criticality at the Japan
Atomic Energy Research Institute (JAERI). South Africa: the
development of a modular nuclear reactor of 268 MW(th), appli-
cable to the supply of non-electric energy, is being pursued.

Ship Available: has been used in four ~40 million ~ ~400 million Japan: concepts of innovative marine reactors are being developed
propulsion countries (Germany, Japan the GT GT based on the experience with the first Japanese nuclear power
Russian Federation and the USA); ship, the Mutsu, which was decommissioned in 1992. The
at present, only the Russian Fede- Russian Federation: the use of nuclear powered icebreakers and a
ration uses nuclear propulsion: carrier continues, as well as the research and development of new
nuclear powered icebreakers and designs.
a carrier
Space Under development: has been used ~ Not estimated: the key driver The search for technically feasible and economically affordable
applications  in two countries (the former — interest in space explo-  applications of a nuclear reactor as a spacecraft energy source
Soviet Union and the USA); ration — was not quantified continues, in particular in the USA and the Russian Federation.

no active applications at present
(the emphasis is on research)



TABLE 1. (cont.)

Low estimate High estimate

Application Present status of nuclear applications of the global of the global Nearest prospects of nuclear applications
market market
Innovative
applications
Hydrogen Ongoing and available research and Not estimated for all Operation of the HTTR reactor (Japan); continued research
production development, including testing under innovative applications; and development; European Union design studies
nuclear conditions generally, the market is
ted to be 1
Coal Tested under nuclear conditions expecied 1o be fatge Continued research and development
gasification
Other fuel Not yet tested; research and Continued research and development
synthesis development available

Oil extraction

Use of nuclear
submarines for
fossil fuel
transportation

Tested under nuclear conditions

Not yet tested; research and
development available

Possible promising nuclear applications for tar sands in
Canada (Alberta province)

Continued research and development

2 The Aktan NPP in Kazakhstan was shut down in 1998.



(the low estimate) and 7600 GW(th) (the high estimate)?. Regional estimates for
North America, Europe and the countries of the former Soviet Union are of the order
of hundreds (for the low estimate) and thousands (for the high estimate) of reactors
per region. The countries of North America, Europe, the former Soviet Union and
Asia have a larger potential, especially for the high estimate, because of their climatic
conditions and, in certain countries, their historical preference for centralized heating.
At the same time, the low estimate for Latin America, the Middle East, Africa, Asia
and some other regions is virtually zero, reflecting their current dearth of centralized
heat supply systems.

1.3.2. Water desalination

It is estimated that freshwater availability may become a key development
constraint for many developing countries. An attractive solution for alleviating future
water shortages is water desalination. However, desalination brings with it a demand
for energy. Future desalination strategies based solely on the use of fossil fuels would
thus be undesirable for the reasons given in Section 1.2.

In the past, global desalination capacities have almost doubled each decade.
However, it is difficult to estimate accurately the market potential for nuclear
desalination in terms of the number of reactors that will be required, as the share of
desalination for the supply of fresh water is still very small. Developing hypotheses
for the long term share of desalination for the global supply of fresh water is beyond
the scope of this report. Low and high market estimates have therefore not been made
for desalination.

An approximation of the market potential can be obtained by considering a
600 MW(e) nuclear reactor operating in the cogeneration mode and producing about
500 000 m> of water per day. For such water production about 20% of the electrical
capacity of the plant will be used. The total existing world desalination capacity
(~26 Mm?/d) could therefore be powered by ~50 such reactors.

1.3.3. Industrial process heat applications

The main process heat consuming industries are the petroleum and coal
processing, chemical, paper, primary metal and food processing industries.

Similarly for district heating, high and low estimates for the market potential
(Table 1) were prepared for the supply of process heat. They indicate smaller numbers

2 A large proportion of district heating customers would require energy sources with net
capacities of the order of 100 MW(th). Assuming such a capacity, the low estimate would
correspond to about 3400 reactors and the high estimate to about 76 000 reactors.



for the global total than for district heating: between 240 GW(th) (for the low
estimate) and 2900 GW(th) (for the high estimate). The regional estimates for the
countries of North America, Europe, the former Soviet Union and Asia are the
highest, owing to the size of their heat consuming industries.

1.3.4.  Ship propulsion

About 25% of global energy is used for transportation. However, the available
nuclear technologies can only be directly applied to a small fraction of this market;
that is, international and national maritime navigation.

In terms of the quantity of transported goods and fleet capacity, two services
have occupied the largest share of the market over the past decade: the transportation
of oil and oil derivatives and the bulk transportation of goods such as grain, coal and
iron ore. Nuclear powered ship propulsion could be used for such services in addition
to the present use of nuclear powered propulsion systems in icebreakers and the one
cargo ship used off the north of the Russian Federation.

The estimation of the market potential shows (see Table 1) that the market size
is between 2400 ships of 15 000 gross tonnes (GT) (for the low estimate) and
4000 ships of 100 000 GT (for the high estimate). Thus the market is potentially very
large; other considerations in addition to market size, however, will determine the
penetration of nuclear energy into this sector.

1.3.5. Space applications

Qualitatively, the most suitable application for nuclear reactors is that for
missions requiring high power levels and/or long operating times. More specifically,
lifetimes of the order of 7 to 10 years and power levels in the range of 10 to
200 kW(e) outline the area in which nuclear energy is the most appropriate energy
source. For low level and short missions, non-nuclear energy sources are available
and considered preferable.

1.3.6. Innovative applications
Several innovative applications have been considered:
— Fuel synthesis, including hydrogen production and coal gasification;
— Oil extraction;

— The use of nuclear submarines for fossil fuel transportation.

With the exception of nuclear submarines, the potential market is extremely
large, which favours the extensive application of nuclear technologies. The use of



nuclear energy will be determined, on one hand, by the development of the market
concerned (e.g. the introduction of hydrogen) and, on the other, by the ability of
nuclear technologies to withstand the economic competition of alternative energy
options.

1.4. POTENTIAL NUCLEAR SOLUTIONS FOR NON-ELECTRIC
ENERGY SUPPLY

A broad range of nuclear reactors is currently available for the supply of non-
electric energy. Future generation reactor concepts incorporating enhanced safety
features and meeting stricter economic criteria are under investigation in many
countries.

Nuclear reactors are capable of providing heat with a wide range of
temperatures, covering the requirements of nearly all the non-electric applications
discussed above. No technical impediments to coupling nuclear reactors to various
applications have so far been observed, although a number of safety related studies of
coupled systems may still be necessary.

There are two ways in which nuclear reactors can be used for a given
application:

— The cogeneration mode, in which heat is retrieved as steam from the various
expansion stages of a turbine or from a condenser; in general, the portion of the
steam retrieved is small compared with that used for electricity production.

— The dedicated heat only mode, in which heat is supplied directly (through a heat
exchanger) from the reactor to the customer.

The cogeneration mode has several practical advantages: an increased plant
thermal efficiency, the possibility of varying the heat supply according to demand and
an easier implementation, as almost all nuclear reactors for electricity production can
be adapted. Thus the first nuclear non-electric applications are likely to be of the
cogeneration type. This has been confirmed by experience with nuclear district
heating and desalination.

1.4.1. District heating

Nuclear district heating is in use in several countries and is technically a mature
industry. Its future expansion will be determined by a combination of several factors,
such as the size and growth of the demand for space and water heating, competition
between heat and non-heat energy carriers for space and water heating, and
competition between nuclear and non-nuclear heating. The availability of a heat
distribution network is an important factor for nuclear district heating.



1.4.2. Water desalination

Low temperature heat and/or electricity is required for desalination, and hence
all existing designs of nuclear reactors could be used. Relevant experience with
nuclear desalination is already available. The use of nuclear heat requires a close
location of the nuclear plant to the desalination plant, while the use of electricity
generated by nuclear energy for reverse osmosis (RO) does not differ from any other
use of electricity in that the energy source may be located far from the customer, with
electricity being provided through the electricity grid. It should be noted, however,
that electricity taken directly from the plant is cheaper than that from the electricity
grid and that a distant location would not allow the use of warm water from a
condenser for the RO feed.

1.4.3. Process heat supply

For process heat supply there is a wide range of required heat parameters that
determine the applicability of different reactor concepts. One particular concept, the
high temperature gas cooled reactor (HTGR), covers almost the whole temperature
range and is therefore considered to be a leading candidate for the supply of nuclear
process heat. The development and demonstration of an HTGR with a relatively small
capacity would provide a strong impetus for process heat applications.

1.4.4. Ship propulsion

Nuclear powered ship propulsion has already been used for merchant shipping
in several countries. However, so far it has appeared non-economic and the use of
nuclear powered ship propulsion has been discontinued, with the exception of nuclear
icebreakers and a bulk carrier operating off the north of the Russian Federation.
Although the market for large tankers and cargo ships is huge, the future of nuclear
powered ships will depend on their ability to offer competitive services in this highly
competitive market. The need to observe safety and licensing requirements in
receiving ports is an additional obstacle for the application of nuclear powered ship
propulsion.

1.4.5. Supply of spacecraft energy

The application of nuclear reactors for the supply of spacecraft energy has been
tested: dozens of nuclear powered missions have been launched in the past. With the
exception of the SNAP-10A mission in 1965, which was launched by the United
States of America, all missions have been Soviet or Russian. However, at present
there is a need to develop a concept that meets the current safety requirements and



possesses features that are superior to the non-nuclear options. Achieving this goal is
more likely for medium and long duration space missions, where, in terms of power
level, load weight and mission duration, there is no energy carrier that is comparable
with nuclear energy. No such design is currently flight ready, but the prospects are
likely to improve as a result of ongoing research.

1.4.6. Innovative applications

For many significant energy consuming activities direct applications of nuclear
power are either a long term possibility or improbable. However, an indirect approach
could circumvent the difficulties of a direct application, either by bringing forward
nuclear applications or allowing them in those areas in which they could not
otherwise be foreseeably applied. In this context, nuclear applications such as fuel
synthesis (including hydrogen production), coal gasification, oil extraction and the
use of nuclear submarines for fossil fuel transportation from deep-sea locations may
represent a significant market potential. They are at present at varying degrees of
industrial maturity.

Hydrogen may be applied to all types of transportation. Thus, for example, while
aircraft powered directly by reactors are implausible, aircraft fuelled with liquefied
hydrogen produced by nuclear power have substantial advantages. Ships and trains
could also be powered by liquefied hydrogen, the latter often with better economics
than with a direct electrification of the track. Finally, the future widespread use of
gaseous hydrogen for fuel road vehicles is already widely acknowledged.

1.5. ECONOMIC COMPETITIVENESS

As a general rule, the economics of non-electric nuclear applications will
follow the same trends as those for nuclear power production for generating
electricity. This is particularly true for the cogeneration mode, since for many
applications the amount of heat required is a small fraction in comparison with that
used for producing electricity. The main factors that would improve the
competitiveness of nuclear options include lower specific overnight costs, shorter
construction times, lower discount rates, the incorporation of environmental
externalities in the price of energy and the expectation of increasing fossil fuel prices.
Recent IAEA studies on the economics of nuclear desalination and heat supply
quantitatively support these conclusions.

For dedicated heat only reactors the competitiveness of non-electric
applications will be strongly influenced by the demonstration that the proposed
nuclear reactors can be sited near population centres. The relatively high costs of the
transportation of heat (or desalted water) from the reactor over large distances could
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otherwise become prohibitive. Detailed site specific analyses are therefore essential
for determining the best energy option.

Currently, nuclear powered cargo ships do not appear attractive economically,
as petroleum derivatives are relatively cheap and maritime transportation is a highly
competitive market. However, nuclear powered ships are likely to be the best solution
in the situation in which there is a need for transportation to remote areas, especially
those hindered by ice. This is confirmed by a long and successful use of nuclear
icebreakers off the Russian Federation.

For space applications, the longer the mission duration, the more economic the
nuclear options would be, because of the high energy density of nuclear fuels.

1.6. PROSPECTS

As specific nuclear applications currently represent only a small share of their
total markets, the near term (2000-2020) and long term (2020-2050) prospects for
nuclear penetration are assessed only qualitatively.

1.6.1. Near term

Near term prospects are assessed on the basis of ongoing projects in the final
stages of design or under construction (see Table 1). On this basis, the prospects for
nuclear district heating depend on the successful completion and operation of several
reactors, for example the NHR-200 in China and the AST-500 in the Russian
Federation.

For nuclear desalination some ongoing and prospective projects are the
220 MW(e) heavy water reactor (HWR) in India coupled to a multistage flash
distillation (MSF) and RO desalination plant, the Chinese 10 MW(th) NHR-10,
a heat only pressurized water reactor (PWR) for Morocco (work on this project is
at present suspended), the 100 MW(e) PWR (SMART) in the Republic of Korea,
the KLT-40 barge-mounted concept with RO preheating, the 15 MW(e) and 90
MW(e) integral PWRs Nika and the 55 MW(th) heat only pool reactor Ruta (in the
Russian Federation). A consortium of seven European and Canadian industrial and
research and development organizations has recently launched the EURODESAL
project for desalination in southern Europe, which is based on the use of innovative
reactors.

For process heat supply, the operation of the High Temperature Engineering
Test Reactor (HTTR) (in Japan), implementation of the pebble bed modular reactor
(PBMR) project (in South Africa), operation of the HTR-10 (in China) and operation
of gas turbine modular helium reactors (GT-MHRs) (in France, Japan, the Russian
Federation and the USA) are the nearest prospects.
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With the exception of icebreakers in the Russian Federation, there are no
ongoing projects for nuclear powered ship propulsion. The three tested nuclear cargo
ships have all been decommissioned, mainly for economic reasons. Moreover,
widespread public concern about nuclear energy has limited the number of harbours
open to nuclear powered merchant ships.

The near term prospects for the use of nuclear reactors in space missions are
low, but future space missions are increasingly likely to use nuclear power. No
standard nuclear design is currently flight ready, but there is ongoing and active
research, in particular in the USA and the Russian Federation.

1.6.2. Long term

For the long term, use has been made of an arbitrary scale ranging from 0 to 2
for five critical areas: market structure, demand pressure, technical basis, economic
competitiveness and public acceptance. Qualitative estimates of the long term
prospects for nuclear penetration for the non-electric energy supply market are shown
in Table 2. The main results are as follows.

Owing to the availability of heat distribution networks, nuclear district heating
appears most promising for the countries of central and eastern Europe and the
countries of the former Soviet Union. The chances of nuclear penetration into this
market in North America and western Europe are rated as medium. For these regions
the market structure is less favourable because of the lack of adequate heat
distribution networks, but there is a technical basis for creating competitive nuclear
options. The same is true for China and some other countries in the region of centrally
planned Asia.

For nuclear desalination the prospects depend upon the combination of two
factors: the lack of fresh water and the ability to use nuclear energy. When these
conditions are present, the prospects are medium to high, as shown for South Asian
countries such as India and Pakistan as well as in the region of centrally planned
Asia. It should be noted that the region of centrally planned Asia and South Asian
countries may represent more than 50% of the world’s population in 2020.
Ultimately, the choice of the nuclear option will be determined by economic
considerations.

The situation in the Middle East and North Africa region is of particular
interest. Similarly to Africa and South Asia, the region experiences a lack of water
and a high demand pressure, which is why countries in the region have been looking
into the possibility of using nuclear power for desalination. However, as the technical
basis for the introduction of nuclear power has not yet been created and the economic
competitiveness of nuclear desalination is not definite, the overall ranking of the long
term prospects for nuclear energy is still low. With the introduction of nuclear power
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TABLE 2. LONG TERM PROSPECTS FOR NON-ELECTRIC APPLICATIONS OF NUCLEAR ENERGY BY WORLD REGION

Latin Middle Central Centrally Other
L North America Eastand Western  and planned  South . Pacific ~ World
Application . Saharan FSU? . . Pacific
America  and the . North Europe eastern Asiaand  Asia . OECD  average
. Africa . . Asia
Caribbean Africa Europe China
Traditional applications
District heating M L — — M M M M M L L M
Desalination L — L Lb L L L M H L L L
Process heat M L — — L M M H M M L M
Ship propulsion M — — — — L M L M — M —
Space applications Not estimated
Innovative applications
Hydrogen production Not estimated
Coal gasification Not estimated
Other fuel synthesis Not estimated
Oil extraction Not estimated
Abbreviations: — = negligible, L = low, M = medium, H = high.

2 Newly Independent States of the former Soviet Union.

b As noted, although the countries of the Middle East and North Africa region have been looking into the possibility of using nuclear power for
desalination, the overall ranking of the long term prospects for nuclear energy is at present still low because the technial basis for the introduction

of nuclear power has not yet been created and the economic competitiveness of nuclear desalination is not definite. This does not exclude, though,

that the prospects for nuclear energy for certain countries in the region are higher.



in the region, even for electricity generation only, this estimate will most likely
change to medium.

The prospects for nuclear process heating are assessed as low or negligible in
Latin America, Africa and the Pacific region, mainly because of the lack of a
centralized heat supply. The prospects for western Europe are also low because of the
lack of a demand pressure and a reserved public attitude to nuclear energy. In central
and eastern Europe the prospects are medium, which reflects the favourable structure
of the market (i.e. the existence of heat consuming industries and the availability of
heat networks) and a sufficient technological basis. In Asia (both the region of
centrally planned Asia and South Asia) the combination of a demand growth, the
existence of a technological basis and a favourable market structure lead to medium
or high estimates for nuclear penetration.

The prospects for nuclear powered ship propulsion appear relatively high in the
regions in which the use of nuclear energy could be combined with large fleet
capacities, such as North America, the countries of the former Soviet Union
(especially the Russian Federation), South Asia and the Pacific OECD (Japan).
Elsewhere, the estimate is low or negligible.

The long term prospects for the space applications of nuclear reactors
critically depend on the success of current projects. Because of the large
uncertainties, even a qualitative estimate of the prospects for nuclear energy is
difficult to make.

1.7. STRUCTURE
This report is structured as follows:

— The objectives and structure of the report are given in Section 1.

— Section 2 gives the background and motivations for the use of nuclear energy
for non-electric energy services.

— Section 3 describes the methodology used for the evaluation of the market
potential.

— Sections 4 to 8 describe the market potential for the most advanced non-electric
applications of nuclear energy: district heating, water desalination, the supply
of process heat, ship propulsion and energy for spacecraft.

— Section 9 gives the prospects for some innovative applications of nuclear
energy, such as oil extraction, coal gasification and hydrogen production.

— Section 10 is the summary of the estimated market potential for the non-electric
applications of nuclear energy.

— The conclusions of the report are given in Section 11.
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Sections 4 to 8 follow a common structure of describing the:

— Market characterization (the estimate of the market size and its specific features
considered important for nuclear applications);

— Potential nuclear solutions (the estimate of the applicability of nuclear
technologies to the market);

— Economic competitiveness compared with the non-nuclear options;

— Current and prospective market for nuclear energy in the short and medium
terms.

This structure is not based on the types of nuclear reactor, either existing or
innovative, that may be required. The report is instead broken into sections in
accordance with expected demand categories. This approach reflects the targeting of
the demand side, which is a principal feature of the report. At the same time, the
orientation on the demand side can result in overlaps at the supply side, because the
same nuclear reactor can often serve more than one type of demand. Such cases are
noted where appropriate.

Section 9, which is devoted to innovative applications, is shorter and does not
follow the uniform structure described above.

2. MOTIVATION AND BACKGROUND

2.1. BACKGROUND

According to the most recent data (that for 1999) there are approximately
430 nuclear power reactors in the world [1], which produce about 16% of the world’s
electricity [2]. However, it is well known that nuclear energy has the capability to
provide products in addition to electricity. In the 1970s, when the large scale peaceful
use of nuclear energy had just started, the prospects for non-electric applications were
identified and corresponding designs were developed. However, notwithstanding
several successful applications, the supply of non-electric energy by nuclear
technologies remains minimal.

Technical possibilities already exist for using the heat produced in nuclear
reactors for the supply of non-electric energy. The modes of heat utilization can
widely differ and various applications are known from experience with non-nuclear
energy technologies.

The principal reasons for using nuclear energy in the non-electric area are the
same as for electricity generation:
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— There are economic advantages (i.e. a relative economic superiority of the
nuclear option for a given product in a given location);

— There are environmental benefits (i.e. an absence of polluting emissions, in
particular GHGs, and lower fuel requirements);

— There are strategic considerations (i.e. diversification of fuel supply, protection
against the volatility of fossil fuel prices, the use of existing industrial
infrastructure and human resources, and expectations of spin-off effects after
the introduction of nuclear technologies).

In addition, there are several specific features that confer potential advantages
on the use of nuclear energy for non-electric purposes:

— Owing to the extremely high energy value of nuclear fuel, very small amounts
of fuel are required for the production of a unit of energy compared with
fossil fuels; as a result, the use of nuclear energy has advantages for
applications for which small amounts of fuel are preferable (e.g. energy
sources for long duration outer space missions) or a long operating time
without refuelling is preferred (e.g. energy for ship propulsion or energy
supplies for remote regions).

— Various nuclear reactor concepts can provide a wide spectrum of output
temperatures, covering practically the whole range of typical heat applications
(from some 200-300°C, provided by water cooled reactors, up to about
1000°C, provided by gas cooled reactors).

2.2. CURRENT STATUS

If the share of electricity supplied by nuclear power is compared with that of the
rest of the final energy demand (see Table 3), the striking contrast between the extensive
use of nuclear energy for electricity generation and its limited application for other
purposes becomes evident. Nuclear energy is well represented in electricity generation
(~17% of the total in 1997), but electricity generation accounts for less than 20% of the
total energy demand; for the non-electric generating portion of the final energy demand,
which accounts for about 80% of the total demand, the nuclear share is negligible.

Several factors have slowed the development of nuclear energy in the world
and have led to the current limited role of nuclear energy for non-electric
applications:

— The need for technological advances to the point of the successful industrial

implementation of a nuclear design that has a wide applicability in the non-
electric market.
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TABLE 3. STRUCTURE OF THE GLOBAL ENERGY SUPPLY IN 1998 [3]

Primary energy supply Electricity supply Final energy supply

Total electricity

Total primary Nuclear Nuclear  Total final energy Nuclear

ted
energy (Mtoe)  share (%) (Tg\:lr-l}ijla\l/lioe) share (%) (Mtoe) share? (%)
9491 6.7 14 331/1232 17.1° 6646 2.6

Mtoe: million tonnes of oil equivalent.

@ Calculated from the nuclear share of electricity generation; that is, the nuclear share of
electricity generation (17.1%) multiplied by the share of electricity of the final energy supply
(15.2%). This ignores some use of nuclear energy for heat generation and ship propulsion.
However, this simplification cannot lead to a meaningful error in the result, because the
current global share of nuclear energy in these two applications is negligible.

b The 1998 number (~17%) is higher than the corresponding estimate for 1999 (~16%).

— The availability of relatively cheap fossil fuelled systems, in particular gas
turbine combined cycle plants, coupled with an increasing deregulation of
electricity and energy markets in many countries, currently favour the
introduction of technologies economically effective in the short term. However,
in the longer term the transition from conventional to non-conventional fossil
fuel resources, as well as the inclusion of environmental externalities, will force
their prices higher, thus favouring the nuclear options (where the externalities
have already been largely included)?.

— Real or perceived regulatory hurdles (in particular the safety of nuclear reactors
located near population centres).

— The public attitude to nuclear energy in general (e.g. the perception of a lack of
nuclear safety and concerns related to the management of long lived radioactive
waste).

2.3. FUTURE DEVELOPMENTS

There are reasons to believe that the twenty-first century may witness not only
the revival of nuclear power generation but also an increased nuclear share in the non-
electric sector. Several factors may contribute to this development:

3 The increase of oil prices in 1999 and 2000 made it clear that although fossil fuel prices
may be relatively low at times there is always a possibility of unpredictable increases. This
volatility remains an important negative feature of fossil fuels.

17



— An increase in energy demand, owing to the expected population growth and
economic advances, in particular in today’s developing countries;

— The impact of climate change considerations related to the need to mitigate
GHG emissions;

— The technological advancement of non-electric nuclear designs to the point of
commercial application;

— Changes in the social environment related to nuclear energy.

2.3.1. Demand growth

Global energy demand is expected to increase rapidly in the next 20 to 50 years.
This will largely be due to population growth and the fact that most developing
countries will cross the threshold of industrialization by this time. As an illustration,
some typical long term projections of primary energy demand are shown in Fig. 1. By
2050 the demand will grow two- or threefold compared with the present level,
depending on the assumptions used.

It is also expected that the share of electricity in the total energy demand will
steadily increase, electricity being a clean and convenient final form of energy.

There are three important factors that may also lead to an increased market
potential for non-electric energies and their associated applications:

— The demand for non-electric energy will grow substantially in absolute terms
owing to population growth and increasing standards of living.
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FIG. 1. Long term trends in the world primary energy demand [4]. A1, A2, B1, B2 denominate
the four scenarios that were considered in Ref. [4] as representative (out of the 40 scenarios
considered). An analysis of the implications of this study for the role of nuclear energy can be
found in Ref. [5].
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— Structural changes in non-electric energy carriers are likely to occur. At present,
fossil fuels are extensively used for transportation, heating and domestic
applications. This usage will continue to increase in the short term. In the longer
term, converted forms of non-fossil fuel energy are expected to grow in
importance. In particular, the use of hydrogen is likely to begin to erode the
dominance of fossil fuels. These developments will create incentives for
industries to develop and promote alternative technologies for non-electric energy.
Nuclear energy would thus have a large potential for penetrating this market.

— The future market will include not only growth in energy demand but also the
need to replace existing plants.

2.3.2. Impact of climate change considerations

The ongoing debate on the problem of climate change may have a profound
influence on the electric sector and the market share of nuclear power plants (NPPs).
As nuclear energy is the only significant mature, large scale energy technology free
from GHG emissions, the share of nuclear energy in electricity generation may
increase if relevant policy measures (e.g. restrictions, taxes and credits) for GHG
emissions are introduced.

This factor is expected to have similar implications for the suppliers of non-electric
energy. At present, electricity generation accounts for only 24% of global CO, emissions
(see Fig. 2). This alone indicates the need for nuclear energy to penetrate the non-electric
market in order to have an effect on the remaining larger part of CO, emissions.

2.3.3. Technological advancement to the point of commercial application

The non-electric applications of nuclear energy have not yet reached the same
maturity as the electric applications. However, steady progress is occurring in their

Supply of
Non-energy electricity
emissions (24%)

(15%)

\ Supply of non-

electric energy

Direct use of fuels
(9%)

(52%)

FIG 2. World CO, emissions in 1990 by type of final energy [4].
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TABLE 4. SUMMARY OF RECENT ADVANCES IN NUCLEAR TECHNOLOGIES
FOR NON-ELECTRIC APPLICATIONS

Area

Examples of technological progress

Nuclear district heating A nuclear district heating station in Voronezh in the Russian

Supply of process heat

Nuclear desalination

Nuclear powered ship
propulsion

Nuclear outer space
applications

Federation with an AST-500? is being considered; a feasibility study
AST-500 for Seversk has been accomplished [6]. The Russian
Federation is also designing floating nuclear heat and power

stations with KLT-40 reactors for remote regions [7]. In China a
promising NHR-200 concept is being developed based on the
experience with the NHR-5 reactor [8].

A 30 MW(th) HTTR is under development and reached first criticality
in November 1998 at the JAERI [9, 10]. The HTR-10 reactor in China
reached criticality in 2000 [11]. A promising GT-MHR project with a
modular system is being developed jointly by France, Japan, the
Russian Federation and the USA, which will be suitable for most non-
electric applications [12]. South Africa is pursuing the development
of a modular nuclear reactor (the PBMR) of 268 MW(th), which is
potentially applicable to the supply of non-electric energy [13-15].
India is constructing a hybrid desalination facility to be connected to
existing PHWR units in Kalpakkam [16]. The Republic of Korea and
Morocco are considering the development and implementation of
nuclear powered national desalination projects. For the Korean case,
the cogeneration approach on the basis of an advanced reactor
concept (SMART) has been selected [17], while in Morocco the use
of a dedicated heating reactor of a Chinese design (NHR-10) is
being considered [18]. Egypt is proceeding with a feasibility study
of a nuclear desalination plant in El-Dabaa [19]. Russian feasibility
studies of floating nuclear power desalination plants with barge-
mounted KLT-40s are under way [20, 21]. A consortium of seven
European and Canadian industrial and research and development
organizations has recently launched the EURODESAL project for
desalination in southern Europe, which is based on the use of
innovative reactors [22].

Concepts of innovative marine reactors are being developed in Japan,
based on the experience with the first Japanese nuclear powered ship,
the Mutsu, which was decommissioned in 1992 [23]. In the Russian
Federation the use of nuclear powered icebreakers and a carrier conti-
nues, as well as the research and development of new designs [24-27].
The search for technically feasible and economically affordable appli-
cations of a nuclear reactor as a spacecraft energy source continues,
in particular in the USA and the Russian Federation [28, 29].

2 AST is the Russian abbreviation for nuclear heating plant.

20



development, as shown in Table 4. These achievements can provide competitive
nuclear solutions to respond to the above noted increase in the demand for non-
electric energy services.

2.3.4. Changes in the social environment

To a sizeable extent, the further development of nuclear energy is hindered not
by technical or economic considerations but by a negative social attitude relating to
the perception of problems of safety, non-proliferation and the management of long
lived radioactive waste. Such concerns are especially in evidence in western Europe,
where some countries, for example Germany and Sweden, intend to implement a
complete phase out of nuclear energy.

There are, however, signs that the negative attitude to nuclear energy can be
gradually replaced by a more balanced approach and an awareness that demonizing
nuclear energy is unreasonable and potentially counter-productive. A responsible and
rational approach would be to apply a comprehensive and impartial consideration of
all available energy alternatives (see, as a representative example, the results of a
recent study in Belgium [30]).

At the same time, the need for the nuclear industry to work on dialogue with
the public remains and will remain vitally important. The social acceptability of
technologies has become a key factor for market penetration. This reality will not
change, and may become even more important in the future.

There is thus a large place in the market for the non-electric energy services for
which nuclear technologies could be applied.

2.4. DEFINITION OF THE BASELINE: COMPETITIVENESS OF
ELECTRICITY GENERATED BY NUCLEAR ENERGY

Before discussing the market for non-electric applications and, in particular,
their economics, it is worth reviewing the economics of electricity generated by
nuclear energy. This can provide a departure point for the review of non-electric
applications, because, for the following reasons, the competitive positions of electric
and non-electric applications are closely linked:

— Electric and non-electric applications have common design features (e.g. a
similar reactor design).

— Nuclear energy in non-electric applications competes with the same alternative
energy sources (e.g. coal, oil or gas).

— Many non-electric applications are based on electricity as the primary energy
source, either directly (i.e. desalination using RO) or indirectly (i.e.
cogeneration applications).
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— The public attitude, which is an important factor for the use of nuclear energy,
does not distinguish between electric and non-electric applications; if nuclear
energy is not used for electricity generation because of a lack of public
acceptance (and a view of a real or perceived lack of economic competitive-
ness), the development of non-electric applications is unlikely.

The current competitive position of nuclear energy in electricity generation is
therefore a starting point for the discussion of the economics of non-electric appli-
cations. To give a summary of the current understanding of the competitiveness of
electricity generated by nuclear energy, Table 5 shows the results of a recent eco-
nomic study conducted by the Nuclear Energy Agency (NEA) of the OECD
(OECD/NEA) and the International Energy Agency (IEA) [31], with the participation
of the IAEA, the European Commission and the Union of Producers and Distributors
of Electric Energy.

The study estimated and compared the costs of electricity generation by various
technologies in 19 countries. Most of the countries focused on the comparison of
three generation options: coal, gas and nuclear energy. The comparison criterion was
the levelized electricity generation cost defined as [31, annex 10]:
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where

is the capital expenditure in year ¢;

is the operations and maintenance expenditure in year

is the fuel expenditure in year ¢;

is the electricity generation in year £

is the discount rate;

is the summation over the period, including construction, operation during the
economic lifetime and decommissioning of the plant, as applicable.
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The input parameters for the calculations were partially provided by the
participating countries (/,, M,) and partially assumed by the expert group (F,). Two
discount rates were considered: 5% and 10%.

Table 5 shows some results of the study expressed, for the purposes of this
report in relative units, as the ratio of the levelized generation cost of nuclear plants
and that of non-nuclear (coal and gas fired) plants. To present the most relevant
results succinctly, two scenarios, denominated as the ‘best for nuclear’ and the ‘worst
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for nuclear’, were considered. The former is selected from the multiple combinations
of the various nuclear and non-nuclear projects in Ref. [31] as the one most
favourable for nuclear power (i.e. with the lowest ratio of levelized costs) in the given
country. Similarly, the worst scenario is that with the highest ratio of levelized costs.
Only one scenario is presented for the countries in which only one project was
considered for each generation option.

TABLE 5. PROSPECTIVE COMPETITIVENESS OF NEW NPPs [31]
(the numbers are ratios of the levelized electricity generation costs of nuclear and
non-nuclear (coal, gas) power plants)

(the costs are for plants that are expected to be commissioned from 2005 to 2010)

Case for Nuclear/coal ratio Nuclear/gas ratio
Country nuclear 5% discount  10% discount 5% discount ~ 10% discount
rate rate rate rate
Brazil Best 0.59 0.75 1.12 1.34
Worst 1.04 1.19 1.29 1.57
Canada Best 0.60 0.73 0.82 1.20
Worst 1.01 1.28 0.98 1.43
China Best 0.80 0.98 — —
Worst 0.97 1.27 — —
Finland — 1.17 1.43 1.04 1.36
France — 0.69 0.83 0.68 0.92
India Best 0.89 1.27 — —
Worst 0.995 1.15 — —
Japan — 1.03 1.04 0.73 0.94
Korea, — 0.89 1.07 0.72 1.03
Republic of
Russian — 0.58 0.84 0.76 1.19
Federation
Spain — 0.97 1.17 0.86 1.17
Turkey Best 0.58 0.74 1.07 1.53
Worst 0.82 1.06 — —
USA Best 1.33 1.29 1.23 1.69
Worst 1.34 1.33 1.43 1.96
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Table 5 illustrates that the competitiveness of electricity from new nuclear
plants is not assured, in particular with regard to competition with natural gas. In
most cases NPPs look better under the assumption of the discount rate of 5% and
in comparison with coal, but lose under the less favourable assumption of the 10%
discount rate. This is a known consequence of the assumed high capital costs for
NPPs. Although there are countries in which electricity generated by nuclear energy
looks definitely better (France) or at least very competitive (China, Japan, the
Russian Federation), there are also cases of definite economic inferiority (the
USA).

A comparison with previous similar studies shows that the competitive position
of electricity generated by nuclear energy has deteriorated as compared with the end
of the 1980s and the beginning of the 1990s. The reasons are well known, the main
ones being:

— The capital costs of NPPs have grown;

— The costs of fossil fuel prices have been historically low and were assumed in
Ref. [31] not to rise substantially by 2010;

— The technical and economic parameters of the competing fossil fuel
technologies, primarily combined cycle gas turbines, have improved
significantly (with thermal conversion efficiencies of up to 55% and unit
construction times down to two years).

The situation shown, however, must not be oversimplified. The assessments of
Ref. [31] are generic in that they were built on selected representative designs and
assumed generic trends in fuel prices. In a given country actual costs as well as
nuclear competitiveness can depend significantly on the location of the plant (for
example, there is a large difference between the west and east of China, India or the
Russian Federation). Thus a more specific analysis would be necessary to determine
nuclear competitiveness at a prospective site.

Moreover, it must be emphasized that the nuclear industry has long recognized
the importance of lowering NPP capital costs and is already implementing relevant
design solutions for practically all existing designs (see, for example, Ref. [32]). In
addition to evolutionary improvements to proven designs, innovative projects are
being considered that may lead to drastic cost reductions, such as the PBMR project
in South Africa [14]. This project targets a specific capital cost of the order of
US $1000/kW(e) [15], which is almost a twofold decrease in comparison with
contemporary NPPs. Coupled with the traditionally low costs of nuclear fuel and
improved operations and maintenance costs (see, for example, the review of the
latest US experience in Ref. [33]), such breakthroughs may greatly facilitate the
revival of nuclear power generation as well as the use of non-electric nuclear
applications.
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3. EVALUATION METHOD

The following method was adopted to treat different applications in a consistent
manner based on:

— A quantitative assessment of the ultimate market size,

— A qualitative ranking of the prospects for nuclear applications to penetrate the
market,

— A presentation of the results by (a) large world regions and (b) selected
countries.

3.1. QUANTITATIVE ASSESSMENT OF THE ULTIMATE MARKET SIZE

For every application the first step is to estimate the ultimate, maximum size of
the market; that is, to quantify the existing demand for the service without specifying
which technology, nuclear or non-nuclear, will serve the demand. Two different types
of market size are distinguished for most applications: a low and a high estimate.

Under the low estimate the market size is estimated using conservative
assumptions for the potential nuclear penetration into the market. For example, for
district heating the low estimate is determined on the basis of the amount of heat that
is currently supplied by centralized heat sources®. The low estimate therefore
corresponds to the situation in which only existing heat distribution networks are
used, while the heat that is currently provided by decentralized energy sources is
excluded.

In contrast, the high estimate assumes the possibility of a full penetration of
nuclear energy into the respective markets. For the case of district heating, all the heat
required (for space heating, water heating, cooking) would be supplied by centralized
sources, regardless of the mode of supply (centralized or non-centralized) that exists
today. This would require the development of new networks or considerable
modifications of existing ones.

The exact meaning of the low and high estimates differs from application to
application. However, the principle of using conservative assumptions for the low
estimate and determining the high estimate as the maximum size of the market is
observed consistently for all applications.

4 Centralized means that the produced heat is sold for utilization to a third party; the heat
thus defined corresponds to the definitions used by the IEA in Refs [34, 35]. Although this
definition is not perfect (some heat sources that are technically centralized may not be
covered), it is used throughout this report because of the vast amount of IEA energy statistics
that can be utilized.
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3.2. QUALITATIVE RANKING OF NUCLEAR PROSPECTS

After the size of the market has been assessed, the prospects for nuclear
technologies to penetrate the market have to be estimated.

The short term prospects (i.e. for 2000-2020) can be estimated by
considering the status of existing and envisaged nuclear projects. As the number of
such projects is relatively small and the projects are known, this can be done with
a reasonable accuracy for all countries that consider non-electric uses of nuclear
energy.

For the long term prospects (i.e. 2020-2050) the situation is more complicated.
Given the significant technical differences among the applications and the large
uncertainties inherent in long term projections, these prospects are determined only
qualitatively using a system of qualitative indicators. These indicators are designed to
reflect the most characteristic factors that would determine the actual penetration of
nuclear technologies into the market.

Five important indicators for nuclear penetration into the market of non-electric
energy services are considered: market structure, demand pressure, technical basis,
economic competitiveness and public attitude:

— Market structure: the indicator shows whether the existing structure of the
market is favourable to the introduction of nuclear energy; structure here is
taken to mean the use of supply patterns compatible with nuclear energy (e.g.
in the case of district heating it is the use of centralized heat generation as
opposed to the use of gas, oil, coal and electricity for space and water heating).

— Demand pressure: the indicator shows whether a substantial demand for the
service (district heat, desalination or process heat) exists and, if so, whether it
is likely to grow significantly in the future.

— Technical basis: the indicator reflects the technical ability and the existence of
the appropriate infrastructure in a given country that are required to exploit
nuclear energy for the considered service.

— Economic competitiveness: the indicator shows whether, qualitatively,
economic competitiveness of nuclear technologies against the non-nuclear
options is probable.

— Public attitude: the indicator reflects the public attitude to nuclear energy
in general.

For each indicator a weighting scale of 0, 1 or 2 is used, as presented in Table 6.

After an estimation of all indicators for a country an aggregate score is
calculated as a simple average of the five indicators. The obtained average is also
labelled qualitatively as negligible, low, medium or high using the following
convention:
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TABLE 6. ASSUMED PRINCIPLES OF QUALITATIVE RANKING

Factor Ranked 0 Ranked 1 Ranked 2
Market The market structure is The use of nuclear For the given service,
structure not suitable for the use energy is possible, nuclear energy is
of nuclear energy for  depending on its already used or is likely
the given service competitiveness to be used in the near
future
Demand Demand for the service Demand exists but is Demand exists and
pressure does not exist or, if it unlikely to change significant demand

Technical basis

Economic
competitiveness

Public attitude

exists, will probably
decline in the future

At present there is little
technical basis for the
introduction of nuclear
energy

Economic competi-
tiveness of the nuclear
option is unlikely

The public attitude to
nuclear energy is
negative or there is no
distinct attitude because
nuclear energy has
never been seriously
considered

substantially

Although there is no
use of nuclear energy at
present, the introduction
of nuclear technologies
is feasible because of
the general level of
industrial development

Economic competi-
tiveness of the nuclear
option is possible

The public attitude to
nuclear energy at
present is not definite;
the future attitude is
likely to be dependent
on its performance

growth is likely in the
future

Nuclear energy is used
or planned to be used in
the near future based on
either a domestic
industrial basis or on
imports of nuclear
technologies

Economic competi-
tiveness of the nuclear
option is very likely

The public attitude to
nuclear energy is
positive

— If less than 0.6 the prospects are ranked as negligible.

— If between 0.6 and 1.0° the prospects are ranked as low.

— If between 1.0° and 1.57 the prospects are ranked as medium.
— If between 1.5% and 2.0 the prospects are ranked as high.

5 Exact 1.0 is excluded; rounding by three digits is used; that is, 0.994 and below means low.
6 Exact 1.0 is excluded; rounding by three digits is used; that is, 0.995 and above means

medium.

7 Exact 1.5 is excluded; rounding by three digits is used; that is, 0.144 and below means

medium.

8 Exact 1.5 is excluded; rounding by three digits is used; that is, 0.145 and above means high.
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The simple summing of the indicators means that they are all considered
equally important for nuclear applications. This is an arbitrary assumption, but was
considered appropriate for a first application of the indicators.

It should be emphasized that the described method is qualitative. The
judgement of 0, 1 or 2 is expert defined and cannot be formulated mathematically.
Similarly, the categories of negligible, low, medium and high are assumed by
convention. However, it was found that the method gave plausible and explicable
results that correspond to the objectives of this study.

3.3. PRESENTATION OF RESULTS BY WORLD REGIONS
AND SELECTED COUNTRIES

It is useful to have an aggregated, global view of the long term prospects for
nuclear energy; that is, identifying the regions in which nuclear energy has the highest
chances of use for a specific non-electric application. The results of the long term
qualitative ranking for the prospects for nuclear energy are therefore presented by
large world regions.

World regions can be defined in many ways. For this report the classification
applied in a recent global study by the World Energy Council and the International
Institute of Applied Systems Analysis is used [36]. The study considered 11 regions,
designated as North America (NAM), Latin America and the Caribbean (LAM), sub-
Saharan Africa (AFR), the Middle East and North Africa (MEA), western Europe
(WEU), central and eastern Europe (EEU), the Newly Independent States of the
former Soviet Union (FSU), centrally planned Asia and China (CPA), South Asia
(SAS), other Pacific Asia (PAS) and Pacific OECD (PAO). The main reason for
selecting this classification in this report is that it combines regional aggregations of
countries with groupings by the level of economic development. A detailed, country-
wise composition of the 11 regions is given in Appendix 1.

When calculating the long term indicators of the prospects for nuclear energy
(as described in Section 3.2) by region, countries of the regions are summed with
weights depending on the non-electric application considered. For instance, the
estimate for water desalination requires the use of the current water consumption per
country as weighting coefficients, while for district heating it is appropriate to take
into consideration the demand for space and water heating. Using such coefficients
allows a quantification of the relative importance of the considered nuclear
application. In particular, it helps to avoid situations in which a high ranking for a
small country outweighs a low ranking for a large country.

The assumed indicators for the public acceptance of nuclear energy are shown
in Appendix II. This ranking is used for all potential applications, because the
acceptance of nuclear energy should not depend much on the type of application.
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It must be taken into account, however, that regional aggregation can conceal
important details. For example, a country for which the prospects for nuclear energy
are notably high (notwithstanding the overall low ranking for the region as a whole)
can become invisible within a region. It is for this reason that specific results for some
countries are also included in addition to the regional representation.

A complete set of results for all countries is presented in the appendices. These
results were used to obtain the regional averages. They allow calculations for any
other combination of countries defining a region.

3.4. ILLUSTRATIVE EXAMPLES OF THE METHOD
3.4.1. Generic example

If, for example, a country is currently not using nuclear energy but possesses a
large heat distribution network, the indicator of market structure and technical basis
for the use of nuclear district heating would be assigned as:

— Market structure = 2 (a large heat distribution network exists),
— Technical basis = 0 (nuclear energy is not used at present).

If, in addition, it is assumed that the demand for any type of non-electric energy
is not developing rapidly, that the economic competitiveness of prospective nuclear
heat sources is unclear and that the public attitude to nuclear energy is currently
negative (e.g. as a result of a successful anti-nuclear referendum), the other three
indicators would be:

— Demand pressure = 1 (only moderate growth is expected),

— Economic competitiveness = 1 (nuclear energy may be competitive or non-
competitive, depending on the site and the prices of fossil fuels),

— Public acceptance = 0 (an anti-nuclear referendum has revealed a negative
attitude to the use of nuclear energy).

The average indicator of the long term prospects for nuclear energy for non-
electric applications in this country is thus 0.8, or, in accordance with the definitions
given above, the prospects for nuclear energy for this country (and for the given
application) are low.

The result is obviously predetermined by the assumptions used. The five
indicators are determined on the basis of the current situation. If conditions change
(e.g. a new reactor appears on the market that is cheap and easily deployed), the
results could change accordingly.
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To illustrate this, assume for the example above that the indicators of technical
basis and public attitude for the same country change to:

— Technical basis = 2 (nuclear technologies are easily deployable in the country),
— Public acceptance = 2 (the public attitude to nuclear energy is generally
positive).

As a result, the average will change from 0.8 to 1.6, or, qualitatively, the long
term prospects for nuclear penetration change from low to high.

3.4.2  Specific example: the case of nuclear desalination in North Africa
and the Middle East

Another representative case can be considered for nuclear desalination in
North Africa and the Middle East. Taking Morocco as a country with an interest in
nuclear desalination but at present without NPPs, the set of indicators would be as
follows:

— Market structure = 1 (there are large population centres with a desalination
demand),

— Demand pressure = 2 (a deterioration of the water supply situation is expected),

— Technical basis = 1 (although nuclear energy is not used at present, a nuclear
desalination project has been considered),

— Economic competitiveness = 1 (nuclear energy may be competitive or non-
competitive, depending on the prices of fossil fuels),

— Public acceptance = 1 (the public attitude to nuclear energy in the country is
neither anti- nor pro-nuclear).

The aggregate score in this case is 1.2, which means, in the assumed naming
convention, there are medium prospects for nuclear desalination.

However, for countries without an interest in nuclear desalination the prospects
are lower. For example, the case of Sudan would be characterized as follows:

— Market structure = 0 (there are few centres with a sufficient desalination
demand);

— Demand pressure = 1 (the demand for water exists and will continue to exist but
the water situation is not expected to deteriorate sharply, as the available water
resources are relatively large);

— Technical basis = 0 (although desalination has been used’, there have not been
advanced nuclear desalination projects);
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— Economic competitiveness = 1 (nuclear energy may be competitive or non-
competitive, depending on the prices of fossil fuels);

— Public acceptance = 0 (the use of nuclear energy for electricity generation or
other purposes is not close to implementation).

Consequently, the aggregate score for Sudan is 0.4, or negligible.

When determining the average score for the whole region of North Africa and
the Middle East, both cases must be taken into account; that is, the countries with
relatively high prospects for nuclear desalination (such as Morocco, Egypt and some
others) and the countries without realistic expectations for nuclear desalination. As
will be shown in more detail in Section 5, the total for the region is thus ~0.7 or low,
the principal reason being the existence of several countries ranked as low or
negligible.

4. DISTRICT HEATING

4.1. MARKET CHARACTERIZATION
4.1.1. Market size

The application of district heating is a consequence of the demand for space
heating and hot water, which depends primarily on two key variables: climate (i.e. the
need to warm buildings and provide hot water) and income per capita (i.e. the ability
to purchase the desired heating comfort). These demands are significant in relatively
cold countries, where space and water heating are used for extended periods. One of
the possible methods to satisfy these demands is by centralized'? heat generation and
distribution. There are several alternative options for heat supply, such as the use of
gas, coal, oil and electricity, and these options are extensively used.

The share of heat demand that can be covered by district heating depends on
the historical development of the energy system. In some countries district heating
has been widely used for decades. There are accordingly available heat distribution
networks, which is a potential incentive for the continued use of centralized heat
generation. Central European countries (such as Bulgaria, the Czech Republic,

9 By the end of 1999 there were two operating desalination units in Sudan with
capacities of 700 and 750 m3/d [37].

10 As mentioned in Section 3, the term centralized means that the produced heat is sold
for utilization to a third party (the definition of the IEA [34, 35]).
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Hungary and Slovakia) and countries from the FSU (such as Belarus, the Russian
Federation and Ukraine) are typical examples. Denmark, Finland, Sweden and
Switzerland in western Europe have also developed heating networks. On the other
hand, there are also countries in which district heating has not developed as a notable
part of the energy system, for example Canada, France and the USA. Figure 3
illustrates the varying importance of district heating in several representative
countries!!.

Table 7 provides details of the role of centralized heat generation by the main
world regions defined in Section 3. A country by country characterization of heat
supply and demand (1996 data) can be found in Appendix III.

4.1.2. Market features

In addition to the size of the market, specific features that are important for the
prospects for nuclear energy include the following.
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FIG 3. Centralized heat in the non-industrial final energy demand (based on 1996 data in
Refs [34, 35]).

' Here and below, district heating is assessed in relation to the final energy demand in
the residential, agricultural and commercial sector; that is, the total demand for final energy
minus the industrial part of it (the transportation sector does not use centralized heat). The
reason for selecting these sectors is that it is primarily for those that district heating can be
used. Industrial heat supply is considered in Section 6.
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TABLE 7. CHARACTERIZATION OF CENTRALIZED HEAT GENERATION
BY REGION
(based on 1996 data [34, 35])

Final energy demand  Centralized heat  Share of centralized

(Mtoe) generation (Mtoe) heat supply (%)

Region/country In total

Total Sg%fff Total Slllia;ecof elf;l:ragly In RAC®
demand®

Total NAM 1620.1 517.3 8.1 2.3 0.5 0.4
Canada 184.3 61.1 0.5 0.0 0.3 0.0
USA 1435.8 456.2 7.6 2.3 0.5 0.5
Total LAM 418.0 114.2 0.0 0.0 0.0 0.0
Total AFR 209.3 142.1 0.0 0.0 0.0 0.0
Total MEA 280.4 116.3 0.0 0.0 0.0 0.0
Total WEU 1104.3 428.6 229 17.9 2.1 4.2
Denmark 16.3 7.9 2.4 2.3 14.7 29.0
Finland 23.3 8.3 2.8 2.1 11.8 25.6
France 161.5 65.3 1.4 1.4 0.8 2.1
Germany 247.6 106.4 9.0 7.3 3.7 6.9
Netherlands 59.3 25.1 1.7 0.9 2.9 3.6
Sweden 36.3 14.2 3.6 35 9.9 24.9
Total EEU 194.0 79.1 25.1 16.1 13.0 20.4
Bulgaria 12.7 4.6 2.9 0.9 22.6 19.2
Hungary 17.7 9.5 1.8 1.3 10.0 13.3
Poland 72.6 335 9.3 7.6 12.9 22.7
Romania 29.1 9.6 5.6 4.3 19.3 453
Total FSU 682.1 358.6 198.8 82.8 29.2 23.1
Belarus 19.0 9.4 73 4.3 38.4 45.8
Estonia 2.9 1.4 0.8 0.6 27.4 41.8
Russian Federation 468.8 247.1 169.3 76.2 36.2 30.8
Ukraine 98.5 44.1 10.4 3.7 10.5 8.3
Total CPA 924.3 395.3 21.3 0.0 2.3 0.0
China 865.9 368.2 21.3 0.0 2.5 0.0
Total SAS 432.7 247.6 0.0 0.0 0.0 0.0
Total PAS 392.4 146.1 1.2 0.0 0.3 0.0
Total PAO 4154 119.7 0.4 0.4 0.1 0.3
Japan 337.0 103.0 0.4 0.4 0.1 0.4
Total 6673.0 2664.9  273.2 119.5 4.1 4.5

2 RAC: residential, agricultural and commercial sectors.

b Total centralized heat generation/total final energy demand.

¢ Share of the residential, agricultural and commercial sectors, centralized heat generation/
share of the residential, agricultural and commercial sectors, final energy demand.
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4.1.2.1. Principal competitors and types of competition

As heat is a possible energy carrier for space and water heating, two
competitors on the market should be distinguished: non-heat service (mostly gas and
electricity) providers and non-nuclear (mostly fossil fuel) heat providers. Because of
the limited scope of this review and the extreme complexity of the problem!?, the first
type of competition is given less emphasis here than the second one, as comparisons
with non-nuclear heat sources are easier to make. However, it is important to keep in
mind that there may well be cases in which nuclear district heating may be competing
not as much with fossil fuel boilers as with gas or electric heaters, including electric
heaters powered by NPPs.

4.1.2.2. Medium and temperature range required

Usually, district heating systems are supplied with hot water or steam, the
typical temperature range being 100—150°C. The heat source and the distribution
network, usually including a steam—water heat exchanger between the supplier and
the consumer, must be designed accordingly.

4.1.2.3. Need for a heat transportation network

As with electricity, heat for district heating has to be transported to the user.
The availability of a heat distribution network is therefore a prerequisite. However,
unlike electricity, heat transportation over longer distances involves higher losses and
is expensive. As a result, the heat source must be relatively close to the customer,
usually at a distance of some kilometres at most.

4.1.2.4. Typical capacity ranges

The typical heat generation capacities for district heating are determined by the
size of the customer. The capacity of heat networks in large cities can be assessed as
600—-1200 MW(th), but it is much lower in towns and small communities
(10-50 MW(th)); large capacities of 3000—4000 MW(th) are exceptional [38].

12 An analysis of this type requires consideration and comparison of energy supply
options at the level of useful energy demand. While methods for such analysis are known
(using the mathematical modelling of energy systems), there is not enough information on
which to base general quantitative estimates within this report. Apart from the lack of data for
many countries, a principal difficulty is that the modelling of useful energy demand requires
a knowledge of subjective customer preferences.
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4.1.2.5. Intermittent supply mode

Heat has to be supplied mostly in the colder part of the year. As a consequence,
the annual load factor of a heat source in district heating is normally not higher than
50% [38], which, again, is in contrast with the much higher load factors of most
electricity generators.

4.1.2.6. Supply reliability

The heat supply has to be especially reliable because of the social importance
of the service. This leads to the requirement of a backup capacity to make up for a
unit under a forced outage. Even relatively large heat networks are usually served not
by one large source but by a number of units.

4.1.2.7. Supply security

In regions in which rail and barge transportation is difficult during winter,
the high energy density of nuclear fuel as compared with coal or oil is an
advantage.

4.1.2.8. Impact of specific nuclear considerations

Because of the need to site the source close to the customer, nuclear safety is
very important. It is not only required that the level of safety is technically sufficient
(which is the case with nuclear power reactors), but it is also necessary that the
adequacy of safety be proved sufficiently to the public and confirmed by the licensing
process. The latter relates to both reactor operation and the handling of nuclear fuel
(including transportation to and from the reactor).

4.1.2.9. Market competitiveness

The demand for space heating can be met by various energy sources.
Apart from obtaining heat from a district network, customers may opt to use
gas heating supplied from gas networks, electric heating supplied from the electricity
grid or heating with a coal or oil stove. All these alternatives exist and are already in
competition. With the energy markets being generally deregulated and users tending
to select the type of final energy that they use, it can be expected that competition in
the heat market will become even more important in the future.

To illustrate the structure of the heat market, Fig. 4 shows the evolution of
energy supply for space heating in the USA. It illustrates, in particular, the important
role both of electricity and, especially, gas.
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4.1.3. Market potential for nuclear penetration

In view of the above, two different types of market potential for nuclear district
heating should be distinguished. One assessment can be based on the amount of heat
that is currently supplied through district heating, both nuclear and non-nuclear. This
heat is distributed through existing heat networks, so that the use of a nuclear heat
source instead of a fossil fuelled source would not generally lead to the need for a new
heat distribution network. This estimate can be called a low estimate, because
although it shows the area in which nuclear energy can compete with non-nuclear
energy sources it does not include the space and water heat that is supplied by means
other than district heating.

The corresponding high estimate would then be the one that includes the
portion of heat provided by other types of final energy, such as gas, oil, coal and
electricity. Centralized heat sources providing this portion of the heat demand are
unlikely in the near future. They would require the construction of new heating
networks or substantial modifications to existing ones.

To calculate the high estimate it is necessary to know the amount of heat that is
consumed specifically for space and water heating. As such detailed information is
not available in the IEA annual statistics [34, 35], the high estimate here is based on
the consumption of all energy in the residential, commercial and agricultural sectors.
This overestimates the demand of the amount of energy required for purposes other
than space and water heating, for example cooking and air conditioning. However,
the overestimate is likely to be small enough for the results still to be meaningful. As
shown in Fig. 5, even in the USA, which has a large use of appliances and air
conditioning, space and water heating account for about 55% of the total.
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FIG. 4. Evolution of the structure of energy supply for space heating in US households [39—41].
Other fuels of much lower importance (coal, wood, etc.) are not included here.
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Table 8 shows the low and high estimates of the market potential for the major
world regions. These estimates are based on the country by country statistics shown
in Appendix III. The low estimate corresponds to the total for centralized heat
generation shown in the ‘Share of total centralized heat in the final energy demand’
column of Appendix III. The high estimate corresponds to the ‘Centralized heat used
in the residential, agricultural and commercial sector’ column of Appendix III.

TABLE 8. ESTIMATE OF MARKET POTENTIAL FOR DISTRICT HEATING
(based on 1996 data [34, 35])

Low estimate High estimate

Heat Heat Number of Heat Heat Number of

Region supply production 100 MW(th) supply  production 100 MW(th)
(Mtoe) capacity reactors (Mtoe) capacity reactors
(MW(th))? needed® (MW(th)) needed
NAM 2.3 ~6 500 ~70 517.3 ~1 500 000 ~15 000
LAM 0.0 0 0 114.2 ~320 000 ~3 200
AFR 0.0 0 0 142.1 ~400 000 ~4 000
MEA 0.0 0 0 116.3 ~330 000 ~3 300
WEU 17.9 ~51 000 ~500 428.6  ~1200 000 ~12 000
EEU 16.1 ~46 000 ~500 79.1 ~220 000 ~2200
FSU 82.8 ~230 000 ~2 300 358.6  ~1 000 000 ~10 000
CPA 0.0 0 0 395.3  ~1100 000 ~11 000
SAS 0.0 0 0 247.6 ~700 000 ~7 000
PAS 0.0 0 0 146.1 ~410 000 ~4100
PAO 0.4 ~1100 ~10 119.7 ~340 000 ~3 400
Total 119.5 ~340 000 ~3 400 26649 ~7 600 000 ~76 000

@ The capacity is calculated assuming a 50% average load factor and excluding heat losses.
Under these assumptions the heat production capacity needed to produce 1 Mtoe of heat is
1 [Mtoe] x 1419 [MW-year/Mtoe]/0.5 [year] = 2838 MW(th).

b The number of reactors needed is calculated assuming a 50% average load factor and
excluding heat losses. Under these assumptions the energy output of a 100 MW(th) reactor
is 100 x 0.5 [MW(th)-year] = 50 x 8760 [MW-h] = 438 GW-h = 1.58 PJ = 0.035 Mtoe.

Table 8 shows that there is a large market for district heating of between
340 and 7600 GW(th). This means that for the low estimate some 3400 reactors of
100 MW(th)!? would be required. For the high estimate this number would be an
order of magnitude higher.

13 For simplicity the example is based on the number of dedicated heat reactors, but,
in reality, a substantial part may be served by nuclear cogeneration.
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4.2. POTENTIAL NUCLEAR SOLUTIONS

A broad range of nuclear reactors is available today for district heating
applications. Future generation reactor concepts incorporating enhanced safety
features and meeting stricter economic criteria are under investigation in many
countries.

Nuclear reactors are capable of providing heat within the range of temperatures
required for district heating. No technical impediments to coupling nuclear reactors
to diverse applications have so far been observed, although a number of safety related
studies of coupled systems may still be necessary.

There are two ways in which nuclear reactors can be used for this application:

— The cogeneration mode, in which heat is retrieved as steam from the turbine
exhaust or intermediate stages and then supplied, usually through an
intermediate heat exchanger, to the customer. The portion of the steam retrieved
for heat production represents a part of the total steam produced by the reactor,
the remaining portion of the steam being used to produce electricity.

— The dedicated heat only mode, in which heat is supplied directly (through a heat
exchanger) from the reactor to the customer.

All existing NPP concepts (light water reactors, heavy water reactors, fast
breeder reactors, gas cooled reactors and high temperature reactors (HTRs)) are
potentially applicable to cogeneration. The required heat parameters at the customer’s
side are such that all existing NPP designs may be used.

Lighting
(7%)
Space heating

Appliances (36%)
o

(14%)

Cooking
(4%)

Refrigerators
(9%)

\Space cooling

Water heating (12%)

(18%)

FIG. 5. Structure of energy consumption by end use in US households in 1998 [39, 41].
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The principal advantage of dedicated production stems from heat being the
main product; special designs that take advantage of heat dedication and that comply
with the required heat generation capacity will therefore be required — such designs
are available. It can be noted that the size effect may have negative implications on
heat only reactors because, following the demand structure, many heat only plants
would be of a relatively small capacity (in terms of heat generation) compared with
other energy supply sources.

Extensive feedback from experience is not available for dedicated designs;
however, the operation of the NHR-5 in China can be noted [42]. Ongoing projects
regarding dedicated nuclear heating plants are either in the design or the construction
phase (e.g. the NHR-200 in China, the AST-500 in the Russian Federation and some
others [43]).

4.3. ECONOMIC COMPETITIVENESS

All things being equal, for any cogeneration plant electricity is the more
valuable product. If electricity generated by nuclear energy is competitive, nuclear
heat should therefore also be competitive. However, a group of related factors
combine to undermine this simple parallel:

— Existing light water and PHWR reactor types usually produce 500 to 1500 MW
of electricity plus about twice as much heat. To provide that heat at the required
temperature some electricity production must be sacrificed, which increases the
proportion of the energy produced as heat. This heat output is far larger than the
demands likely for district heating; even industrial demands for heat on this
scale are fairly rare. The application of nuclear power to non-electric
applications will be improved by the development of smaller, low cost reactors
and especially of small high temperature reactors (from which a lower
proportion of energy emerges as heat).

— Economies of scale can be applied easily to the generation of electricity, since
it is easily distributable. This is not the case for district heating.

— Economies of scale for existing reactor types are very significant (see Table 9)
and are much more significant than those for fossil fuels, for which the cost of
fuel dominates. Seasonal variations in the demand for district heating lower the
on-stream time, further favouring fossil fuels.

— A nuclear source of district heating will either require high reliability or its
scale will have to be reduced to provide some redundancy, otherwise the costs
of backup heat sources will need to be absorbed. Note that since heat generation
bypasses components dedicated to power generation, nuclear reliability for
district heating will exceed that of electricity production.
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As regards dedicated nuclear NHPs, there may still be some correlation
between the competitiveness of NPPs and NHPs, owing to certain design similarities.
However, in this case it is not justified to make a direct inference because:

— Nuclear reactors for heat production usually have lower parameters in terms of
temperature and pressure, which provide opportunities for cost reduction
through design improvements and a wide use of inherent safety features;

— Locating an NHP far from large population centres is not desirable because of
the elevated heat transportation expenses. Locating the plant in the vicinity of
a city may require specific safety features appropriate to the location, which
may offset the above economic advantages.

For these reasons a comparison of the costs of nuclear heat production with
those of competing technologies is necessary. Table 9 presents the estimate of heat
costs from Ref. [44]. The costs are levelized heat generation costs obtained with a
method analogous to the one described in Section 2.4. The calculations assumed the
cost of oil as 25 US $/boe (barrels of oil equivalent) and the cost of coal as US
$50/t'4. The average lifetime load factor was assumed to be 80%!3. The other key
parameters are given in Table 9.

Table 9 shows that the assumed value of the discount rate plays an important
role. At 10% even a large NHP is barely competitive with a large coal fired boiler.

Furthermore, the competitiveness of nuclear heating reactors improves
significantly with the growth in installed capacity; that is, the scaling effect is
extremely important. At 500 MW(th) the nuclear option can be competitive even at
the 10% discount rate, while at 100 MW(th) the situation favours fossil fuels. This
factor is important in view of prospective competitiveness because the lower the
capacity the wider the potential application area. (As noted, there are many small heat
consumers, for whom capacities of 100 MW(th) and below would be desirable.)

The results of this comparison should be treated with due caution. The effects
of a specific site may well outweigh the general trends shown in Table 9. In particular,
the actual price of fossil fuel at a given point would be one of the key parameters. If
it is lower than the 25 US $/boe assumed above, the nuclear option will lose
competitiveness; if, however, it increases beyond this value NHPs will become

14 Fossil fuel prices being unstable, these are assumed costs taken from IAEA documents.

15 Tt should be noted that this value is rather high. As noted above, a heating plant would
normally have lower load factors, which would negatively affect the economic parameters of
nuclear plants more than those of fossil fuel plants (because of the higher capital component of
the nuclear costs). A sensitivity case analysed in Ref. [44] shows that a change in the load factor
from 80 to 70% can lead to an increase of 10 to 20% in the levelized heat production costs for
nuclear plants.
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TABLE 9. ESTIMATE OF THE COMPETITIVENESS OF NHPs [44]

Base Levelized heat costs Cost ratio: nuclear vs. Cost ratio: nuclear vs.

Plant size construction  (US $/MW(th)) gas—oil boilers coal boilers
Plant type (MW(th)) cost*? (US Discount Discount Discount Discount Discount Discount
$/kW(th)) rate: 5% rate: 10% rate: 5% rate: 10% rate: 5% rate: 10%

Nuclear plants

50 1650 25 36 1.3 1.6 1.8 2.1
100 1100 19 26 1.0 1.1 1.4 1.5
200 825 16 22 0.8 1.0 1.1 1.3
500 605 13 17 0.7 0.7 0.9 1.0

Fossil fuel plants
Gas—oil boiler 100 440 20 23 — — — —
Coal boiler 500 440 14 17 — — — —

2 These estimates were made in 1992. Subsequent developments, such as the PBMR project [14], may lead
to significantly lower capital costs for nuclear plants than those shown in this column.
bThis cost includes interest accumulated during construction.

preferable in a wider range of conditions; that is, with discount rates below 10%
and capacities lower than 500 MW(th).

4.4. CURRENT AND PROSPECTIVE MARKET
4.4.1. Current use of nuclear energy

There are at present cogenerating NPPs in several countries with the following
reactor types [43]:

— A PWR and water moderated, water cooled reactors (WWERs) (Russian
PWRs). The Beznau PWR NPP in Switzerland and the following WWERs: the
Kozloduy NPP in Bulgaria, the Paks NPP in Hungary, the Bohunice NPP in
Slovakia, the Balakovo NPP in the Russian Federation, the Rovno NPP in
Ukraine, and others.

— Light water cooled, graphite moderated reactors : the St. Petersburg and Kursk
NPPs in the Russian Federation.

— A liquid metal breeder reactor: the BN-600 unit of the Beloyarsk NPP in
the Russian Federation.

Table 10 summarizes the available experience with nuclear district heating.
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TABLE 10. EXPERIENCE WITH NUCLEAR DISTRICT HEATING [43]
(the data from Ref. [43] have been complemented with the latest statistics from
an IAEA database)

Power Heat
Country Unit name Location  Application? Phase (MW(e) output
net) (MW(th))

Bulgaria Kozloduy 5 Kozloduy E, DH Commercial 953 20
Bulgaria Kozloduy 6 Kozloduy E, DH Commercial 953 20
China NHR-5 Beijing DH Experiment 0 5
Hungary PAKS 2 Paks E, DH Commercial 433 30
Hungary PAKS 3 Paks E, DH Commercial 433 30
Hungary PAKS 4 Paks E, DH Commercial 433 30
Russian Research reactor Obninsk DH Commercial 0 10-20
Federation
Russian Bilibino 1 Bilibino E, DH Commercial 11 25
Federation
Russian Bilibino 2 Bilibino E, DH Commercial 11 25
Federation
Russian Bilibino 3 Bilibino E, DH Commercial 11 25
Federation
Russian Bilibino 4 Bilibino E, DH Commercial 11 25
Federation
Russian Novovoronezh 3 Novovoronezh E, P, DH  Commercial 385 32.5
Federation
Russian Novovoronezh 4 Novovoronezh E, P, DH  Commercial 385 32.5
Federation
Russian Balakovo 1 Balakovo E, DH Commercial 950 200
Federation
Russian Balakovo 2 Balakovo E, DH Commercial 950 200
Federation
Russian Balakovo 3 Balakovo E, DH Commercial 950 200
Federation
Russian Balakovo 4 Balakovo E, DH Commercial 950 200
Federation
Russian Kalinin 1 Udomlya E,P,DH Commercial 950 80
Federaiton
Russian Kalinin 2 Udomlya E,P,DH Commercial 950 80
Federation
Russian Kola 1 Polyarnie Zory E,P,DH  Commercial 411 25
Federation
Russian Kola 2 Polyarnie Zory E,P,DH  Commercial 411 25
Federation
Russian Kola 3 Polyarnie Zory E,P,DH  Commercial 411 25
Federation
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TABLE 10. (cont.)

Power Heat
Country Unit name Location  Application® Phase (MW(e) output
net) (MW(th))

Russian Kola 4 Polyarnie Zory E,P, DH Commercial 411 25
Federation
Russian Belojarsk 3 Zarechny E,P, DH Commercial 560 170
Federation
Russian Leningrad 1 Sosnovy Bor E,P,DH Commercial 925 25
Federation
Russian Leningrad 2 Sosnovy Bor E,P,DH Commercial 925 25
Federation
Russian Leningrad 3 Sosnovy Bor E,P, DH Commercial 925 25
Federation
Russian Leningrad 4 Sosnovy Bor E,P,DH Commercial 925 25
Federation
Russian Kursk 1 Kurchatov E,P,DH Commercial 925 127.5
Federation
Russian Kursk 2 Kurchatov E,P, DH Commercial 925 175
Federation
Russian Kursk 3 Kurchatov E,P,DH Commercial 925 175
Federation
Russian Kursk 4 Kurchatov E,P,DH Commercial 925 175
Federation
Russian Smolensk 1 Desnogorsk E,P, DH Commercial 925 173
Federation
Russian Smolensk 2 Desnogorsk E,P,DH Commercial 925 173
Federation
Russian Smolensk 3 Desnogorsk E,P,DH Commercial 925 173
Federation
Slovakia Bohunice 3 Bohunice E, DH Commercial 408 240
Slovakia Bohunice 4 Bohunice E, DH Commercial 408 240
Switzerland Beznau 1 Beznau E, DH Commercial 365 80
Switzerland Beznau 2 Beznau E, DH Commercial 357 80
Ukraine Rovno 1 Rovno E, DH Commercial 363 58
Ukraine Rovno 2 Rovno E, DH Commercial 377 58
Ukraine Rovno 3 Rovno E, DH Commercial 950 233
Ukraine South Ukraine 1 Yuzhnoukrainsk E, DH Commercial 950 151
Ukraine South Ukraine 2 Yuzhnoukrainsk E, DH Commercial 950 151
Ukraine South Ukraine 3 Yuzhnoukrainsk E, DH Commercial 950 232

2 E: electricity (power), P: steam supply for process heat, DH: steam/hot water supply for
heating.
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TABLE 11. PROSPECTIVE NUCLEAR PROJECTS FOR DISTRICT HEATING [43]
(the data from Ref. [43] have been complemented with the latest statistics from an
TAEA database)

Heat

Country Plziltsnt};pe Location  Application® Project status (I\I/)I(i:;(eer)) output
(MW(th))

Bulgaria Belene Belene E, DH Design 2 %1000 400
China NHR-200 Daqing City DH Dormant — 200
Russian Ruta Apatity DHy/air Design — 4 x 55
Federation conditioning
Russian Ruta Obninsk DH Design — 55
Federation
Russian ATEC-200 — E, DH Design 50-180  70-40
Federation
Russian VGM/GT- — P Design — 600
Federation MHR
Russian KLT-40  Floating E,DHand Licensing 35 150
Federation desalination
Russian AST-500 Voronez DH Construction — 500
Federation suspended
Russian AST-500 Seversk DH Completed feasibility — 500
Federation study, approval of the

project by the State
regulatory authority
is nearing completion

a E: electricity (power), P: steam supply for process heat, DH: steam/hot water supply for heating.

4.4.2. Prospects for nuclear energy in the near term (2000-2020)

Table 11 presents the most promising nuclear projects for district heating. In the
near future the most important task will be to complete these projects and show their
successful operation.

4.4.3. Prospects for nuclear energy in the long term (2020-2050)

Estimating the prospects for nuclear energy for the long term is difficult, for
several reasons:

— Long term penetration is largely determined by the degree of technical progress
that will be made by the nuclear industry from 2000 to 2020. This is highly
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uncertain and does not allow a precise determination of the economics of new
NPPs.

— Large uncertainties also exist regarding the economies of the competing fossil
fuel energy sources and on the renewable energy sources that are under
development.

— As cogeneration will initially be the preferred option, cost allocation methods
to take into account the multiple products (e.g. water and electricity in nuclear
desalination) will need careful attention. These methods are discussed in detail
in Refs [45-48].

Quantitative indicators for a long term period are therefore not considered
practicable!®. A different, qualitative approach is used instead, using the method
described in Section 3. The main principles for the application of nuclear power in
district heating are described below.

— The indicator of market structure is assigned 0 for those countries in which the
share of centralized heat production in the final energy supply for the
residential, commercial and agricultural sectors is lower than 1%; if it is
between 1% and 10%, 1 is assigned; and 2 is assigned where the share exceeds
10%.

— The indicator of demand pressure is assigned 1 (i.e. medium, meaning that the
demand exists but is unlikely to change much in the future) for the countries in
NAM, WEU, EEU, FSU and PAO, because the population growth in most of
these countries is expected to be relatively slow; for the other regions (LAM,
AFR, MEA, CPA, SAS and PAS) it is also assigned 1, for the reason that these
countries are mostly in areas with a relatively warm climate and therefore the
demand (which exists, although is low) is unlikely to change.

— The indicator of technical basis is assigned 2 for those countries in which NPPs
are operating; 1 is assigned for countries that have considered or are seriously
considering the use of nuclear energy, either through imports or through local
development; 0 is assigned for those countries in which the use of nuclear
energy has never been seriously considered.

— The indicator of economic competitiveness is assigned 0 for those countries
that have abundant domestic oil, gas or hydro-electric resources (the
competitiveness of nuclear energy is likely to be questionable in such cases);

16 A more accurate procedure, especially for long term cost estimates, would be to
analyse the whole energy system by simulating the production of different types of useful
energy and their competition. Models for such analyses exist, for example the Energy and
Power Evaluation Program [49] developed by Argonne National Laboratory in the USA, which
is used with the IAEA’s assistance in many countries for energy studies. However, conducting
such a study is a complex task that is beyond the scope of this report.
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also, for island countries 0 is assigned, which reflects the difficulty of providing
infrastructural support and of fuel handling; the others are assigned 1, while no
cases have been assigned 2 (a definite superiority of nuclear energy), which is
a conservative assumption.

— The indicators of public acceptance are as defined in Appendix II.

When obtaining the average indicators for every region, the regional value of
each indicator was calculated as a weighted average for all the countries in the region.
For weighting, the total final energy demand was used. The aggregated regional
indicator was then obtained as a simple sum of the five separate indicators (market
structure, demand pressure, etc.). The result of the estimate is summarized in Table 12
for the 11 world regions. Underlying country by country estimates can be found in
Appendix IV.

The results in Table 12 show the following:

— Currently, the prospects for nuclear district heating appear most promising in
EEU and in the countries of the FSU, mainly because of the availability of heat
distribution networks. This is reflected by a high value for the indicator of
market structure.

TABLE 12. LONG TERM (2020-2050) PROSPECTS FOR NUCLEAR
PENETRATION IN DISTRICT HEATING

Indicator

Region Market  Demand Technical Economic Public Total

structure ~ pressure basis competitiveness  attitude
NAM 0.00 1.00 2.00 1.00 1.00 1.00 (medium)
LAM 0.00 1.00 1.55 0.00 0.84  0.68 (low)
AFR 0.00 1.00 0.52 0.65 052 0.54 (negligible)
MEA 0.00 1.00 0.48 0.69 0.78 0.59 (negligible)
WEU 0.60 1.00 1.73 1.00 0.73 1.01 (medium)
EEU 1.78 1.00 1.56 1.00 0.94 1.26 (medium)
FSU 1.61 1.00 1.77 0.92 0.90 1.24 (medium)
CPA 0.00 1.00 1.93 0.99 1.91 1.16 (medium)
SAS 0.00 1.00 1.84 0.99 1.84 1.13 (medium)
PAS 0.00 1.00 1.31 0.98 1.19 0.89 (low)
PAO 0.00 1.00 1.62 1.00 0.81 0.89 (low)
Total 0.31 1.00 1.70 0.90 1.09 1.00 (medium)
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— The chances for nuclear penetration are also assessed as medium for NAM and
WEU, where the market structure is less favourable but the technical basis is
assessed as relatively high (the technical capability makes up for the present
lack of heat distribution networks); a similar rating is assigned to CPA, where
China largely determines the average.

— However, even for these two groups of most promising countries, the rating is
only medium, which reflects the unfavourable market structure and lack of
demand pressure; no regions are rated as high.

— As could be expected, in the rest of the world the prospects are ranked as low
or negligible.

In addition to regional averages, it is useful to identify the countries in each
region in which the prospects are the highest (see Table 13). As can be seen, these are
mostly countries in which the existence of district heating networks combines with
the availability of nuclear technologies. It is also worth noting that there are countries
with medium prospects within regions rated as low or even negligible.

5. WATER DESALINATION

5.1. MARKET CHARACTERIZATION
5.1.1. Market size

Water is one of the primary necessities for humans. It is provided by a natural
cycle of precipitation and condensation and is used in agriculture, in industry and for
domestic purposes, as illustrated in Fig. 6.

Water desalination is required for several reasons.

— Freshwater supplies are insufficient in some areas. Table 14 illustrates this by
presenting the current and expected water availability, as well as some
indicators of water availability!”, for the main world regions.

— The regional and temporal distribution of fresh water is a key problem.
Population increases and industrialization will further exacerbate freshwater
demand.

— Metropolitan areas create a particular demand concentration that often cannot
be satisfied by the local water supply. The quantity of water utilized worldwide
has increased by a factor of 10 since 1900, while the current rate of increase is

17 Additional detailed information can be found in Appendix V.

47



TABLE 13. COUNTRIES WITH THE HIGHEST PROSPECTS FOR NUCLEAR
PENETRATION IN DISTRICT HEATING

Indicator

Region/country Market Demand Technical  Economic Public Total
structure pressure  basis  competitiveness attitude

NAM

Canada 0 1 2 1 1 1.0 (medium)
USA 0 1 2 1 1 1.0 (medium)
AFR

South Africa 0 1 2 1 2 1.2 (medium)
MEA

Iran 0 1 1 1 2 1.0 (medium)
WEU

Finland 2 1 2 1 1 1.4 (medium)
France 1 1 2 1 2 1.4 (medium)
Netherlands 1 1 2 1 1 1.2 (medium)
Sweden 2 1 2 1 0 1.2 (medium)
Switzerland 1 1 2 1 1 1.2 (medium)
EEU

Bulgaria 2 1 2 1 1 1.4 (medium)
Czech Republic 2 1 2 1 1 1.4 (medium)
Hungary 2 1 2 1 1 1.4 (medium)
Romania 2 1 2 1 1 1.4 (medium)
Slovakia 2 1 2 1 1 1.4 (medium)
FSU

Lithuania 2 1 2 1 1 1.4 (medium)
Russian Federation 2 1 2 1 1 1.4 (medium)
Ukraine 1 1 2 1 1 1.2 (medium)
CPA

China 0 1 2 1 2 1.2 (medium)
S48

India 0 1 2 1 2 1.2 (medium)
Pakistan 0 1 2 1 2 1.2 (medium)
PAS

Korea, Republic of 0 1 2 1 2 1.2 (medium)
Taiwan, China 0 1 2 1 1 1.0 (medium)
PAO

Japan 0 1 2 1 1 1.0 (medium)
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still 2-3%/a. The highest growth rates are expected in the domestic and
industrial sectors, particular in developing countries'$.

— Desalinizing saline water, which is two orders of magnitude more plentiful than
fresh water (Fig. 7), may be an attractive solution.

—In addition to seawater desalination, the desalination of brackish and waste

water plays an important role.

SAS provides a good example of a shortage of water. The region is characterized
by a low per capita water supply and the expectation of a large growth in demand.
Wastewater often remains non-purified. Increasing costs for clean water and the

Domestic
(9%)

Industrial
(20%)

Agricultural
(71%)

FIG. 6. World water use by major sectors in 1990 [50-52].

Potentially available
fresh water (lakes,
rivers, reservoirs, etc.)
(0.75%)

Inaccessible fresh
water (ice caps,
glaciers, deep
aquifers)
(1.75%)

Salt water (oceans,
seas)
(97.50%)

FIG. 7. Breakdown of world water resources [53].

I8 Although agriculture is usually the largest water consuming activity in any country,
the specific economics of the agricultural sector virtually preclude the use of any advanced
water treatment.

49



0s

TABLE 14. ESTIMATE OF WATER AVAILABILITY
(based mostly on 1990 data [50-52]; the bold numbers indicate the cases most likely to have water availability problems)

Water supply for 1990

Water supply for 20252

Water resources and use

Estimate of water scarcity:
share of population using

Water resources and use

Estimate of water scarcity:

share of population using

Region Popul.ation Annual Annual S40% <500 m3/ <36 Tn3/ Popul.ation Annual Annual S40% <500 m>/ <36 @3/
(millions) AWR®  water water of capita capita  (millions) AWR  water ater of capita capita

(Gm®)  use 1Lsae Ii)tzr AWR  of total don(l)efstic (Gm®)  use ILS: Ii)tzr AWR  of total donistic

(Gm?) (;3) 00 use ) (Gm?) ( 53) 00 wse(e) T
NAM 281 5379 512 1842 0 0 0 374 5379 681 1842 0 0 0
LAM 487 13 446 239 492 0 67 10 793 13446 372 471 0 69 22
AFR 489 5102 69 142 8 89 91 1231 5102 175 143 6 91 923
MEA 279 526 284 1028 66 30 25 585 526 519 895 90 28 16
WEU 434 1954 254 593 2 22 3 473 1954 275 589 2 22 17
EEU 124 700 64 640 0 58 4 125 700 62 614 0 61 5
FSU 292 4952 270 925 23 24 0 319 4952 337 1056 30 22 0
CPA 1265 4036 578 459 0 98 93 1714 4036 815 478 0 98 2
SAS 1134 5233 735 648 0 11 99 1987 5233 1368 689 87 12 98
PAS 430 5511 138 338 10 57 70 658 5511 210 335 9 63 62
PAO 144 1217 109 755 0 0 0 151 1217 116 768 0 0 0
Total 5359 48 056 3251 614 6 50 60 8410 48056 4930 593 30 52 46

@ The business as usual case from Ref. [50].

b AWR (available water resources) = internal resources + inflow — outflow.



increasing spread of diseases, high water losses owing to leakage and theft, and a
water deficit in general combine to have significant effects on the region’s standard
of living and on industrial output.

Worldwide, regional water use per capita!® ranges between some 150 m?/
capita/a (AFR) and 1850 m3/capita/a (NAM). This can be compared with indicators
of water sufficiency. For example, at 500 m3/capita/a water supply may become a
primary constraint to life [50, 54]. According to this criterion, several regions can
be considered water deficient, AFR and Asia in particular?’; or, as Table 14
indicates, about 50% of the world’s population live at present with an insufficient
water supply.

The figure of 500 m3/capita/a covers all water requirements, including
agriculture. However, by importing food in exchange for other commodities (natural
resources, manufactured products, labour) some countries may not need the
agricultural water element. It may therefore be more accurate to measure water
scarcity by the basic household needs. As suggested in Ref. [55], 36 m3/capita/a (i.e.
100 L per person per day) can be used as the level required for a decent quality of life.
If this yardstick is applied (see Table 14), about 60% of the world’s population does
not have sufficient water.

Yet another consideration is the sustainability of the water supply. Not only
does the amount of water used matter, but also the profile of the supply. A recent
United Nations study suggested [56] that the use of more than 40% of the annual
renewable water resources should be considered as unsustainable (see Section
5.1.1.1). Table 14 shows that under this criterion some regions, in particular MEA,
use water in an unsustainable manner, which can lead to a decrease in water
availability and a deterioration of water quality. Such phenomena have already been
noted in these regions [57].

Table 14 also shows a projection of water availability for 2025 developed by
the International Water Management Institute [50]. This projection shows that while
certain improvements in water supply are likely (especially for domestic consumption
in developing countries), these improvements may be achieved at the expense of
sustainability. Consequently, the problem of freshwater availability is likely to
become even more serious in the future, in particular in Africa, the Middle East and
Asia.

19 It must be noted that by using regional aggregation Table 14 hides important
intercountry differences, so for a better understanding it is desirable to review the estimates at
the country level given in Appendix V.

20 This indicator is not perfect. For example, the relatively low water supply in Europe
(about 600 m>/capita/a) does not mean a scarcity of water, as the region is food importing (i.e.
water is imported in the form of food).
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Consider, for example, water availability in SAS (see Table 14):

— The population is growing rapidly and will almost double by 2025 (mostly
because of the growth in India, Bangladesh and Pakistan);

— The available water resources remain the same (an assumption of the
International Water Management Institute study);

— There is some increase in the amount of water used per capita.

As a result of these three factors annual water withdrawals are predicted to
double from 1990 to 2025, which would result in a sharp deterioration of the
sustainability indicator.

This conclusion of Ref. [50] is consistent with several other studies. The two
recent reports of the World Water Council can be noted in particular [58, 59].

It is expected that water insufficiency will lead to a search for new water
resources, desalination being one. The potential users are the countries of MEA, AFR
and Asia, in which the problem of water scarcity is already apparent?!.

5.1.1.1. Water supply sustainability

The nature of water supply unsustainability can be judged by the following
definitions [53]:

“It has been observed that water stress can begin as the use of fresh water rises
above 10 per cent of renewable freshwater resources, and it becomes more
pronounced as the use level crosses the 20 per cent level. On average, a country
can only capture about one-third of the annual flow of water in its rivers using
dams, reservoirs and intake pipes. A further limitation arises from the growing
lack of acceptance for the social and environmental impacts of large dams. The
closest and most economical sources of water are used first, and it becomes
increasingly expensive to tap sources that are farther away from the needs.
Another limitation to water use is that once withdrawals pass certain thresholds,
which vary from site to site, lake and river levels fall to the point that other uses
are harmed... Use of more than 40 per cent of available water indicates serious
scarcity, and usually an increasing dependence on desalination and use of

21 Water scarcity does not necessarily mean an absence of water resources, but rather a
deficit of usable water. For example, Table 14 shows that some regions have water resources
(AFR, CPA), but this does not transform into a sufficient water supply because of poor water
quality and uneven water distribution within the region. In some other regions, in MEA in
particular, there is a definite lack of available water resources, which leads to a scarcity of
water.
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groundwater faster than it is replenished. It means there is an urgent need for
intensive management of supply and demand. Present use patterns and
withdrawals may not be sustainable, and water scarcity can become the limiting
factor to economic growth.”

5.1.2. Market features

The following specific features of the market for water desalination should be
noted.

5.1.2.1. Principal competitors and types of competition

Despite the rapid growth and improvement in desalination technologies, most
of the demand for fresh water is still met by conventional water supply methods.
Moreover, there are still unexploited sources of fresh water, although they widely
differ from region to region. There are therefore two types of competition in
freshwater supply that are important for desalination: the competition between the
expansion of water withdrawals and desalination and the competition between
various possible desalination options. Since the first type of competition is highly site
specific, only the second type is considered here.

5.1.2.2. Available desalination technologies

Several technologies are commercially available for using energy for water
desalination: MSF, multieffect distillation (MED), RO?? and vapour compression
(VC). The selection of a particular technology is driven by the following factors:

— Comparative economics,

— Customer specific water quality requirements (MSF and MED provide water of
higher purity than RO),

— Environmental considerations.

At the end of 1999 the breakdown of world desalination capacities by type was
as follows: 42.4% was based on the MSF principle (a decline from 51.5% in 1993),

41.1% of capacity was RO (an increase from 32.7% in 1993), the remaining 16.5%
was of several other types, including MED [37].

22 Hybrid processes combining distillation and RO processes also exist.
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5.1.2.3. Required type of energy

Desalination needs heat and/or electricity, depending on which process is
utilized. Heat, usually in the form of steam of some 100 to 130°C, is required for
distillation processes??; electricity is needed for RO as the primary energy source and
for MSF and MED as energy for pumping. Table 15 shows the typical energy
requirements for the common desalination processes.

5.1.2.4. Siting and the problem of energy delivery

For membrane processes such as RO, electricity can be supplied from the
electricity grid if it is of an adequate capacity. In such a case the siting of a desalination
system is independent of the energy source. However, siting an RO facility with a
power station will allow the brine reject steam to be diluted with power station cooling
water prior to final disposal, thus minimizing possible environmental effects.

Moreover, the productivity of RO systems can be considerably improved by
feed water preheating. Large scale RO processes could therefore be consumers of
both electricity and heat (generally taken from the main condensers), which favours
contiguous plants, but the improved productivity would have to be balanced against
the increased water transportation costs, as would also be the case for desalination by

distillation processes2*.

TABLE 15. ENERGY REQUIREMENTS FOR THE COMMON DESALINATION
PROCESSES [44, 48]

Process
Parameter Unit
RO MSF MED

Electricity requirements kW-h(e)/m? 4-7 3-6 0.9-4.5
Heat requirements kW-h(th)/m? — 45-120 25-160

GJ/m? — 0.16-0.43 0.09-0.58
Total energy needed kW-h/m3 4-7 50-125 26-165

GJ/m? 0.01-0.02 0.2-0.5 0.1-0.6

Note: For the latest desalination technologies energy requirements are lower than shown in this
table. Seawater RO currently requires not more than 3 to 4 kW-h/m3. MSF draws about
2.5 kW-h/m? in parasitic power.

23 Low temperature MED plants can utilize low grade or waste heat below 100°C.
24 MSF and MED desalination plants require the energy source to be close, because heat
transportation over large distances is not economic.
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5.1.2.5. Typical capacity ranges

The required capacity of a desalination plant depends on the needs of the water
customer. Accordingly, the total capacity may range from 100 m3/d to 60 000 m3/d.
By the end of 1999 a global capacity of 13 600 desalination units (of a unit size of
100 m3/d or more) with a total capacity of 25.909 Mm?/d was available or contracted
[37]. Thus the average unit capacity is currently about 1900 m3/d. Large capacities
are usually designed as modular plants.

One nuclear reactor with a 600 MW(e) capacity can supply sufficient energy
even for large desalination capacities. This is illustrated in Table 16, which shows the
decrease in the net saleable electricity of a 600 MW(e) unit as a function of water
production capacity.

In some situations energy supply for desalination can be obtained without
losses in electricity generation capacity. For example, high temperature reactors can
have rejected heat with a sufficiently high thermal potential to be used in a vacuum
distillation process.

When choosing the desalination capacity and an appropriate technology mix for
the supply of desalination energy, typical power to water production ratios for various
combinations of power stations and water plants can be used (see Table 17). Such
ratios indicate the number of megawatts of generating capacity that would be most
effectively coupled with a desalination plant of a given water production capacity.
The demand ratio of power to water will often influence the local choice of
technology.

TABLE 16. CAPACITY DECREASE OWING TO ENERGY USE FOR
DESALINATION
(data for region 2 with MED desalination and a PWR-600 power plant [60])

Desalination capacity Net saleable power Foregone electric power
(m*/d) (MW(e)) (MW(e))
480 000 000.0 101.1
0 610.5% 0

6 000 597.9 12.6
120 000 585.3 25.2
240 000 561.8 48.7
480 000 509.4 101.1

Note: Region 2 is the North African, Red Sea and South East Asian regions with a seawater

temperature of 25°C or higher.

2 The lost power is calculated using a net capacity of 610.5 MW(e); this number differs from
the reference capacity of 600 MW(e) because the condensing temperature assumed for the
specific conditions of the study is lower than that of the reference 600 MW(e) plant.

55



TABLE 17. TYPICAL POWER TO WATER PRODUCTION

RATIOS [61]

Energy source and desalination process MW(e)/1000 m3/d
Seawater RO 0.2-0.3
Backpressure steam turbine — MED 0.8
Backpressure steam turbine — MSF 1.1
Gas turbine/heat recovery boiler — MSF 1.8
Gas turbine/heat recovery boiler — MED 1.3
Extraction steam turbine — MSF 1.1
Extraction steam turbine — MED 0.8
Combined cycle/GT/BPT? — MSF 3.5
Combined cycle/GT/BPT — MED 2.2
Combined cycle/GT/ESTP> — MSF 4.2
Combined cycle/GT/EST — MED 2.6

@ BPT: Backpressure steam turbine.
b EST: Extraction steam turbine.

5.1.2.6. Supply mode and reliability

Water supply is usually subject to requirements for a high reliability. To ensure
this reliability a backup source of energy may be required on the site of the
desalination facility. The greatest cause of unscheduled downtime in evaporative
plants is an interruption of the steam supply from the coupled power station. This
requirement for reliability, however, is less stringent for RO plants with feed water
preheating, because grid electricity can serve as a backup source if the on-site source
fails. The reliability of a RO plant is generally close to that of the power grid. MSF
and MED systems are usually equipped with a fossil fuelled auxiliary steam boiler.

Another means of increasing reliability is the use of water storage, with the
storage capacity depending on the size of the demand and the desalination capacity.
For large desalination plants storage in reservoirs or aquifers can be considered,
although their limited availability and added cost are important constraints.

5.1.2.7. Impact of specific nuclear considerations

The specific considerations for the use of nuclear energy are, in general, the
same as for nuclear district heating: safety and waste management problems must be
adequately addressed. It may be worth noting, however, that the difficulties of siting
a nuclear heat source close to an area of high population density largely do not exist
for the case of nuclear desalination, as water can be more economically transported
over long distances than can heat. Moreover, the next generation of reactors may have
sufficient safety features to permit their location close to population centres.
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There is another important consideration specific to the use of nuclear
desalination. As shown above, the potential users of desalination are the countries of
MEA, AFR and Asia. In most of these countries nuclear energy has not so far been
used; nuclear desalination may therefore be the first nuclear project to be introduced
in these countries, and so the usual preparatory work for the introduction of nuclear
energy in a country will be required [62, 63]. This work must be well planned and
adequately implemented.

5.1.3. Market potential for nuclear penetration

As noted above, there is definite lack of water supply in some world regions,
which is a problem that is likely to worsen. For comparison, if all existing
desalination units [37] operated at their full capacity for a year, they would produce:

25.9 Mm?3/d x 360 d/a = 9.3 Gm3/a

This can be compared with the total world water use of some 3250 Gm? — the
desalination part therefore amounts only to ~0.3%. Even the share of desalinated
water for the supply of household water (~300 Gm?) is negligible (~3%). Taking into
account the likely deterioration of the water situation in the future, it can be safely
assumed that the desalination market is far from saturated?>.

A comparison can also be made with the water production capacity of one
600 MW(e) nuclear reactor. As noted above, such a reactor can produce about
500 000 m? of water per day (using about 17% of its generation capacity). This means
that the total existing global desalination capacity (~26 Mm?/d) can be powered by
some 50 reactors.

Four conclusions on the market potential for nuclear penetration can be made:

— The global use of desalination is still negligible in comparison with the demand
for fresh water; to become a noticeable (and quantifiable) market for nuclear
energy, desalination needs to compete successfully with the alternative means
of increasing the freshwater supply.

— At the same time, the deteriorating trend in the water supply is visible; it can be
expected that the alternatives for freshwater supply will become more limited
and more expensive, which would provide additional incentives for
desalination to become widespread.

25 The numbers used are global averages that have been used for illustration. Regionally,
the importance of desalination greatly varies and it can be much higher than the averages
shown.
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— The regional diversity in water requirements is an important factor; assessments
of water availability, demand and supply (including the feasibility of the
nuclear option) must take the regional factor into account.

— As global desalination capacities are still limited, the long term market
potential for nuclear desalination cannot be accurately estimated. Competition
between nuclear desalination and the non-nuclear options should be evaluated
along with the competition of desalination with the alternative options for the
supply of water.

5.2. POTENTIAL NUCLEAR SOLUTIONS

As noted, desalination needs low temperature heat and/or electricity. These
types of energy can be provided by practically all existing and prospective nuclear
designs. Among the designs recently considered [60, 64] are a 220 MW(e) HWR in
India, a 10 MW(th) heat only PWR in Morocco, a 200 MW(th) heat only PWR in
China, a 100 MW(e) PWR in the Republic of Korea, three concepts of a floating
nuclear plant with a 35 MW(e) PWR (KLT-40), two sizes (15 MW(e) and 90 MW(e))
of Nika PWRs and a 55 MW(th) heat only pool type reactor, Ruta, in the Russian
Federation, among others.

Nuclear technologies are therefore available and their application will be
determined by the usual considerations for the introduction of nuclear energy in a
country: the economic advantages of nuclear energy, safety assurance, strategic
considerations such as supply security and diversification, etc.

5.3. ECONOMIC COMPETITIVENESS

In general, the economics of nuclear desalination are driven by the same factors
as the economics of electricity generated by nuclear energy, the more so that some
desalination processes use electricity as the main energy input. In this respect, it can
be expected that the general trends in the comparative economics of NPPs (see, for
example, the results of Ref. [31] shown in Section 2.4) would also be valid for
desalination. However, the use of nuclear power for desalination is less influenced by
some of the factors that weigh against nuclear energy for process or district heating.
Much larger scales are likely for desalination and the demands of high reliability will
be lower than for process or district heating. The economics of desalination also has
its distinctive features, such as the use of rejected heat of a relatively low temperature.
These need to be properly addressed. A recent IAEA study [60] explicitly considers
such features using a cost estimate methodology designed for desalination [45, 47,
48].
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The regions and energy technologies considered in the IAEA study are
presented in Tables 18 and 19, respectively.

Table 20 presents some results of this study in the form of indicators of the
relative competitiveness of nuclear desalination. More precisely, the numbers are
ratios of the levelized water production costs obtained through calculations with the
IAEA program DEEP [48]. The numerator of the ratio is the cost for a nuclear
desalination option, while the denominator is the cost of a fossil fuel option. The case

TABLE 18. REGIONS CONSIDERED IN THE TAEA
DESALINATION STUDY [60]

Region Geographic area

1 Southern Europe

2 Red Sea, Southeast Asia, North Africa
3 Arabian Sea

TABLE 19. TECHNOLOGIES CONSIDERED IN THE IAEA DESALINATION
STUDY [60]

E Technol
i Abbreviation Description Power level eClnOloRy
source status
Nuclear PWR Pressurized light water reactor 600 MW(e), Existing
900 MW(e)
PHWR Pressurized heavy water reactor 600 MW(e)  Existing
PHWR Pressurized heavy water reactor 900 MW(e)  Under
development
HTR High temperature reactor 100 MW(e)  Under
development
HR Heating reactor (steam or hot water) 200 MW(th) Under
development
Fossil® PC Superheated steam boiler, 600 MW(e), Existing
pulverized coal 900 MW(e)
CC Combined cycle gas turbine 600 MW(e)  Existing

@ Owing to the prospective nature of the study and in view of the expectation that the use of oil
will decrease, oil fired plants were not considered.
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TABLE 20. PROSPECTIVE COMPETITIVENESS OF NPPs IN WATER
DESALINATION AS SIMULATED BY DEEP [60]

Case for Nuclear/coal ratio Nuclear/gas ratio

Region . - - .
nuclear S, scenario Sf scenario S, scenario Sf scenario

Desalination with RO, water production capacity 120 000 m3/d

1 Best 0.73 0.87 0.68 0.85
Worst 0.88 1.02 0.80 0.99
2 Best 0.75 0.89 0.72 0.89
Worst 0.91 1.05 0.85 1.04
3 Best 0.73 0.89 0.72 0.89
Worst 0.91 1.06 0.85 1.04

Desalination with MED, water production capacity 120 000 m3/d

1 Best 0.63 0.82 0.58 0.80
Worst 0.90 1.05 0.82 1.00
2 Best 0.70 0.87 0.67 0.86
Worst 0.95 1.09 0.89 1.06
3 Best 0.70 0.87 0.68 0.86
Worst 0.97 1.11 0.91 1.07

Desalination with MSFE, water production capacity 120 000 m>/d

1 The MSF option was not considered for the region

2 Best 0.65 0.85 0.66 0.89
Worst 0.95 1.13 0.93 1.15

3 Best 0.66 0.86 0.67 0.89
Worst 0.96 1.14 0.94 1.14

# The S, scenario assumes a discount rate of 5 to 8% (5% for region 1 and 8% for regions 2
and 3), a fossil fuel price of US $30/boe, nuclear plant overnight construction costs 15%
lower than the baseline and fossil fuel plant overnight construction costs 15% higher than the
baseline.

b The Sf scenario assumes a discount rate of 8 to 10% (8% for region 1 and 10% for regions 2
and 3), a fossil fuel price of US $20/boe, nuclear plant overnight construction costs 15%
higher than the baseline and fossil fuel plant overnight construction costs 15% lower than the
baseline.
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defined as the best for nuclear selects the ratio of the lowest nuclear cost (among the
considered technologies) to the highest cost among the fossil fuel options. The worst
case selects the ratio of the highest nuclear cost to the lowest fossil fuel cost.

The results of the study summarized in Table 20 are discussed below.

5.3.1. Correlation with the competitiveness of electricity generated by
nuclear energy

As could be expected, the cost ratios shown for RO desalination correlate rather
well with the recent NEA/IEA estimates of the competitiveness of electricity
generated by nuclear energy [31] (see Section 2.4). Although direct comparisons are
not possible (the desalination study covered regions and not countries), it can be
noted that in Ref. [31] the cost ratios for electricity generation in Europe are 0.7-0.9
(for France) or 0.6—1.5 (for Turkey), while the results for the RO desalination in
region 1 (southern Europe) are between 0.7 and 1.05. The latter is a little more
optimistic than the former, but taking into account the difference in the assumptions
the correspondence seems to be good.

5.3.2. Competitive position of nuclear desalination

For all desalination options (RO, MED, MSF) and in all regions there are
competitive nuclear solutions, both in comparison with coal and gas fired power
plants, although, understandably, there are also combinations of the parameters that
lead to nuclear power being uncompetitive for desalination. In particular, the
combination of a higher discount rate (8—10%) with unfavourable assumptions on the
ratio of the plant parameters between nuclear and non-nuclear plants (the worst case
for nuclear combined with the Sf scenario in Table 20) lead almost invariably to the
fossil fuel options being preferable. However, there are also cases in which the
nuclear option is preferable. From this it can be concluded that nuclear energy is a
viable desalination option and should be considered as such in the analysed regions.
To make sure that the nuclear option is definitely preferable for a given desalination
project, a site specific analysis is required in order to make a more accurate estimate
of where, within the range shown, the considered nuclear project would belong.

5.3.3. Interregional comparison and the effect of technology selection

The behaviour of cost ratios in Table 20 does not depend much either on the
region or on whether RO, MED or MSF is selected for desalination. This is an
understandable result of the fact that the same energy technologies were considered.
It can be noted, however, that the costs in US $/m? are substantially higher for MSF
than for RO or MED [60], the principal reason being the higher capital cost of MSF
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installations. Another observation is that the RO option allows for off-peak load base
loading of a nuclear plant that might otherwise be load following, and thereby reduces
the cost of electricity by producing a storable, saleable product.

The estimates in Table 20 are for the cogeneration mode of heat supply for
desalination, which is the mode that is most likely to be applied in the near term for
nuclear desalination. The supply of heat by dedicated heat reactors is also considered.
Generally, it has been found that the cost of water from heat only sources is 20 to 50%
higher than that from cogeneration sources, which is the result of the allocation of
most of the common costs (for electricity and heat) to electricity. Consequently, the
heat supplied to the desalination plant benefits economically from this method of cost
allocation (the power credit method), which also creates an economic benefit for the
water produced. However, for heating reactors all the costs are charged to the heat
and, consequently, to desalination. Similar considerations are valid for district heating
and the supply of process heat (see Sections 4 and 6)%°.

As a result, the consideration of a specific project should carefully review both
the cogeneration and heat generation options. Depending on whether electricity is
also needed in the given location, the heat only option could be the preferable one.

5.4. CURRENT AND PROSPECTIVE MARKET
5.4.1. Current use of nuclear energy

There is experience with nuclear desalination, as Table 21 shows, although the
experience has been limited in that the desalination capacities are usually small and
have been used only for the supply of on-site water. Moreover, these water plants
have not been truly integrated into the nuclear generating facilities. Thus although the
technical feasibility of nuclear desalination can be considered as proven, large scale
applications remain yet to be seen.

5.4.2. Prospects for nuclear energy in the near term (2000-2020)

It is expected that desalination capacity will develop steadily over the coming
years (see Fig. 8), some of which can be provided by nuclear energy.

However, at present only India has an advanced project of nuclear powered
desalination (a 6300 m?/d MSF plant at the Kalpakkam NPP). The first stage of
commissioning tests for RO for this project started in late 2001 and will last until
early 2003, when the second stage for MSF will be completed. In addition to India,
several other countries are considering nuclear desalination, for example the Republic

26 More information about cost allocation methods can be found in Refs [44—46, 60].
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TABLE 21. EXPERIENCE WITH NUCLEAR DESALINATION [37, 43]

Start of operation
——  Power Water  Desalination

Country Unit name Location Phase Power Heat (MW(e) Capacity process

net) (m3/d)

Japan Tkata 1 Ehime Commercial 1977 1976 538 2000 MSF
Japan Ikata 2 Ehime Commercial 1982 1976 538
Japan Ohi 1 Fukui Commercial 1979 1973 1120 3900 MSF
Japan Ohi 2 Fukui Commercial 1979 1976 1120
Japan Genkai 3 Fukuoka Commercial 1994 1988 1127 1000 MED
Japan Genkai 4 Fukuoka Commercial 1997 1992 1127
Japan Takahama 3 Fukui Commercial 1985 1983 830 1000 MED
Japan Takahama 4  Fukui Commercial 1985 1983 830
Japan Kashiwazaki Niigata ~ Commercial 1985 1984 1067 1000  MSF*?

-Kariwa 1
Kazakhstan BN-350° Aktau Commercial 1973 1963 70 120000 MED/MSF

Note: All nuclear desalination plants except for the Aktau NPP in Kazakhstan are used for the supply of

on-site water. The data from Ref. [43] have been complemented with the latest statistics from an IAEA

database and the latest desalination inventory [37].

@ This desalination facility was not put into service after construction because other freshwater resources
were made available.

b BN-350 was shut down in 1999. The desalination facility is now powered by a boiler plant.

of Korea, Egypt, Morocco, Indonesia and some others, although their projects are less
advanced.

In the near term nuclear penetration in desalination will therefore be slower
than the development of desalination in general. The near future should be
considered as a period in which nuclear desalination must prove its economic
competitiveness rather than a period of notable penetration into the desalination
market.

This is the main objective of the new European project EURODESAL, which
is being launched by a consortium of European and Canadian industrial and research
and development organizations [22].

5.4.3. Prospects for nuclear energy in the long term (2020-2050)
The estimate of the prospects for nuclear energy in the long term has been

carried out with the same set of qualitative indicators as used for district heating (see
Sections 3 and 4.4.3). The following principles were used for ranking:
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FIG 8. Cumulative capacity of world desalination plants. This figure is taken from Ref. [37]
and reproduced here with the kind permission of Wangnick Consulting GmbH.
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— The indicator of market structure is assigned O for countries in which
desalination has not been used or used to a negligible extent; 1 is assigned to
those countries in which desalination is used but without nuclear energy; 2 is
assigned to those countries in which nuclear desalination has already been used.

— The indicator of demand pressure is assigned 2 for those countries in which
there will be a lack of water supply in 2025, as identified by two or three of the
criteria given in Table 14 and Appendix V?7; if the lack of water is identified
only by a single criterion, 1 is assigned; all the other countries are assigned 0.

— The indicator of technical basis is assigned 2 for those countries in which NPPs
are operating; 1 is assigned to countries that have considered or are seriously
considering the use of nuclear energy, either through imports or through local
development; 0 is assigned to those countries in which the use of nuclear
energy has never been seriously considered (the same set of indicators as used
for district heating).

— The indicator of economic competitiveness is assigned 0 for those countries
that have abundant domestic oil, gas or hydro-electric resources (the competi-
tiveness of nuclear energy is likely to be questionable in such cases); 0 is also
assigned to countries that are islands, which reflects the difficulty of providing
infrastructural support and fuel handling?3; the others are assigned 1, while no
cases have been assigned 2 (definite superiority of nuclear energy), which is a
conservative assumption (the same set of indicators as used for district heating).

— The indicators of public acceptance are as defined in Appendix II.

For weighting in the calculation of regional indicators from the country
indicators, the total domestic water supply is used. The result of the estimate is
summarized in Table 22 for the 11 world regions. The underlying country by country
estimate can be found in Appendix VI.

The results in Table 22 show the following:

— In most regions of the world the long term prospects for nuclear desalination
are ranked as low. At first this may seem to contradict the expectation of future
freshwater shortages discussed above, but a closer look resolves the apparent
contradiction. For nuclear desalination to be feasible two factors must be in
place simultaneously: a lack of water and the ability to use nuclear energy for
desalination. In most regions only one of the two is present.

27 The criteria meant with the reference to Table 14 are: (1) the total annual use of water
less than 500 m?/capita, (2) the annual domestic use of water less than 36 m?/capita and (3) the
annual use of water exceeds 40% of the available water resources.

28 But if nuclear energy is already used on an island, 1 is assigned, which is the case with
Taiwan, China.
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TABLE 22. LONG TERM (2020-2050) PROSPECTS FOR NUCLEAR
DESALINATION

Indicator

Region Market Demand  Technical Economic Public Total

structure  pressure basis competitiveness  attitude
NAM 0.00 0.00 2.00 1.00 1.00 0.80 (low)
LAM 0.00 0.68 1.33 0.00 0.78 0.56 (negligible)
AFR 0.00 1.49 0.88 0.83 0.88 0.82 (low)
MEA 0.56 1.21 0.39 0.80 0.43 0.68 (low)
WEU 0.10 0.26 1.56 1.00 0.75 0.73 (low)
EEU 0.00 0.53 1.75 1.00 1.00 0.86 (low)
FSU 0.05 0.44 1.59 0.86 0.80 0.75 (low)
CPA 0.86 0.96 1.85 1.00 1.81 1.29 (medium)
SAS 0.88 1.92 1.76 0.99 1.76 1.46 (high)
PAS 0.26 0.85 1.08 0.99 1.08 0.85 (low)
PAO 1.55 0.00 1.16 1.00 0.58 0.86 (low)
Total 0.37 0.57 1.55 0.86 1.02 0.87 (low)

— The situation in the MEA region is of particular interest. Similarly to AFR and
SAS the region experiences a lack of water and a high demand pressure (see the
corresponding indicator in Table 22), which is why countries in the region have
been looking into the possibility of using nuclear power for desalination [18,
19, 57]. However, as the technical basis for the introduction of nuclear power
has not yet been created and the economic competitiveness of nuclear
desalination is not definite, the overall ranking of the long term prospects for
nuclear energy is still low. With the introduction of nuclear power in the region,
even if only for electricity generation, this estimate will change, most likely to
medium. This is indicated by the existence of countries in which,
notwithstanding the regional low average, the prospects are ranked as medium
(see Table 23).

— However, when the two factors — a lack of water and the ability to use nuclear
technologies — are present, the prospects for nuclear desalination are much
better. In CPA they are ranked as medium, mainly because the demand in China
can be supported by the Chinese capability to use nuclear energy. The same
factor is even more pronounced in SAS, in particular because of the potential
for nuclear desalination in India and Pakistan.

— Although only two regions are ranked higher than low, at present these
regions account for almost 50% of the world’s population. In the long
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TABLE 23. COUNTRIES WITH THE HIGHEST PROSPECTS FOR NUCLEAR
DESALINATION

Indicator

Region/country Market Demand Technical = Economic Public Total

structure pressure basis  competitiveness attitude
AFR
South Africa 0 1 2 1 2 1.2 (medium)
MEA
Algeria 1 2 1 1 0 1.0 (medium)
Egypt 1 1 1 1 1 1.0 (medium)
Iran 0 1 1 1 2 1.0 (medium)
Israel 1 2 0 1 1 1.0 (medium)
Morocco 1 2 1 1 1 1.2 (medium)
WEU
Belgium 0 1 2 1 1 1.0 (medium)
Finland 0 1 2 1 1 1.0 (medium)
France 0 0 2 1 2 1.0 (medium)
Netherlands 0 1 2 1 1 1.0 (medium)
Spain 1 0 2 1 1 1.0 (medium)
Switzerland 0 1 2 1 1 1.0 (medium)
United Kingdom 0 2 2 1 1 1.2 (medium)
EEU
Czech Republic 0 1 2 1 1 1.0 (medium)
Slovakia 0 1 2 1 1 1.0 (medium)
ESU
Armenia 0 1 2 1 1 1.0 (medium)
Belarus 0 2 1 1 1 1.0 (medium)
Kazakhstan 2 1 2 1 1 1.4 (medium)
Lithuania 0 1 2 1 1 1.0 (medium)
Ukraine 0 1 2 1 1 1.0 (medium)
CPA
China 1 1 2 1 2 1.4 (medium)
S48
India 1 2 2 1 2 1.6 (high)
Pakistan 1 2 2 1 2 1.6 (high)
PAS
Indonesia 0 2 1 1 1 1.0 (medium)
Korea, Republic of 1 1 2 1 2 1.4 (medium)
PAO
Japan 2 0 2 1 1 1.2 (medium)
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term the share will remain the same, if not increase. The ranking shown
therefore means a rather positive estimate of the prospects for nuclear
desalination.

The countries with the best prospects in each region are shown in Table 23.
India and Pakistan in SAS must be noted, as well as China in CPA, Kazakhstan in
FSU and the Republic of Korea in PAS.

6. INDUSTRIAL PROCESS HEAT APPLICATIONS

6.1. MARKET CHARACTERIZATION
6.1.1. Market size

Notwithstanding some similarities with district heating, the market for process
heat presents important differences on the demand side. The demand for process heat
is not very dependent on climate or population size as a key variable. Instead, it is
driven by the existing economic structures and the activities of the heat consuming
industries.

A precise assessment of this market would require very detailed data. Some
data can nonetheless be found and interpreted, in particular annual statistics from the
IEA, which cover both OECD and non-OECD countries [34, 35]. However, although
the IEA data contain the amount of final energy consumed by a given industry, they
do not specify the way the energy was consumed. For example, the coal reported as
consumed by an industry may be burned in a steam boiler that produces heat or may
be used by a small power generator operating on an industrial site. Similarly, oil and
oil derivatives may be used for electricity generation, heat production or as fuel for
vehicles used within the industry.

Figures 9 and 10 illustrate the pattern of the non-electric final energy supplied
to industry and a breakdown of this energy by the type of usage [40, 41, 65].

Industrial final energy consumption shows a notable structural change with
time. While electricity consumption has in general steadily increased, the
consumption of fuels has decreased following an initial rising trend immediately after
the oil crises of the 1970s.

If electricity consumption is plotted against fuel consumption for different
years, the resulting curve is shaped like a boomerang (see Fig. 11). The boomerang is
less pronounced in countries with a strong consumption of domestic energy resources
or in less developed countries, as illustrated in Fig. 12. The turning point of the curve

68



Other Gas and gas products
(21%) (36%)

QOil and oil products
(34%)

Coal and coal products
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FIG. 9. Structure of the supply of non-electric final energy to the industrial sector in the USA
in 1998 [40, 41].

Direct non- Indirect end use
process uses (boiler fuel)
' (10%) 46%
Direct end use (46%)

(other)
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(heating)
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FIG. 10. Structure of the use of non-electric final energy by the industrial sector in the USA
in 1994 [40, 65].

reflects the transition to less energy intensive industries and a slowdown in economic
growth. Other examples can be found in Appendix VII.

Table 24 provides details of the industrial energy consumption and the share of
centralized heat generation by world region. A more detailed country by country
breakdown is given in Appendix VIII.
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FIG. 11. Evolution of the structure of industrial energy consumption for the USA [66, 67]. The
dashed line to 1998 indicates that these data do not come from Ref. [66] but have been added
to the data from Ref. [66], based on the latest statistics available in Ref. [67].
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FIG. 12. Evolution of the structure of industrial energy consumption for Turkey [66, 67]. The
dashed line to 1998 indicates that these data do not come from Ref. [66] but have been added
to the data from Ref. [66], based on the latest statistics available in Ref. [67].
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TABLE 24. CHARACTERIZATION OF CENTRALIZED HEAT GENERATION
BY REGION
(based on 1996 data [34, 35])

Final energy demand Centralized heat Share of centralized
(Mtoe) generation (Mtoe) supply (%)
Region/country In Share of Ir;‘lg;tla !
Total industrial  Total industrial energy industrial
sector sector demand? sector?
Total NAM 1620.1 4254 8.1 5.8 0.5 1.5
Canada 184.3 66.6 0.5 0.5 0.3 0.8
USA 1435.8 358.8 7.6 53 0.5 1.5
Total LAM 418.0 159.1 0.0 0.0 0.0 0.0
Total AFR 209.3 40.3 0.0 0.0 0.0 0.0
Total MEA 280.4 78.5 0.0 0.0 0.0 0.0
Total WEU 1104.3 326.8 229 5.0 2.1 1.5
Denmark 16.3 3.05 2.4 0.1 14.7 3.6
Finland 233 10.2 2.8 0.7 11.8 6.1
France 161.5 45.1 1.4 0.0 0.8 0.0
Germany 247.6 70.8 9.0 1.7 3.7 2.4
Netherlands 59.3 18.7 1.7 0.8 2.9 42
Sweden 36.3 13.6 3.6 0.1 9.9 0.4
Total EEU 194.0 82.0 25.1 9.0 13.0 11.0
Bulgaria 12.7 7.2 2.9 2.0 22.6 273
Hungary 17.7 5.0 1.8 0.5 10.0 10.1
Poland 72.6 28.3 9.3 1.7 12.9 6.2
Romania 29.1 15.0 5.6 1.3 19.3 8.5
Total FSU 682.1 250.7 198.8 116.0 29.2 43.0
Belarus 19.0 6.6 7.3 3.0 384 45.7
Estonia 2.9 1.1 0.8 0.2 274 20.3
Russian Federation 468.8 170.9 169.3 93.1 36.2 54.5
Ukraine 98.5 47.0 10.4 6.7 10.5 14.2
Total CPA 924.3 4473 21.3 21.3 2.3 4.8
China 865.9 426.3 21.3 21.3 2.5 5.0
Total SAS 432.7 129.3 0.0 0.0 0.0 0.0
Total PAS 392.4 138.9 1.2 1.2 0.3 0.9
Total PAO 4154 161.5 0.4 0.0 0.1 0.0
Japan 337.0 133.6 0.4 0.0 0.1 0.0
Total 6673.0 2239.6 273.2 150.1 4.1 6.7

Note: Similarly to district heating, the term centralized means that the produced heat is sold for
utilization to a third party (the definition of the IEA [34, 35]). The use of this definition may
be less relevant for process heat supply than for district heating because for industry the use of
small on-site heat generation may be preferable. However, the data of centralized heat supply
are still used here because of their availability and lack of detailed information about internal
heat generation in the industrial sector.

@ Total centralized heat generation/total final energy demand.

b Share of the industrial sector centralized heat generation/share of the industrial sector final

energy demand.
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6.1.2. Market features
6.1.2.1. Main heat consumers
The industries that are the main consumers of heat are:

— The food and products industry,

— The paper and products industry,

— The chemical industry,

— The petroleum and coal processing industry,
— The primary metal industries.

Figure 13 shows the breakdown of the total non-clectric energy used by all
branches of industry in the USA in 1994 [40, 65]. It confirms the predominant role of
the industries listed above — all the other energy consumers account for less than
15% of the total non-electric energy used.

To be more accurate, it should be mentioned that Fig. 13 presents, similarly to
Fig. 10, the total non-electric energy, which may include non-heat uses such as, for
example, electricity generation on the site. To estimate whether the structure of the
heat consumers is the same, Fig. 14 shows the breakdown of steam production
capacities used in Germany by similar industries. The comparison of the two figures
confirms the key role of the five industries in the use of process heat. They would
therefore be the target clients for possible applications of nuclear energy.

Other Food and products
(13%) (5%)

Primary metal Paper and products

industries (12%)
(12%)
Petroleum and coal
processing Chemistry
(33%) (25%)

FIG. 13. Main consumers of non-electric final energy among US industries in 1994 [40, 65].
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6.1.2.2. Required temperature ranges

Industrial heat is usually required as steam under conditions specific to each
technological process. The range of steam parameters is determined by the specific
industry and is rather large, which represents an important feature of the demand for

process heat. Figure 15 shows the typical temperature ranges for industrial heat
applications.

Other

Food and products
(12%)

(19%)

Primary metal
industries
(10%)

Petroleum and coal

processing = —— |
(8%)

Paper and products
(18%)
Chemistry

(33%)

FIG. 14. Breakdown of the steam generation capacities used by German industries in 1989
[68]. The data are for the western part of contemporary Germany; that is, excluding the
eastern part that was separated from West Germany at the time of the study.

1600

1400

1200

e (°C)

< 1000

@
o
s3

Temperatur:

o
o
o

IS
o
S

n
o
]

o

District Pulp and paper Oil refining  Oil shale, Coal Hydrogen Chemical Iron
heating, industry oilsand  processing production industry industry
water processing

desalination

FIG. 15. Temperature ranges for process heat applications [43, 69].
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6.1.2.3. Typical capacity ranges

As noted in Ref. [38], the demand for industrial heat is highly fragmented in
terms of size. Some 50% of users need less than 10 MW(th), some 90% need less than
50 MW(th) and 99% less than 300 MW(th). The remaining 1%, which covers the
cases of exceptionally high demand, to 1000 MW(th) and above, represents a large
proportion of energy consumption. This last category would be particularly disposed
to nuclear applications.

Tables 25 and 26 illustrate the structure of industrial demand using the results
of a German study [68]. Two aspects are presented: the distribution of the existing
industrial boilers by size and the distribution of the industrial consumers by the
amount of heat needed. As a customer can operate more than one boiler, it is the size
of the boiler that would be most pertinent when deciding on the application of a
nuclear boiler. However, it is important to see both aspects, because the size of
individual boilers also characterizes the use of heat by the industry.

6.1.2.4. Heat transportation

Table 27 shows that the costs grow significantly with distance, and hence that
an on-site installation is preferable.

TABLE 25. STRUCTURE OF INDUSTRIAL PROCESS HEAT DEMAND BY
SUPPLIER CAPACITY
(based on 1987 data [68] from Germany)

Boiler capacity Number of Per cent Total capacity Per cent Average unit
(t steam/h) boilers of total (t/h) of total capacity (t/h)
0-25 556 47.9 7130 11.3 13
25-50 221 19.0 8 500 13.5 38
50-75 118 10.1 7250 11.5 61
75-100 97 8.3 8450 134 87
100-125 48 4.1 5700 9.1 119
125-150 39 33 5360 8.5 137
150-175 18 1.5 2 840 4.5 158
175-200 19 1.6 3700 5.9 195
>200 49 4.2 13 920 22.3 284
Total 1165 100 62 850 100 54
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TABLE 26. STRUCTURE OF INDUSTRIAL PROCESS HEAT DEMAND BY
USER CAPACITY
(based on 1987 data [68] from Germany)

Per cent Average unit

User demand Number of  Per cent of  Total capacity .
(t steam/h) users total users (t/h) of total capacity®
capacity (t/h)
0-50 286 64.5 5910 18.7 21
50-100 84 18.9 5810 18.4 69
100-200 44 9.9 5540 17.5 126
200-300 11 2.5 2 600 8.2 236
300-400 5 1.1 1650 52 330
400-500 5 1.1 2 020 6.4 404
500-600 1 0.2 500 1.6 500
600-800 3 0.7 1 850 5.8 617
800-900 1 0.2 850 2.7 850
>900 4 0.9 4900 15.5 1225
Total 444 100 31630 100 71

2 Total capacity/number of users.

TABLE 27. IMPACT OF DISTANCE ON HEAT TRANSPORTATION COSTS [70]

Distance (km) Cost of heat transportation (relative to the cost for 5 km)?
5 1.0

10 2.5-3.5

15 4.5-55

20 6.5-8.0

2 The range reflects the effect of varying steam parameters.

6.1.2.5. Supply mode
The supply of industrial heat is less uneven than that of district heat, mainly

because of the absence of a seasonal variation. Accordingly, the average load factors
of industrial boilers are relatively high — between 70 and 90% [68].
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6.1.2.6. Supply reliability

The supply has to be reliable. A study conducted by the Oak Ridge National
Laboratory in the USA [71] identified the reliability requirements of large industrial
users (see Table 28). Such high levels can be ensured only by the combination of a
high reliability of the heat sources and an availability of reserve capacity. The latter
is easier to implement by using several production units that are relatively small in
comparison with the required capacity or by supplying steam as a relatively small co-
product from a group of electricity producing reactors.

6.1.2.7. Impact of specific nuclear considerations

Similarly to nuclear district heating, the close siting of a nuclear plant to the
customer may be preferable. This will require specific safety features appropriate to
the location.

Some process heat applications do not necessarily need to be sited close to
populated areas. For example, hydrogen production could either be concentrated in
remote industrial centres, with the product transported as needed, or with electricity
transmitted to low temperature electrolysers close to the demand.

6.1.2.8. Competitive market with growing supply options

The market for industrial heat is highly competitive. Heat is produced
predominantly from fossil fuels, with which nuclear energy will have to compete.

6.1.3. Market potential for nuclear penetration

As with district heating, a low assessment of the market for process heat can be
based on the amount of heat that is currently supplied (i.e. sold as a product) to
industrial customers by heat producers. Such data are available in the IEA statistics.
This estimate is, however, a low one, as it does not include the heat produced by the

TABLE 28. RELIABILITY REQUIREMENTS OF HEAT SUPPLY AS
IDENTIFIED BY AN OAK RIDGE NATIONAL LABORATORY SURVEY [71]

Industry Average adequate steam supply availability (%)
Chemical processing 98
Oil refineries 92
Primary metals 100
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industries themselves. As illustrated in Fig. 10, this share can be significant?® —
industries with a high energy demand tend to self-generate their energy. This
estimate, however, has the advantage of showing a rather definite potential for
nuclear penetration into the market, because a nuclear source may be able to supply
heat using the same heat transportation routes that are currently used by non-nuclear
heat producers.

To reflect the self-generation of internal heat, the high estimate includes all
energy that is reported as consumed by the industries, with the exception of electricity
purchased by the industries from power generators. This estimate is considered high,
because there are uses of this energy other than heat generation. In particular, in the
USA about 50% of the consumed final energy is used as boiler fuel to generate
electricity, heat or both simultaneously through cogeneration. The upper estimate thus
defined may therefore exceed the actual use of heat by up to 50%.

Table 29 shows the two estimates of the market potential for the major world
regions. A more detailed country by country breakdown is given in Appendix VIII.

Table 29 indicates that there is a huge market for the supply of process heat, of
the same order of magnitude as that for district heating. (The amount of energy is
roughly the same, but the assessed number of reactors is lower, owing to the assumed
higher load factor.) Therefore, similarly to district heating, market size does not
matter for nuclear penetration; the main question is whether nuclear technologies can
prove to be competitive.

6.2. POTENTIAL NUCLEAR SOLUTIONS

There are no technological impediments to extracting heat/steam from a nuclear
plant. Thus all existing and prospective reactor types can be used, supported if
necessary by conventional heating. Cogeneration can also be used widely in order to
provide electricity for local needs. Advanced nuclear systems could be optimized by
using various coupling schemes aimed at improving overall efficiency.

At the same time, the applicability to a specific purpose will be determined by
the required temperature level, depending on the specific industrial process.
Figure 16 shows the correspondence between the temperatures provided by nuclear
reactors and the temperatures required by heat consuming industries.

Figure 16 shows that while all reactor types have potential applications, only
one concept can cover most of the range of industrial requirements — an HTGR.
HTGRs could therefore be the pre-eminent candidates for the supply of industrial
heat for the following reasons:

29 Note the large share of energy used as boiler fuel (46%).
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TABLE 29. ESTIMATE OF MARKET POTENTIAL FOR PROCESS HEAT
(based on 1996 data [34, 35])

Low estimate High estimate
Heat Heat Number of Heat Heat Number of
. production 100 MW(th) production 100 MW(th)
Region supply . supply .

(Mitoe) capacity reactori (Mtoe) capacity reactors
(MW(th))? needed (MW(th)) needed
NAM 5.8 ~9 100 ~90 316.9 ~500 000 ~5 000
LAM 0.0 0 0 131.9 ~210 000 ~2 100
AFR 0.0 0 0 31.0 ~50 000 ~500
MEA 0.0 0 0 70.4 ~110 000 ~1 100
WEU 5.0 ~7 900 ~80 246.2 ~390 000 ~3 900
EEU 9.0 ~14 000 ~140 70.1 ~110 000 ~1 100
FSU 107.8 ~170 000 ~1 700 2142 ~340 000 ~3 400
CPA 21.3 ~34 000 ~340 397.4 ~630 000 ~6 300
SAS 0.0 0 0 114.8 ~180 000 ~1 800
PAS 1.2 ~1 900 ~20 114.2 ~180 000 ~1 800
PAO 0.0 0 0 119.9 ~190 000 ~1 900
Total 150.1 ~240 000 ~2 400 1827.1  ~2900 000 ~29 000

2 The capacity is calculated assuming a 90% average load factor and excluding heat losses.
Under these assumptions the heat production capacity needed to produce 1 Mtoe of heat is:
1 [Mtoe] x 1419 [MW-year/Mtoe]/0.9 [year] = 1577 MW(th).

> The number of reactors needed is calculated assuming a 90% average load factor and
disregarding heat losses. Under these assumptions the energy output of a 100 MW(th) reactor
is: 100 x 0.9 [MW(th)-year] = 90 x 8760 [MW-h] = 788 GW-h = 2.84 PJ = 0.063 Mtoe.

— Their ability to offer a wide range of temperatures;

— Their ability to provide high temperature heat (up to 1000°C) and steam (up to
530°C);

— The possibility of a modular design, with modules of 100-300 MW(th);

— The variable ratio of electricity to steam production.

HTGR technology has not yet achieved commercial maturity, and hence there
accordingly are no tested process heat applications. However, there is experience with
five operating plants that is supported by comprehensive experimental and theoretical
programmes in China, Germany, Japan, the Russian Federation, the UK and the USA
[43, 72, 73]. Process heat utilization for steam reforming and for coal gasification has
been tested in Germany at the pilot plant scale under nuclear conditions. The Japanese
HTTR, which has been critical since 1998, is expected to be the first NPP utilizing
process heat for hydrogen production.
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6.3. ECONOMIC COMPETITIVENESS

With respect to economic competitiveness, many of the features described
above for electricity generated by nuclear energy (Section 2.4), for nuclear district
heating (Section 4.3) and desalination (Section 5.3) are valid for process heat
applications.

There are also several important specific considerations for process heat
applications, which include:

— The ability to locate close to the demand.

— The relatively small scale demand.

— The need for very high reliability, which could be enhanced by partitioning the
load between smaller units. This could avoid the expense of a non-nuclear
backup heat source.

The economics of nuclear energy for non-electric applications will therefore be
improved by the development of small, low cost reactors and especially of small, high
temperature reactors. Current development trends in many countries have already
begun to move in this direction.

Cogeneration plants (both nuclear or fossil fuel) that operate with the relatively
low temperature conditions that can be supplied by existing water cooled reactor
designs derive much of their revenue from electricity. This poses considerable
challenges for the nuclear option, which are similar to those for district heating (see
Section 5.3):

— Existing reactor types usually produce 500 to 1500 MW of electricity plus
about twice as much heat. To provide that heat at higher temperatures, some
electricity production must be sacrificed, further increasing the proportion of
the energy produced as heat. Industrial demands for heat on this scale are fairly
rare.

— Economies of scale can be applied easily to the generation of electricity, since
it is easily distributable. This is not the case for process heat.

— Economies of scale for existing reactor types are very significant (see Table 9)
and are much more significant than those for fossil fuels, for which the cost of
fuel dominates.

While high temperature reactors share some of the above challenges, their
revenues are likely to depend much more on the value of the process heat. What is
distinctly different, though, is that the HTGR concept, which is for a relatively small
scale reactor, is the prime candidate for process heat applications. This section
therefore concentrates on the comparative economics of HTGR reactors.
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Of the studies available, the analysis conducted in Ref. [68] is selected here as
most fitting into the context of this review, in particular because of the presentation
of cost ranges rather than of a one number assessment. The results of this analysis are
given in Table 30.

Table 30 demonstrates that a first of its kind HTGR is unlikely to be
competitive with the alternative fossil fuel options, with the exception of the
untypical case of a boiler using highly expensive German coal. However, the heat
production cost difference is in the range of 10%, which should normally be
acceptable for a prototype.

Series production HTGRs provide cost savings of some 20% as compared with
their prototype. Accordingly, the nuclear option becomes competitive in general; that
is, the cost of the nuclear option is within the typical cost range of the fossil fuel
options. Depending on whether the fossil fuel cost is closer to the higher or lower end
of the range, HTGRs become more or less competitive.

6.4. CURRENT AND PROSPECTIVE MARKET
6.4.1. Current use of nuclear energy

Table 31 summarizes the global experience with process heat applications, and
shows that nuclear process heat applications are rare.

6.4.2. Prospects for nuclear energy in the near term (2000-2020)

In the near term the main objective is to demonstrate the feasibility of the
nuclear designs most applicable to the supply of process heat, in particular the
concept of HTGRs. Table 32 shows the status of ongoing HTGR projects.

Japan’s 30 MW(th) HTTR, which started power increase tests in 1999 [9, 10],
will be an important milestone in HTGR development. The operation of the HTTR is
expected to test the reactor concept and its applicability to the supply of process heat.

The development of the 114 MW(e) PBMR in South Africa [13, 14], which
could become the first commercially available HTGR reactor, should in particular be
noted. Although the reactor is intended primarily for electricity generation, its concept
is such that it could also be applied to the supply of heat. The implementation of the
PBMR project would provide an additional opportunity for process heat applications.

6.4.3. Prospects for nuclear energy in the long term (2020-2050)
The estimate of the prospects for nuclear energy in the long term follows that

of the other applications. The main ranking principles for process heat applications
are:
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TABLE 30. ESTIMATE OF THE COMPETITIVENESS OF HTGRs [68]

Base construction cost

Heat production cost?

Cost ratio A°¢

Cost ratio B4

Plant si ith int t duri
Plant type ant size (with in eres. e (US cents (1997)/ Best for Worst for Best for ~ Worst for
(MW(th)) construction) (tonne of steam)) nuclear® nuclearf nuclear nuclear
(US $ (1997)/kW(th))?
Nuclear plants
200 MW HTGR 2 %200 2160 12.2 1.00 0.84
(first of its kind)
200 MW HTGR 2 %200 1780 10.3 1.19 1.00
Fossil fuel plants
Heavy oil boiler 400 490 9.9-11.4 1.07 1.23 0.90 1.03
Gas boiler 400 450 8.7-11.7 1.04 1.41 0.88 1.19
Coal boiler with 400 910 15.7 0.78 0.65
domestic (German)
coal
Coal boiler with 400 910 10.4-12.1 1.01 1.18 0.85 0.99

imported coal




€8

Note: The following assumption for the costs of fossil fuels were used in Ref. [68]:

— Heavy oil: 200-250 DM/t = 170-210 US $/t = 4.1-5.1 US $/GJ (a 2.0% real price growth was also assumed).

— Natural gas: 200-300 DM/1000 m? = 170-250 US $/1000 m3= 5.4-7.8 US $/GJ (a 2.0% real price growth was also assumed).
— Domestic (German) coal: 300 DM/t = 250 US $/t = 8.5 US $/GJ (a 0.5% real price growth was also assumed).

— Imported coal: 95-130 DM/t = 80—110 US $/t =2.7-3.7 US $/GJ (a 2.5% real price growth was also assumed).

@ The recalculation from the German currency (DM of 1989) in Ref. [68] to US $ (1997) was carried out using gross domestic product deflators from
Ref. [74]; that is, the conversion is done as cost [US $ (1997)] = cost [DM (1989)] x 1.273/1.5 = cost [DM (1989)] x 0.849, where 1.273 is the DM
escalation factor from 1 January 1989 to 1 January 1997 and 1.5 is the assumed exchange rate of the DM against the US § (1.5 is the average for
1996).

b The costs are levelized production costs calculated using the discount rate of 7.5%; the shown ranges for fossil fuel boilers reflect the assumed range
of fuel prices.

¢ Cost ratio A: first of the kind nuclear vs. others (nuclear cost divided by the cost of other options).

d Cost ratio B: series nuclear vs. others (nuclear cost divided by the cost of other options).

¢ The case with the lowest (i.e. most favourable for nuclear) ratio obtained by using the high value for the fossil fuel price.

f The case with the highest (i.e. least favourable for nuclear) ratio obtained by using the low value for the fossil fuel price.



TABLE 31. EXPERIENCE WITH NUCLEAR PROCESS HEAT APPLICATIONS
[43]

Heat
. . Start of Total power .
Country Unit name  Location operation Status (MW(e) net) delivery
b (MW(th)
Canada Bruce 1 Bruce 1977  Suspended in 1997 848 4202
Canada Bruce 2 Bruce 1977  Suspended in 1995 848
Canada Bruce 3 Bruce 1978  Suspended in 1998 848
Canada Bruce 4 Bruce 1979  Suspended in 1998 848
Germany  Stade Stade 1972 Commercial 640 30
operation
Russian Belojarsk 3 Zarechny 1981  Commercial 560 36
Federation (BN-600) operation
Russian Kola 1 Polyarnie 1973  Commercial 411 3.6
Federation Zory operation
Russian Kola 2 Polyarnie 1975  Commercial 411 3.6
Federation Zory operation
Russian Kola 3 Polyarnie 1982  Commercial 411 3.6
Federation Zory operation
Russian Kola 4 Polyarnie 1984  Commercial 411 3.6
Federation Zory operation
Russian Kursk 1 Kurchatov 1977  Commercial 925 13.9
Federation operation
Russian Kursk 2 Kurchatov 1979  Commercial 925 13.9
Federation operation
Russian Kursk 3 Kurchatov 1984  Commercial 925 13.9
Federation operation
Russian Kursk 4 Kurchatov 1986  Commercial 925 13.9
Federation operation
Russian Leningrad 1 Sosnovy 1974  Commercial 925 16
Federation Bor operation
Russian Leningrad 2 Sosnovy 1976 ~ Commercial 925 16
Federation Bor operation
Russian Leningrad 3 Sosnovy 1980  Commercial 925 16
Federation Bor operation
Russian Leningrad 4 Sosnovy 1981  Commercial 925 16
Federation Bor operation



TABLE 31. (cont.)

Heat
. . Start of Total power .
Country Unit name Location overation Status (MW(e) net) delivery
P (MW(th))
Russian Novovoronezh 3 Novovoronezh 1972 Commercial 385 25
Federation operation
Russian Novovoronezh 4 Novovoronezh 1973  Commercial 385 25
Federation operation
Russian ~ Novovoronezh 5 Novovoronezh 1981  Commercial 950 15
Federation operation
Russian Smolensk 1 Desnogorsk 1983  Commercial 925 16
Federation operation
Russian Smolensk 2 Desnogorsk 1985  Commercial 925 16
Federation operation
Russian Smolensk 3 Desnogorsk 1990 Commercial 925 16
Federation operation
Switzerland Goesgen Goesgen 1979  Commercial 970 25
operation

Note: The data from Ref. [43] have been complemented with the latest statistics from an [AEA
database. Information on NPPs in Ukraine is absent because of the unavailability of the latest
data.

2 The heat came from any of the four Bruce A reactors.

TABLE 32. ONGOING NUCLEAR PROJECTS FOR THE SUPPLY OF PROCESS
HEAT [43]

Heat output

Country Location  Plant/unit name Status (MW(th))
China Beijing HTR-10 Reached criticality 10
in 2000
Japan Oarai HTTR Startup tests started in 1999; 30
full power planned for 2001
France, Japan, — GT-MHR Design 600
Russian Federation,
USA
South Africa — PBMR Design 268
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— The indicator of market structure is assigned 0 for those countries in which the
share of heat intensive industries in the total industrial heat demand is less than
10%; countries with the share equal to or exceeding 50% are assigned 2 (for
comparison, the world average of this parameter is 54%); all other countries are
assigned 1; 1998 data on the structure of heat demand taken from Ref. [67] are
used.

— The indicator of demand pressure is assigned 2 for those countries in which the
average rate of industrial growth (taken from Ref. [75]) in the latest 10 years is
higher than 5%; for countries with industrial growth between 1 and 5% 1 is
assigned; for all others, that is with industrial growth below 1%, 0 is assigned?°.

— The other three indicators — technical basis, economic competitiveness and
public acceptance — are defined as for district heating (see Section 4.4.3).

The total final energy demand is used for weighting. The result of the estimate
is summarized in Table 33 for the 11 world regions. The underlying country by
country estimates can be found in Appendix IX.

The results in Table 33 show the following:

— The prospects for nuclear process heating appear low in LAM, MEA and AFR,
mainly because of the unfavourable market structure (i.e. there is no significant
use of centralized heat supply for industry) and the lack of a technical basis;
they are also low for WEU and PAO because of slow demand growth and
reserved public attitudes.

— For the rest of the world the prospects are ranked as either medium or
high (in CPA); this is more favourable than for district heating, mainly
because there are more opportunities for the combination of demand growth,
the applicability of the market structure and the availability of a technical
basis.

— The high prospects for the CPA region are explained by the expected growth of
industrial demand in China combined with the availability of nuclear
technologies and a positive public attitude.

The most promising countries in each region are shown in Table 34. These
results are similar to those for district heating. However, there are notable differences,

30 It would have been more logical to base the indicator of demand pressure on the
projected growth rates instead of the actual rates for the past decade. Unfortunately, credible
estimates for countries in terms of projected long term industrial growth were not found.
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TABLE 33. LONG TERM (2020-2050) PROSPECTS FOR NUCLEAR

PENETRATION IN PROCESS HEAT SUPPLY

Indicator
Region Market  Demand  Technical Economic Public Total
structure  pressure basis competitiveness  attitude

NAM 2.00 1.00 2.00 1.00 1.00 1.40
(medium)

LAM 0.00 1.03 1.55 0.00 0.84 0.68

(low)

AFR 0.00 0.68 0.52 0.65 0.52 0.47
(negligible)

MEA 0.00 0.69 0.48 0.69 0.78 0.53
(negligible)

WEU 0.50 0.19 1.73 1.00 0.73 0.83

(low)

EEU 1.49 0.52 1.56 1.00 0.94 1.10
(medium)

FSU 1.46 0.00 1.77 0.92 0.90 1.01
(medium)

CPA 1.87 1.94 1.93 0.99 1.91 1.73

(high)

SAS 0.00 2.00 1.84 0.99 1.84 1.33
(medium)

PAS 0.00 1.70 1.31 0.98 1.19 1.03
(medium)

PAO 0.00 0.19 1.62 1.00 0.81 0.72

(low)

Total 1.02 0.91 1.70 0.90 1.09 1.12
(medium)

in particular the medium rating for many countries in WEU, notwithstanding the
overall low rating for the region. This is largely because of the relatively high share
of heat intensive industries in these countries and a sufficient technical basis.

87



TABLE 34. COUNTRIES WITH THE HIGHEST PROSPECTS FOR NUCLEAR
PENETRATION IN PROCESS HEAT SUPPLY

Indicator
Region/ . . .
Market Demand Technical Economic Public Total
country . .. .
structure  pressure basis competitiveness  attitude
NAM
Canada 2 1 2 1 1 1.4 (medium)
USA 2 1 2 1 1 1.4 (medium)
AFR
South Africa 0 0 2 1 2 1.0 (medium)
WEU
Austria 2 1 1 1 0 1.0 (medium)
Belgium 1 0 2 1 1 1.0 (medium)
Denmark 2 1 1 1 0 1.0 (medium)
Finland 0 1 2 1 1 1.0 (medium)
France 0 0 2 1 2 1.0 (medium)
Netherlands 0 1 2 1 1 1.0 (medium)
Norway 2 2 1 1 1 1.4 (medium)
Portugal 2 0 1 1 1 1.0 (medium)
Spain 1 0 2 1 1 1.0 (medium)
Switzerland 2 0 2 1 1 1.2 (medium)
EEU
Bulgaria 2 0 2 1 1 1.2 (medium)
Hungary 2 0 2 1 1 1.2 (medium)
Poland 2 1 1 1 1 1.2 (medium)
Romania 2 0 2 1 1 1.2 (medium)
FSU
Belarus 0 1 1 1 1.0 (medium)
Lithuania 2 0 2 1 1 1.2 (medium)
Russian 2 0 2 1 1 1.2 (medium)
Federation
CPA
China 2 2 2 1 2 1.8 (high)
Viet Nam 0 2 1 1 1 1.0 (medium)
SAS
India 0 2 2 1 2 1.4 (medium)
Pakistan 0 2 2 1 2 1.4 (medium)
PAS
Indonesia 0 2 1 1 1 1.0 (medium)
Korea, 0 2 2 1 2 1.4 (medium)
Republic of
Thailand 0 2 1 1 1 1.0 (medium)
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7. SHIP PROPULSION

7.1. MARKET CHARACTERIZATION
7.1.1. Market size

The supply of energy for transportation is an important part of the total energy
market. The transportation sector’s global share of total final energy is 25% [3].
However, nuclear technologies are presently applicable only to a small segment of
this market — international and national seaborne transportation. The global size of
this segment is relatively small, about 10% of the energy demand for transportation
(see Fig. 17).

However, the estimate of importance based on the share of energy may in this
case be misleading, as the economic importance of the service is more adequately
reflected by the amount and value of the goods transported than by the amount of
energy consumed during its transportation®!. Moreover, the transportation market
varies in its importance in different regions, so the regional specifics must be an
important consideration in a market analysis.

It would therefore be more appropriate to characterize the size of the market
and expected trends by, for example, the amount of transported goods in tonne-miles

Internal navigation Other
Pipeline (2%)

(2 /o \
Rail

(3%)

Aviation

(1%)
/ (1 30/0

Road
(79%)

FIG. 17. Breakdown of the world's transportation energy by use in 1996 [67].

31 This does not apply to icebreakers. They represent an important but small and very
specific part of the world ship fleet.
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(to characterize the expected trends in demand) and by fleet capacity (to characterize
the supply side). The development trends of these two characteristics over the past ten
years are shown in Figs 18 and 19. In addition, the current structure of the world fleet,
broken down by world regions, is given in Table 35; relevant country by country data
can be found in Appendix X.

Figures 18 and 19 show seaborne transportation growing in importance. They
also indicate that two services, the transportation of oil and oil derivatives and the
transportation of grain, coal and iron ore, account for a major portion of the market;
the use of nuclear powered ships can therefore be considered for these services.
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FIG 18. World seaborne trade of main bulk commodities in billion tonne-miles [76].
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| Oiltankers ®Ore and dry bulk carriers O Other |

FIG. 19. Development of the world ship fleet 1974—1995 [76].
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TABLE 35. CHARACTERIZATION OF THE WORLD SHIP FLEET
(1995 data [76] in millions of gross tonnes (MGT))

Region Oil tankers Other ships? Total
NAM 10.9 43 15.2
LAM 103.9 11.5 115.4
AFR 53.0 6.8 59.8
MEA 6.3 1.1 7.4
WEU 119.8 22.5 142.3
EEU 5.4 0.8 6.2
FSU 14.2 7.7 21.9
CPA 244 1.4 25.7
SAS 6.4 0.7 7.1
PAS 43.9 43 48.2
PAO 17.1 6.0 23.1
Not specified by region 13.6 4.8 18.3
Total 418.8 71.7 490.6

2 For example passenger ships and icebreakers.

In addition to fleet capacity, it is important to identify the main routes of
transportation. Tables 36 and 37, respectively, show the main routes for two important
types of transported goods: all goods transported by combined and bulk carriers and
the transportation of oil and oil products.

7.1.2. Market features

The following features characterize the market for ship propulsion.
7.1.2.1. Typical size

As for other nuclear installations, the effect of scale is important for nuclear
powered ships. It can be expected that nuclear propulsion would be most feasible for
relatively large ships, with a size of 10 000 to 100 000 GT.
7.1.2.2. Transportation mode and reliability

The usual transportation requirements are valid for the transportation of goods

and passengers. All-year round transportation is typically needed, with the important
exception of deliveries into areas in which access has seasonal variations (e.g. the
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TABLE 36. INTERREGIONAL TRANSPORTATION OF GOODS BY COMBINED AND BULK CARRIERS

(1994 data [76] in thousands of tonnes)

To
F N h North h
rom UKW Mediterranean Other Africa ort. Sout. Asia Australia Total
Europe? Europe America America

UK/NW Europe 1120 410 930 3 140 690 250 6270 110 12 920
Mediterranean 1350 620 310 300 90 — 1930 50 4 650
Other Europe 16 230 1 760 3160 1370 2 500 50 8 830 1230 35130
Africa 22210 10 890 19 520 3 850 2220 9 620 22 190 580 91 080
North America 45 530 15610 17 250 9980 9210 50 970 50 990 8710 208 250
South America 65 780 16 600 13 050 19 060 2240 33 360 40 700 9 300 200 090
Asia 8120 3170 1910 2 680 1 240 26 540 28 660 350 72 670
Australia 33 330 7 890 7 150 3080 4 660 116 650 71 010 5950 249 720
Total 193 670 56 950 63 280 43 460 22 850 237 440 230 530 26 280 874 510

2 NW Europe: northwest mainland Europe.
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TABLE 37. INTERREGIONAL TRANSPORTATION OF OIL AND OIL PRODUCTS

(1994 data [76] in thousands of tonnes)

To
South and
From USA Canada Mexico Central OECD Africa Aust.ral- China Japan Asia Others Total
. Europe asia
America

USA — 4.0 5.9 12.3 8.5 — 1.1 0.7 1.4 7.7 3.7 453
Canada 60.7 — — 0.1 0.2 — — — — 0.3 4.0 65.3
Mexico 49.0 1.0 — 5.2 10.1 — — — 4.4 — 0.9 70.6
South and 107.8 3.7 2.6 — 12.8 1.1 — — 0.5 3.7 — 132.2

Central America
OECD Europe 41.9 17.5 — 4.0 — 7.0 — 0.2 0.1 5.8 12.3 88.8
FSU 1.5 0.1 — 2.7 81.6 0.4 — 1.4 0.4 44 323 124.8
Non-OECD 0.2 — — — 4.9 — — 0.1 — 0.2 0.8 6.2

Europe
Middle East 90.2 5.6 — 31.8 188.6 29.8 10.8 54 205.7 230.7 19.6 818.2
North Africa 14.3 1.4 — 1.5 97.3 3.5 — — 0.9 3.9 8.0 130.8
West Africa 60.6 3.6 — 12.9 50.3 0.5 — 0.5 1.0 3.6 0.1 133.1
East and — — — — — — — — — 0.2 — 0.2

South Africa
Australasia 0.9 — — — — — — 0.1 4.1 7.0 — 12.1
China 33 — — — — — — — 12.7 6.0 0.4 22.4
Japan — — — — — — — 0.7 — 5.9 — 6.6
South Asia 0.1 — — — 0.1 — — 0.2 1.1 0.4 — 1.9
Other Asia 8.9 0.1 — — 1.9 0.2 8.7 17.4 453 4.7 — 87.2
Others 1.5 0.6 — 30.3 — 0.9 — — 0.6 — 33.9
Total 440.9 37.6 8.5 70.5 486.6 42.5 21.5 26.7 277.6 285.1 82.1 1779.6




north of the Russian Federation). For icebreaking, however, ships are used only
during the required navigation period. High reliability is required in both cases, as the
costs of delays may be high.

7.1.2.3. Impact of specific nuclear considerations

The specifics of nuclear powered ships have important implications. Two
factors should be noted in particular. Firstly, a reactor for ships is a nuclear object in
which all pertinent nuclear safety standards must be ensured [77]. Secondly, a strict
set of requirements must be complied with in every port that intends to receive
nuclear powered ships [77]. The second factor is a highly significant one, as it
imposes constraints on port infrastructure.

7.1.2.4. Market competitiveness

Nuclear powered cargo ships are not considered competitive at present, both for
economic and non-economic reasons. The several nuclear powered cargo ships built
and tested have already been decommissioned, primarily for economic reasons, as
petroleum derivatives are cheap enough to make competition with them in this
specific area very difficult. Moreover, the market is known to be very competitive,
even without the consideration of nuclear energy. Increasing ship sizes, fleet
overcapacity and the possibility of using flags of convenience create incentives for
keeping prices as low as possible [78]. Therefore, although there are price changes
and the prices largely vary between regions and the type of service, there is no visible
trend to price growth over time [78].

This is aggravated by the impact of the above mentioned nuclear safety
considerations, which put nuclear powered ships at a disadvantage. Nuclear
competitiveness is substantially higher for those specific situations in which the
principal advantage of nuclear power (i.e. a long operating time without refuelling) is
of the highest importance. Such situations occur when there is a need to provide
transportation to remote areas, especially those that are difficult to reach because of
ice hindered navigation, because both the need for transportation and the need for
icebreaking are favourable to using nuclear propulsion. The north of the Russian
Federation is a typical example, in which, in addition, there are ports that have
nuclear supporting infrastructure and there is sufficient experience in ensuring
nuclear safety.

7.1.3. Market potential for nuclear penetration
It is reasonable to assume that the market segments mostly applicable to nuclear

powered ships would be those for large oil tankers, large cargo ships and icebreakers.
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Based on this market characterization, two estimates of the market potential for nuclear
powered ships can be made. The low estimate is based on the following assumptions:

— Only the ships in the fleets of the countries that currently use nuclear energy are
considered as potentially replaceable by nuclear powered ships (this reflects the
need to handle the issues of nuclear safety, which are much easier to comply
with in countries that have already done so for NPPs).

— Nuclear powered ships are used only as oil tankers or cargo ships (icebreakers
are thus disregarded).

— Only the medium sized part of the total fleet is considered: ships of the size of
10 000 to 40 000 deadweight tonnage (dwt) for oil tankers and 10 000 to 60 000
dwt for cargo ships (this reflects the assumption that larger nuclear powered ships
are likely to enter the market only after a successful application of smaller ones).

— The average size of nuclear powered ships is assumed to be 15 000 dwt (close
to the parameters of the Otto Hahn).

For the upper estimate, the low estimate is expanded as follows:

— All countries are included (note that this assumption may somewhat exaggerate
the high assessment; for example, it implies that even small countries offering
flags of convenience would be able to operate nuclear powered ships).

— All sizes are included.

— The average size of nuclear powered ships is assumed to be 100 000 t
displacement (much larger than any nuclear powered ship constructed to date).

— As before, only oil tankers and cargo ships are considered; the use of
icebreakers is not considered because of the lack of data and the highly specific
pattern of their use; as the size of this market segment is relatively small, this
assumption cannot influence the global estimate significantly.

The results of the estimates (based on country data, as shown in Appendix X)
are given in Table 38. These results lead to the obvious conclusion that the market is
very large. The potential number of nuclear powered ships would be measured in
thousands even for the conservative, low assessment, which is equivalent to nuclear
powered ships occupying 7% of the market. Thus considerations other than market
saturation would determine the use of nuclear energy in ship propulsion.

7.2. POTENTIAL NUCLEAR SOLUTIONS

Technologies for nuclear powered ship propulsion exist; in fact, the application
of nuclear energy for military submarines was the first application of nuclear energy:
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TABLE 38. ESTIMATE OF THE MARKET POTENTIAL FOR NUCLEAR
POWERED SHIP PROPULSION
(based on 1995 data [76])

Low estimate High estimate
Nuclear Number  Nuclear Number
Region Total share of Mérket of nuclear  share of Mz?rket of nuclear
fleet total s1ze powered total s1ze powered
(MGT) market (X(t(l)gggg(e};) ships market (X(t;)(r)l(r)lggé?r) ships
(%) needed? (%) needed®
NAM 15.2 25 3798 253 72 10 879 109
LAM 115.4 0 0 0 90 103 864 1039
AFR 59.8 0 0 0 89 53043 530
MEA 7.4 0 0 0 85 6317 63
WEU 142.3 5 7 060 471 84 119 824 1198
EEU 6.2 5 300 20 87 5425 54
FSU 21.9 25 5449 363 65 14 154 142
CPA 25.7 27 6939 463 95 24 373 244
SAS 7.1 31 2202 147 90 6 447 64
PAS 48.2 11 5480 365 91 43 878 439
PAO 23.1 22 5127 342 74 17 083 171
Not specified  18.3 0 0 0 0 0 0
Total 490.6 7 36 356 2424 83 405288 4053

8 Assuming 15 000 GT nuclear powered ships.
b Assuming 100 000 GT nuclear powered ships.

pressurized water reactors are usually used. Table 39 presents the reactor designs
known to have been used for ship propulsion in the past.

The use of nuclear icebreakers by the former USSR was the first civil
application of nuclear powered ship propulsion. The design of civil nuclear
icebreakers started in 1953 based on the technical solutions of naval NPPs [79]. The
first nuclear icebreaker, the Lenin, which was launched in 1959, operated successfully
for 30 years. In total, nine nuclear icebreakers have been built in the former USSR.
The last one, the Ural, was launched at the end of 1993.

Three other countries have built and operated nuclear powered civil on-surface
ships: the USA, Germany and Japan. Their three merchant ships were the Savannah,
Otto Hahn and Mutsu, respectively (see Table 40), and were all equipped with PWRs
with cluster type elements containing slightly (4.0-4.4%) enriched UO, fuel and with
the containment around the reactor cooling system.
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TABLE 39. NUCLEAR REACTOR DESIGNS FOR SHIP PROPULSION

Country/name/type of ship

Russian Federation/ USA/ Japan/
Lenin/icebreaker Savannah/ Germany/ Mutsu/
NSS NSS cargo and orto Ha%m/ special
ore carrier
(OK-150) (OK-900)* passengers cargo
Year of start of construction 1956 1958 1963 1968
Year full power achieved 1959 1970 1962 1968 1990
Year retired 1966 1989 1971 1979 1992
Number of reactors and 3 x90 (2 x 160%) 1x76 1 x38 1 x36
gross thermal power (MW)
Core diameter (cm) 100 121 157.6 112 114.6
Core height (cm) 160 100 167.6 115 104
Number of fuel elements 7 704 11 253 5248 3128 3584
Power density (kW/1) 72 163 23 33 335
Average burnup (MW-d/t U) 12 000 — 7300 7260 5530
Fuel material uo, U-Zralloy UO, uo, uo,
Number of coolant loops 2 4 2 3 2
Reactor pressure (bar) 200 130 123 63.5 110
Coolant temperature 248/325 272/318 257/271 267/278 271/285

(entry/exit) (°C)

@ Following modernization of the nuclear steam supply system.

TABLE 40. PARAMETERS OF CIVILIAN NUCLEAR POWERED SHIPS

Country/name/type of ship
USA/Savannah/  Germany/

Rus51f1n.Federat10n/ cargo and Otto Hahn/ Japar‘l/Mutsu/
Lenin/icebreaker . special cargo
passagers ore carrier

Length (m) 134 182 172 130
Width (m) 27.6 23.8 234 19.0
Cargo (t) 16 000 9 400 14 000 2 400
Gross tonnage — 15 600 16 900 8200
Service speed (knots?) 18 20 16 16.5
Shaft horsepower 44 000 22 000 10 000 10 000

21 knot = 1 nautical mile per hour (1.852 km/h).
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These ships demonstrated the technical feasibility of nuclear powered ship
propulsion. For example, the Otfo Hahn operated for about 11 years and fulfilled all
expectations with respect to safety and reliability. The ship conducted 58 research
trips and 73 cargo trips, with a total distance covered of over 1 million km. The total
fuel consumption was 64 kg of 233U. In the period of operation, 153 reactor scrams
occurred, of which 83 happened in the startup phase. Two fuel reloads were
implemented: one in 1972—-1973 and one in 1979 [80].

7.3. ECONOMIC COMPETITIVENESS

For nuclear powered ship propulsion to occupy a noticeable place in the
market, economic competitiveness must be ensured. Although it is not necessary that
the first, pioneering designs be competitive, a clear indication of economic
advantages in the foreseeable future must be present. In this respect the experience
with nuclear powered ships has not been good. Three cargo ships have been tested,
which demonstrated the technical feasibility of nuclear powered ship propulsion
successfully. However, they also demonstrated that their operation was not
considered economic. It is notable that the German and Japanese ships were
decommissioned after the period of the oil crises, so even the increased fuel costs of
conventional ships did not help to make nuclear powered ships economically
attractive.

For example, the Otto Hahn provided a high availability (350 000 miles
(563 000 km) with its first load and more than 600 000 miles (965 000 km) in total).
However, the earnings per cargo were about 2 million DM/a, while the operating
costs amounted to 10 million DM/a [81].

A large part of the economic losses could be attributed to the pilot status of
these projects. For the Savannah it is estimated that while the whole subsidy for the
ship was slightly above US $2 million, some US $1.9 million should be attributed to
her first of the kind status. For comparison, the oil crises in 1973 and 1979 caused
similar (of the order of US $2 million) increases in the annual costs of running an oil
powered ship of a similar size. Nevertheless, the potential economic advantages of
nuclear powered ships were not proved.

In the future it will be necessary to conduct a study of economic competitiveness
for every new nuclear propulsion project under consideration. No such recent studies
applicable to this review have been found, but it is interesting to quote the results of
an analysis prepared in the 1960s, when the future of nuclear powered ship propulsion
looked very promising [82]. The study was aimed at the determination of cost targets
for nuclear powered ships. It concluded, contrary to several more optimistic
assessments at the time, that “attainable costs of nuclear fuel and machinery do not
appear to be low enough to make nuclear propulsion... commercially competitive in
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merchant ships within the foreseeable future”. It was estimated that to achieve
competitiveness the costs of nuclear equipment should be not more than 25 to 50%
higher than for conventional equipment. If this could not be achieved with existing
reactor concepts, new concepts should be looked for. As noted, the study is old, but the
subsequent history confirmed its conclusions — and they may still hold.

The use of liquid hydrogen derived from nuclear power by electrolysis can be
envisaged as an alternative to direct nuclear propulsion.

7.4. CURRENT AND PROSPECTIVE MARKET
7.4.1. Current use of nuclear energy

As noted, there is experience with the use of nuclear powered ships in two civil
applications: icebreakers and cargo ships. Four countries have implemented such
programmes: Germany, Japan, the Russian Federation and the USA. Russian nuclear
icebreakers and the cargo ship the Sevmorput are currently being operated; there are
no nuclear powered cargo ships in operation in other countries.

In the Russian Federation nuclear powered icebreakers provide year round
navigation in the western sector of the Arctic. Continuous power operation of the
reactors has been as long as 10 000 h [79]. The operating record of the icebreaker the
Arctica without a replacement of equipment exceeds 140 000 h. This operation has
been successful and accident free [79]. The main parameters of Russian icebreakers
are shown in Table 41.

7.4.2. Prospects for nuclear energy in the near term (2000-2020)

At present only the Russian Federation and Japan are conducting active studies
for the development of civil ship reactors. The Russian Federation has one icebreaker
under construction (the 50 Years of Victory); in addition, advanced concepts based on
the use of KLT-40 designs are being considered. The JAERI in Japan is designing two
types of improved reactor: the marine reactor X for icebreakers and the deep-sea
reactor X for deep water investigations [83, 84].

In consequence of the insufficient economics, the near term tasks for nuclear
propulsion are:

— To sustain the current place in the market (icebreakers and a cargo carrier in the
Russian Federation);

— To demonstrate other projects in which nuclear powered ship propulsion could
become competitive, either owing to general factors (e.g. new competitive
designs) or special situations (e.g. expensive alternative fuels).
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TABLE 41. PARAMETERS OF RUSSIAN NUCLEAR POWERED
ICEBREAKERS [24]

Length Power Ice
Ship Launched (beWeen Draught Displacement capacity breakipg
perpendiculars)  (m) (1) capacity
(MW)
(m) (m)
Constructed
Lenin 1959 134 9.6 17 280 324 1.7
Arctica (Arctic) 1975 136 10.1 23 440 49 2.3
Sibir (Siberia) 1978 136 10.1 23 440 49 2.3
Rossiya (Russia) 1985 136 10.7 25100 49 2.5
Sovetski Soyuz 1989 138 10.7 25100 49 2.5
(Soviet Union)
Yamal 1992 160 11 — 63 2.7-2.9
Taimyr 1990 150 8.1 18 500 355 1.8
Vaigach 1990 150 8.1 18 500 355 1.8
Sevmorput 1988 230 11.8 61 800 29 —
(cargo ship)
Under construction
50 Years of Victory — 160 10.8 25 165 55 2.7

Expecting more progress in the near term is not realistic. On the other hand,
these objectives, if successfully achieved, could provide the basis for more ambitious
tasks.

7.4.3. Prospects for nuclear energy in the long term (2020-2050)

The longer term prospects can be speculated upon, but they are strongly
dependent on the actual developments of 2000 to 2020. The results of the evaluation
are therefore less meaningful than similar assessments in other sections of this report.

With respect to the possible use of nuclear powered ship propulsion, two main
branches of the market should be distinguished: (a) transportation (both passenger
and cargo) by nuclear powered ships and (b) nuclear icebreakers2. For the first

32 There is also a possibility of the civil use of nuclear submarines, in particular for fossil
fuel transportation. This innovative application is addressed in Section 9.
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branch petroleum products are the predominant energy source for nuclear energy to
compete with. In the second one nuclear icebreakers have been used, in particular in
the Russian Federation. The larger penetration into the second sector is explained by
the fact that in this specific area the nuclear advantages (in particular a long operating
time without refuelling) are substantial, which makes it more difficult for the other
technologies to compete.

The market estimates for ship propulsion are different for the two branches
mentioned above. In transportation the estimate should be based on the number of
passengers and the amount of goods that could be potentially transported by nuclear
powered ships. As the amount of passengers and goods is difficult to estimate, a rough
estimate can be based on the existing capacities of the ship fleet. For icebreakers the
potential routes and navigation duration play an important role.

However, for a rough qualitative estimate the difference between these two
branches of the market can be disregarded. Such a qualitative estimate of the long
term market potential for nuclear powered ship propulsion is shown in Table 42;
detailed information can be found in Appendix XI. The estimate was done as for the
other applications; the weighting coefficients in this case were the total tonnage of the
registered fleet taken from Ref.[76]. The following principles were used for
assigning the indicators:

— The indicator of market structure is assigned 2 for those countries in which two
conditions exist: the capacity of the cargo fleet (including oil tankers) is larger
than 1000 MGT and there are operating NPPs in the country (the first condition
reflects the consideration that only a rather large size of fleet would make
nuclear penetration desirable; the second one reflects the need for supporting
infrastructure, which is much easier to provide in those countries that already
have a nuclear infrastructure); 1 is assigned for countries that use nuclear
energy and in which the cargo fleet capacity is between 100 and 1000 MGT;
0 is assigned for all the others.

— The indicator of demand pressure is assigned 1 for all those countries, in
accordance with Ref. [76], in which there is a registered cargo fleet; 0 is
assigned for all the others.

— The indicator of technical basis is assigned 2 for the four countries in which
civilian nuclear powered ship propulsion has been used, that is Germany, Japan,
the Russian Federation and the USA; 1 is assigned to all the countries operating
NPPs; 0 is assigned otherwise.

— The indicator of economic competitiveness is assigned 1 for the Russian
Federation and Japan, in which there is either a positive experience (Russian
icebreakers) or an expectation of success (a new Japanese design study); 0 is
assigned in all the other cases.

— The indicators of public acceptance are as defined in Appendix II.

101



The results in Table 42 show the following:

— The world average prospects are ranked as negligible, which reflects the
existence of several large regions in which the prospects are determined as
negligible: LAM, AFR, MEA and PAS.

TABLE 42. LONG TERM (2020-2050) PROSPECTS FOR CIVILIAN NUCLEAR
POWERED SHIP PROPULSION

Indicator
Region Market ~ Demand  Technical Economic Public Total
structure ~ pressure basis competitiveness  attitude
NAM 2.00 1.00 1.84 0.00 1.00 1.17
(medium)
LAM 0.10 1.00 0.06 0.00 0.07 0.25
(negligible)
AFR 0.00 1.00 0.00 0.00 0.00 0.20
(negligible)
MEA 0.00 1.00 0.00 0.00 0.95 0.39
(negligible)
WEU 0.36 1.00 0.24 0.00 0.57 0.43
(negligible)
EEU 1.03 1.00 0.62 0.00 1.00 0.73
(low)
FSU 1.84 1.00 1.63 0.69 0.94 1.22
(medium)
CPA 1.32 1.00 0.66 0.00 1.32 0.86
(low)
SAS 2.00 1.00 1.00 0.00 2.00 1.20
(medium)
PAS 0.79 1.00 0.27 0.00 0.69 0.55
(negligible)
PAO 1.73 1.00 1.73 0.86 0.86 1.24
(medium)
Total 0.56 1.00 0.39 0.07 0.51 0.51
(negligible)
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— The low ranking of the listed regions is understandable, especially in view of
the absence of the supporting infrastructure that would be required for
constructing and even receiving nuclear powered ships (e.g. nuclear safety
regulation and port licensing).

— Despite the low global prospects, the prospects for nuclear powered ship
propulsion are ranked as relatively high (i.e. medium) for the regions in which
the existing experience with the use of nuclear energy is combined with large
fleet capacities: NAM (mostly the USA), FSU (mostly the Russian Federation),
SAS (India and Pakistan) and PAO (Japan).

— There are also two regions ranked as low (EEU and CPA (mostly China)); in
these regions either an unfavourable public attitude or an insufficient technical
basis drove the estimate lower than medium, but it is still higher than
negligible, in particular in CPA.

Countries in which the use of nuclear powered ship propulsion appears
promising in the long term are shown in Table 43. To a large extent, the countries with
the highest prospects are the same countries that appear promising for the other non-
electric applications (see Sections 4—6), but the level of ranking is in general lower
than for the other applications because of the more demanding character of nuclear
powered ship propulsion.

8. SPACE APPLICATIONS

8.1. MARKET CHARACTERIZATION

It should be noted that the term ‘market’ has a limited meaning in the area of the
application of nuclear power in space. Agencies involved in space exploration and its
use are usually either State owned or include significant governmental participation.
Although economic considerations are therefore certainly part of decision making,
space exploration does not operate as a free market; this is particular true for those
applications that are potentially most feasible for the use of nuclear energy.

It should also be noted that this report deals only with the applications of
nuclear reactors, and hence radioisotope thermoelectric generators (RTGs) are not
considered here, although they are a widely used space application of nuclear energy.

8.1.1. Market size and potential for nuclear penetration
An energy source for a spacecraft must provide energy for the spacecraft’s

launch and operation, which is propulsion energy and usually electricity,
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TABLE 43. COUNTRIES WITH PROSPECTS FOR CIVILIAN NUCLEAR
POWERED SHIP PROPULSION

Indicator
Region/ . . .
Market Demand Technical Economic Public Total
country . .. .
structure  pressure basis competitiveness  attitude
NAM
Canada 2 1 1 0 1 1.0 (medium)
USA 2 1 2 0 1 1.2 (medium)
LAM
Brazil 2 1 1 0 1 1.0 (medium)
WEU
France 2 1 1 0 2 1.2 (medium)
Germany 2 1 2 0 0 1.0 (medium)
Netherlands 2 1 1 0 1 1.0 (medium)
UK 2 1 1 0 1 1.0 (medium)
EEU
Romania 2 1 1 0 1 1.0 (medium)
ESU
Russian 2 1 2 1 1 1.4 (medium)
Federation
Ukraine 2 1 1 0 1 1.0 (medium)
CPA
China 2 1 1 0 2 1.2 (medium)
S48
India 2 1 1 0 2 1.2 (medium)
PAS
Korea, 2 1 1 0 2 1.2 (medium)
Republic of
Taiwan, China 2 1 1 0 1 1.0 (medium)
PAO
Japan 2 1 2 1 1 1.4 (medium)
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respectively. For propulsion energy chemical fuels are presently used; the use of
nuclear energy was under consideration for a long time (e.g. for the US Rover
programme of 1955 to 1973 [85]), but it has not been successful. For electricity the
possible energy sources are solar cells, chemical fuel cells, rechargeable batteries (in
combination with the others) and nuclear energy, produced either by RTGs or by
nuclear reactors.

For a discussion of the potential role of nuclear energy, it is useful to structure
the market for space services into three main segments:

— Earth orbit applications (energy for launching and operating satellites);
— Energy supply to space stations (mainly electricity);
— Energy for outer space missions (for short, medium and long durations).

Non-nuclear energy sources have been extensively and successfully used for
the first two applications and, to a lesser extent, for short duration outer space
missions. However, they have limitations with respect to load weight (i.e. the required
power) and mission duration (the period of reactor operation). Permanent and
sufficient exposure to sun is needed for solar cells; the size of the solar panels
increases significantly with an increase in the power level needed. Chemical fuels are
not rechargeable and, owing to the low energy content of the fuel, cannot support the
load requirements for long duration missions.

RTGs are the nuclear sources that have been used successfully, but they
have limited power: achieving loads beyond 1 kW(e) is difficult; beyond this
level nuclear reactors become preferable. Nuclear reactors can provide higher
power levels over a wide range and, owing to the extremely high energy
content of nuclear fuel, can provide the load requirements for long duration
missions.

Thus the most suitable market for nuclear reactors is that for missions that
require high power levels and/or long operating times. For low level and short
duration applications, non-nuclear energy sources are available and considered
preferable. Figure 20 shows the potential area of nuclear space applications
graphically.

An important implication of this, in terms of market size, is that medium and
long duration missions are not numerous. In contrast with the thousands of Earth
orbiting satellites launched, each outer space mission is unique and specifically
planned. Although the market terminology is still therefore retained here for
uniformity, the applications of nuclear energy in space are of a non-market character
and it is not justified to make assessments of the market size in the same sense as for
the nuclear applications reviewed in the previous sections. Outer space exploration is
not at present driven by profit considerations. This may change in the future, but not
in the short term.
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FIG. 20. Market for various energy sources in space [86]. This figure is taken from the
electronic version of Ref. [86].

8.1.2. Market features
8.1.2.1. Typical power ranges

Table 44 presents the key requirements for nuclear powered missions. It
shows that power levels of 10 to 200 kW(e) would be required, depending on the
mission.
8.1.2.2. Supply duration

The requirements of long duration operations are important, because it is for

long duration missions that nuclear energy becomes the energy source of preference.
Lifetimes of 10 years or more may be required, as shown in Table 44.
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TABLE 44. KEY REQUIREMENTS FOR POTENTIAL NUCLEAR POWERED

SPACE MISSIONS [87]

Mission

Key requirements

Near-Earth applications

Military applications (surveillance,

communications,

jamming devices)
Verification of treaties
Anti-collision aircraft radar
Commercial applications

(electronic communications,

television broadcast)
Environmental monitoring

Solar system exploration

Neptune orbiter/probe
Pluto orbiter/probe
Uranus orbiter
Jupiter grand tour
Rendezvous

Comet sample/return

Lunar—Martian exploration

First lunar outpost
Enhanced outpost
Mars stationary (600 d)
Mars in situ resources
Mars comsats

1040 kW, lifetime 7-10 years

Up to 40 kW, lifetime 7-10 years
2040 kW, lifetime 7-10 years
25-100 kW

>10 kW, lifetime 7-10 years

Payload 1.8 Mg, 100 kW, power system mass 3.7 Mg
Payload 1.4 Mg, 56 kW, power system mass 2.8 Mg
Payload 1.4 Mg, 100 kW, power system mass 3.7 Mg
Payload 1.4 Mg, 58 kW, power system mass 2.9 Mg
Payload 1.4 Mg, 40 kW, power system mass 2.35 Mg
Payload 1.8 Mg, 100 kW, power system mass 3.7 Mg

>12 kW
>200 kW
75-150 kW
>200 kW
20 kW

8.1.2.3. Supply reliability

Spacecraft require highly reliable energy sources, as, unlike land based
facilities, their repair may not be possible and important information and/or materials
may be permanently lost as a result of a failure.
8.1.2.4. Impact of specific nuclear considerations

As with other nuclear applications, it is crucially important to ensure nuclear

safety [88]. In addition to the usual requirement of ensuring the absence of
inadvertent criticality during reactor operation, two phases of space missions are of
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particular importance: launching and, if required, return to the Earth. An incident with
a release of nuclear fuel would be especially dangerous in the latter case, as it could
lead to a release of the highly radioactive fission products accumulated in nuclear
reactors during the mission. Such accidents are known, in particular two accidents
with satellites equipped with nuclear reactors have occurred: Cosmos 954 in 1978 and
Cosmos 1402 in 1983. Their consequences, especially the fallout of reactor debris
over a large area in Canada after the 1978 accident, reinforced the primary
importance of nuclear safety [89].

8.2. POTENTIAL NUCLEAR SOLUTIONS

Various designs are applied to the applications of nuclear energy in space.
Figure 21 shows the main types of nuclear reactor structured into two main groups:
propulsion energy and electricity production.

Of these possible designs, two types should be noted as the most advanced [87]:

— Thermionic technology (used in the TOPAZ reactors in the Russian

Federation);
Nuclear reactors for
space applications
Electricity Energy for
generation propulsion
Static systems Dynamic systems Thermal propulsion Electric propulsion
Thermoelectric Thermionic Rankine cycle Brayton cycle Stirling cycle

FIG. 21. Classification of nuclear systems for space applications.
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— Thermoelectric technology (used in the SP-100 project in the USA)33.

There have been recent advances in heatpipe reactor systems, for heatpipe
power systems (HPS) and heatpipe bimodal systems (HBS) [28, 29]. They can use
both thermoelectric and thermionic technologies as a primary energy source.

Some representative parameters of the most advanced projects are shown in
Table 45.

8.3. ECONOMIC COMPETITIVENESS

As has been noted, the market for space services can only conditionally be
called a market; nevertheless, economic considerations play an important role. The
costs of non-nuclear applications are well established (although not necessarily
openly disclosed); the task of proving economic efficiency therefore exists for
nuclear energy sources unless the mission is definitely of a non-commercial nature.

The longer the mission, the greater the potential advantage of nuclear energy,
owing to the high energy concentration of nuclear energy and the consequent low
weights that can be achieved.

Only limited information on the costs of the latest nuclear projects is available
at present. Moreover, such information is somewhat questionable because of the
relative immaturity of these projects. As an example, an estimate for the development

TABLE 45. CHARACTERIZATION OF SOME NUCLEAR REACTOR
PROJECTS FOR SPACE APPLICATIONS

Project Key parameters

RORSAT reactors ~1-2 kW(e), <100 kW(th), power system mass <390 kg [90]
TOPAZ 1 reactor 5-6 kW(e) [87]

TOPAZ 11 reactor ~6 kW(e), 115-135 kW(th), power system mass 1061 kg [87]
SP-100 reactor ~100 kW(e) (reference value assuming 10 units of 10 kW(e),

power may vary between 10—15 000 kW(e), depending on the
number of units), 2500 kW(th), power system mass 4600 kg [87]

HPS/HBS systems ~10-1000 kW(th) [29]

33 Thermionic technology is based on the use of ion emission from a nuclear heated
cathode; thermoelectric technology is based on the use of the current generated by a
temperature difference between two ends of a conductor, one of them being nuclear heated.
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of a HPS or a HBS [28] can be cited (sece Table 46). It is estimated that the
development, manufacturing and testing of the first flight ready reactor would take 5
to 6 years and cost up to US $100 million; this figure is a factor of three to four times
higher than shown in Table 46, as it is assumed to account for all the uncertainties
associated with the development of the applications in space of nuclear energy. It is
important to note that manufacturing is anticipated to be carried out mainly in the
Russian Federation, so the costs are lower than they would be for similar activities in
the USA.

8.4. CURRENT AND PROSPECTIVE MARKET

At present, the application of nuclear reactors for space exploration and their
use is limited. Thousands of satellites have been launched over the past two to three
decades, although of these only several dozen were powered by nuclear reactors34,
such as SNAP-10A in 1965 (0.5 kW, launched by the USA), some 30 RORSAT
satellites in the 1970s and 1980s (~1-2 kW, launched by the former Soviet Union),
Cosmos 1818 in 1987 (~5 kW with a TOPAZ I reactor, launched by the former Soviet
Union) and Cosmos 1867 in 1988 (~5 kW with a TOPAZ I reactor, launched by the
former Soviet Union) [87].

At the same time, space exploration may become an important market in the
future. The use of near-Earth satellites is already to a notable extent a commercial

TABLE 46. COST ESTIMATES FOR THE FABRICATION AND TESTING OF
HPS/HBS REACTORS [28]

Cost (x 1000 US $)

Cost component

HPS60 HPS7N HBS100
Manufacturing of reactor components 22 080 23010 31120
Reactor assembly 650 700 850
Zero power critical testing 500 500 500
Payload shield fabrication 1 900 1 600 1 900
Shield attenuation testing 300 300 300
Core and shield vibration testing 400 400 400
Total 25 830 26 510 35070

34 The numerous missions powered by RTGs are not considered here.
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activity, but nuclear reactors will most probably not be used much for such purposes
in the near future.

The most important task for space applications of nuclear reactors is a first
demonstration of a spacecraft powered by a nuclear reactor. The demonstration must
prove compliance with all the relevant safety requirements and correspondence, at the
level of a pilot project, with the requirements for a number of applications, medium
and long duration missions in particular.

The long term future of nuclear space applications will critically depend on
success in this respect. The demand for outer space exploration will surely exist and
grow in the future. As nuclear energy is the most feasible energy source for this and
the technical developments are well in progress, it is reasonable to hope for a
breakthrough that would make the use of nuclear reactors in space exploration
widespread.

9. INNOVATIVE APPLICATIONS

This section reviews several innovative non-electric applications of nuclear
energy. The term innovative is used to underline that they are less mature than the
applications described above in that they have not yet been demonstrated. However,
the market segments concerned are large, which makes these innovative applications
potentially important.

This section is focused on three such applications, in decreasing order of their
market potential and irrespective of their technological level of maturity:

— Fuel synthesis, including hydrogen production and coal gasification
(Section 9.1);

— Oil extraction (Section 9.2);

— The use of nuclear submarines for fossil fuel transportation (Section 9.3).

9.1. FUEL SYNTHESIS

As noted in Section 2.1, the small share of nuclear energy in the non-electric
part of energy demand is largely attributable to the absence of nuclear penetration into
the transportation sector. At present, this sector accounts for about one quarter of the
total final energy demand (Fig. 22) and is served almost exclusively by petroleum
products (Fig. 23).

It is widely expected that the demand for transportation energy will grow
significantly in the future, following, in particular, industrial growth and rising
standards of living in today’s developing countries.
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FIG. 22. Breakdown of the worlds final energy by main uses in 1998 [3].

Combustible Other, including
renewables and waste electricity
(0.5%) (1.1%)
Natural gas Coal
(2.3%)

(0.4%)

Petroleum products
(95.6%)

FIG. 23. Breakdown of the world s transportation energy by energy carrier in 1998 [3].

The present use of nuclear energy for transportation is limited to the use of
electricity generated by nuclear energy in electric motors and to ship propulsion.
However, there is a promising opportunity of using nuclear energy for transportation
indirectly, through fuel production. Various transportation fuels are considered, all of
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them already in use to varying degrees alongside traditional petroleum derivatives
such as gasoline and diesel fuel:

— Alcohol fuels (methanol, ethanol and their derivatives, such as M85 and E85
containing 15% gasoline®3);

— Compressed natural gas;

— Liquefied natural gas;

— Liquefied petroleum gas;

— Electricity;

— Hydrogen;

— Coal derived liquid fuels;

— Fuels derived from biological materials.

It is likely that no fuel can be judged the best in the near or medium term. Each
fuel has certain advantages and may have a place in the future fuel economy. The
future fuel mix will be determined primarily by interfuel economic competition and
environmental considerations, such as the amount and type of emissions. The
applicability of nuclear energy to the production of the listed fuels is reviewed in
Sections 9.1.1-9.1.3.

9.1.1. Hydrogen production

Hydrogen possesses a number of attractive features that could allow it to
become a key secondary energy carrier in the future:

— Hydrogen combustion (either hot or cold) is generally clean in that it does not
produce the emissions characteristic of fossil fuel combustion. The problem of
NO, production from high temperature combustion is practically eliminated in
modern engine designs.

— Technologies similar to those used for the combustion of fossil fuels can be
used for hydrogen combustion to generate heat, electricity and propulsion
energy; for example, hydrogen can be used as fuel in catalytic combustion (in
diffusion burners, fuel cells), in internal combustion engines and in gas
turbines.

35 Other mixes are also used, for example a so-called gasahol, in which ethanol is a
blending component (15%) with 85% gasoline, and gasahol-II, with 4.75% methanol, 4.75%
t-butyl alcohol and 90.5% gasoline.
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— Hydrogen is storable, which is convenient for an energy carrier and gives
the possibility of making the energy system much more flexible than at present,
in particular by using the conversion of electricity to hydrogen (through water
electrolysis) and vice versa (through fuel cells), as necessary>°.

— Hydrogen can be produced from natural gas (or, indeed, from any other
hydrocarbon fuel) and could replace it at the point of use, but CO, emissions
would be similar to those produced by using the natural gas directly (and
greater where the natural gas is first converted to methanol) unless the CO, is
sequestered at the point of hydrogen production.

— Hydrogen can be produced from water by electrolysis, utilizing either
electricity alone (low temperature electrolysis), by a combination of electricity
and heat (high temperature electrolysis) or by heat alone (using thermochemical
cycles); hydrogen production by low temperature electrolysis can either be
done at the power plant site or closer to the point of use by using electricity
grids for distribution; hydrogen produced by water electrolysis also has the
advantage of high purity, which makes it applicable to special applications.

— Hydrogen could thus be a third product from power plants, in addition to
electricity and heat.

Making the fullest possible use of the above advantages, hydrogen can be
considered a key element of an environmentally benign and sustainable energy
system, including transportation, as illustrated in Fig. 24.

With respect to the role of nuclear energy in hydrogen production, two
important aspects must be distinguished: the penetration of hydrogen into the energy
system (irrespective of the energy sources used for its production) and the use of
nuclear energy for hydrogen production.

9.1.1.1. Prospects for hydrogen penetration in the energy system

Many studies have addressed the prospects for hydrogen based clean energy
systems [73, 91-102]. However, at present, hydrogen plays only a negligible role in
the supply of energy. The annual world hydrogen production is about 500 x 10° m3
[43]. Assuming 12.7 MJ/m? as the hydrogen energy content, this corresponds to about
6.4 EJ, or about 1.5% of the world’s primary energy consumption in 1996 (425 EJ

36 The characterization of the complementary character of electricity and hydrogen
should be noted:

— Hydrogen can be stored in enormous quantities, whereas electricity can not;

— Electricity can transmit energy without moving material, whereas hydrogen can not;

— Hydrogen can be a chemical or material feedstock, whereas electricity can not;

— Electricity can process, transmit and store information, whereas hydrogen can not.
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FIG. 24. Outline of a hydrogen based energy system.

[103]). Even this small amount is, however, not applied entirely for energy purposes.
Energy applications account only for a half of the total hydrogen produced [100]:

— 48% is consumed for non-energy purposes, such as chemical raw materials and
intermediate products;

— 32% is consumed for energy purposes directly as fuel for process heat;

—20% is consumed for energy purposes indirectly through the production of
synthetic fuel.

The negligible share of hydrogen of the world’s energy supply is explained by
the serious practical difficulties in its introduction in the energy system. Hydrogen is
not available in a form ready for use and has therefore to be produced, which requires
suitable technologies and a primary source of energy. The overall energy efficiency
of the use of hydrogen must therefore take into account the energy required in its
production, which has implications for the economics of hydrogen production and
use.

Current hydrogen production methods are the steam reforming of natural gas,
which is the predominant method today, coal gasification, electrolysis, a thermo-
chemical cycle and photolysis. Table 47 illustrates the energy requirements for
hydrogen production by several typical technologies.

For the large scale penetration of hydrogen technological developments such as
those of competitively priced fuel cells or cars with a hydrogen powered internal
combustion engine are needed [104].

The safety issues associated with the use of hydrogen as a fuel are comparable
with those for gasoline; the public has, however, to be reassured in this regard.
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TABLE 47. ENERGY REQUIREMENTS FOR HYDROGEN PRODUCTION
(as estimated from various sources in Ref. [73])

Energy requirements (not including

Process cost relative the energy in the feedstock)

Process to methane steam (kW-h /(m3 Hz) /M /(m3 Hz))
reforming
Theoretical In practice
Energy content of hydrogen — 3.5(12.7) —
Steam methane reforming 1.0 0.8 (2.8) 2.5(9.0)
Partial oxidation of heavy oil >1.0 0.9 (3.4) 4.9 (17.6)
Coal gasification 1.4-2.6 1.0 (3.6) 8.6 (31.0)

Water electrolysis (low
temperature) by fossil power
plants (40% efficiency) 5-10 3.5(12.7) 4.9 (17.6)

Water electrolysis (low
temperature) by NPPs
(33% efficiency) 5-10 3.5(12.7) 4.9 (17.6)

For the large scale application of hydrogen there is a need to develop
supporting infrastructure for its production, distribution and use. This requirement is
similar to that for electricity, oil and gas. Given the specific nature of hydrogen
infrastructures, large investments and a long lead time could be required [104, 105].

To mitigate the negative impact of the need for high initial investments,
governmental support is likely to be needed for hydrogen introduction in the
foreseeable future. Such forms of support as laws, regulations, requirements, tax
incentives, emission standards, etc., can be considered [104, 105]. This will probably
lead to the first hydrogen applications having a centralized fuel supply, for example
city bus transportation and government or company car fleets.

9.1.1.2. Prospects for nuclear energy for hydrogen production

As illustrated in Table 47, hydrogen production requires a primary energy
source. This means that for hydrogen to become a noticeable part of the energy
system, another non-hydrogen energy source is required. As the overall thermal
efficiency of the energy system is likely to decrease with the use of hydrogen
(because of the energy spent for hydrogen production, in particular for the case of
water electrolysis), the overall amount of primary energy would be larger than for a
system without hydrogen unless this conversion loss is offset by a higher efficiency
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in the hydrogen fuelled power plant. (Fuel cells generally have efficiencies of at least
50%.)

Possible sources of primary energy for hydrogen production are fossil fuels,
nuclear energy and renewable energy sources.

As nuclear reactors can produce both the heat and electricity required for
hydrogen production, the use of nuclear energy is particularly appropriate for
hydrogen production. Moreover, as nuclear energy is now the most significant
commercially mature non-fossil fuel energy source, there is a potential for basing
large scale hydrogen production on nuclear technologies. This would radically
mitigate the emissions of greenhouse gases from the energy sector [73, 91].

The production of hydrogen by nuclear reactors can be realized by the use of
various technological processes, which provides considerable flexibility:

— Using electricity from NPPs;

— Using high temperature heat from an HTGR for steam reforming;

— Using hybrid processes (heat plus electricity) for high temperature electrolysis,
thermochemical cycles, etc.

The first option is to be noted in particular, because it implies that all available
nuclear designs for electricity generation would fit into a hydrogen based energy
system. For the second and third options the HTGR is a suitable and promising
technology for reforming natural gas and synthesis gas production as a feedstock for
hydrogen production.

In comparison with the use of fossil fuels for hydrogen production, nuclear
energy has the advantages of having a large resource base and of the absence of most
air emissions, carbon dioxide in particular. Moreover, the use of nuclear energy in
combination with water electrolysis avoids burning natural gas, which is the
dominant raw material for hydrogen production. These advantages are especially
important in view of the large amount of primary energy required for an energy
system with a noticeable share of hydrogen use.

In comparison with the use of renewable energy sources for hydrogen
production, nuclear energy has the advantage of being a mature, available technology
and has the important feature of a high energy concentration. Apart from their relative
technological immaturity, renewable energy sources, although potentially large and
inexhaustible, are very diffuse and available only at a low energy density. The
collection of significant amounts of renewable energy represents a challenge even for
electricity generation. Large scale hydrogen production would exacerbate this
difficulty. In contrast, the high energy concentration in nuclear fuel enables either
hydrogen production concentrated in multiproduct energy centres or distributed
hydrogen production using existing electricity grids to power low temperature
electrolysis.
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As can be seen from, for example, Ref. [92], the advantages of nuclear power
for hydrogen production were recognized long ago. The key features of energy
systems based on the use of hydrogen as a key energy carrier are (see also Fig. 24)
the:

— Use of GHG free primary energy sources,

— Use of hydrogen and electricity as interchangeable main secondary energy
carriers,

— Marginal use of fossil fuels (for end use niches only).

There is a need for successful pilot projects to demonstrate, for example, the
use of surplus nuclear capacity for hydrogen production using cheap off-peak
electricity, the operation of the first high temperature reactor and the creation of local
hydrogen markets near existing NPPs. Hydrogen production using conventional low
temperature electrolysis could open up the market for hydrogen fuelled vehicles in
the near term. The key requirement for this electrolysis is a very low unit capital cost,
since the overall economics are very dependent on operating the electrolysis cells
intermittently, during off-peak periods when the cost of electricity is low.

9.1.2. Coal gasification

Coal gasification invloves converting solid coal into a gaseous fuel that can be
used similarly to natural gas. The objective of the conversion is to mitigate some of
the drawbacks associated with the combustion of solid coal. In particular, gasification
allows a significant reduction of air emissions from the direct combustion of coal
(e.g. particulates, sulphur oxides and heavy metals).

An important advantage of coal gasification is that of the resource base. In
general, the use of gasified coal has the same advantages as the use of natural gas.
However, the current reserves of coal are much larger than those of natural gas.
Introducing a clean route for coal combustion therefore has large and long term
advantages. The use of coal will most probably increase in the future, in particular in
the developing countries, such as China and India, in which large populations, high
rates of industrial growth and large indigenous coal resources coincide. While the
prospects for the large scale use of renewable energy resources remain speculative at
the moment, the increased utilization of coal may represent a feasible development
path to meet expanding energy needs in many countries.

Integrated gasification combined cycle plants are currently in the
demonstration phase. A five year programme of the 100 MW(e) integrated
gasification combined cycle demonstration plant at Cool Water, California, was
completed in 1989; a number of other demonstration projects are on the way in
Europe, Japan and North America [106, 107]. A 235 MW(e) unit at Buggenum in the
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Netherlands started up in 1993. There are three plants in the USA, at Wabash River
in Indiana, Polk Power near Tampa in Florida and Pifion Pine in Nevada. The largest
unit is that at Puertollano in Spain, which has a capacity of 330 MW(e). The Spanish
electric utility Iberdrola and the energy company Repsol have selected Texaco’s
integrated gas combined cycle technology for a US $1000 million, 824 MW plant it
is building at the Petronor refinery near Bilbao.

The results of such projects will determine the feasibility of coal gasification
and allow a more accurate assessment of the long term prospects for this technology.

If coal gasification becomes widespread, incentives for looking for alternative
(i.e. non-coal) sources of gasification energy will appear. Nuclear energy in the form
of an HTGR would be a credible, non-polluting technology for this purpose.

9.1.3.  Other synthetic fuels

Another option for short term nuclear penetration into the transportation sector
would be the production of synthetic liquid fuels. Well known possible candidates are
methanol, ethanol and their derivatives. They are applicable as fuel, processes for
their production are known and these processes require energy in the form of heat,
which creates an opportunity for nuclear energy. Table 48 compares the energy
content of various liquid fuels.

The application of nuclear energy for the production of such fuels would be a
process heat application, and would have all the pros and cons discussed in Section 6.
There is essentially very little difference between hydrogen production and the

TABLE 48. ENERGY CONTENT OF THE MAIN
LIQUID FUELS

Net calorific value
Fuel

(LHV)* (MJ/kg)
Crude oil 42.6
Gasoline 43.9
Diesel fuel 49.3
Ethanol 28.5
E85 30.8
Methanol 21.5
M85 24.8
Liquefied natural gas 52.7
Hydrogen 119.9

2 LHV: low heating value
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production of other fuels. The greatest difference lies not in its production but in its
infrastructure requirements, which are easier to realize for other fuels.

In general, the nuclear applications described in Section 6 and in this section
will be subject to similar penetration drivers. In particular, the availability of a proven
and economic HTGR technology will be important, and a broad spectrum of process
heat applications can then be expected. The role of each specific application (e.g.
hydrogen production vs. the production of synthetic fuels from coal) will be
determined not as much by the parameters of nuclear reactors as by the demand side;
that is, by the relative advantages and disadvantages of hydrogen vs. synthetic fuels.

9.2. OIL EXTRACTION

Another possible application of nuclear energy is the use of nuclear generated
heat for oil extraction. More specifically, two categories are relevant: the extraction
of heavy oil (and oil from tar and oil sands) and the extraction of the oil remaining in
depleted deposits. These resources, in particular the first one, are often referred to as
unconventional oil resources.

The prospects for these applications are related to the fact that the resources of
unconventional oil are larger than those of conventional oil (see Table 49). Increases
in the price of conventional oil can make the extraction of unconventional oil
economic.

The resources of conventional oil are limited, and methods of unconventional
oil recovery have been developed, in particular in those countries in which such
resources are large, such as Canada and Venezuela (see Table 50).

Nuclear energy is applicable for oil extraction by the use of steam injection3”.
Steam and electricity may also be needed in the course of oil processing following

TABLE 49. WORLD OIL RESOURCES [108]

Resource amount (stock) in ZJ (1000 EJ)

Consumed
Resource Consumed Resource
by the end i 1998 Reserves  Resources? baseh
of 1998 m ase
Conventional oil 4.85 0.13 6.00 6.07 12.08
Unconventional oil 0.29 0.01 5.11 15.24 20.35
Total 5.14 0.14 11.11 21.31 32.42

@ Resources are the reserves to be discovered or resources to be developed as reserves.
b Resource base is the sum of reserves and resources.
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TABLE 50. CONVENTIONAL AND UNCONVENTIONAL OIL IN CANADA
AND VENEZUELA [109]

. . Unconventional oil
Conventional oil

. . il and t ds, extra-h il
(millions of tonnes of oil) (oil and tar sands, extra-heavy oil)

(millions of tonnes of oil)

Country Annual Annual
Reserves Resources production Reserves  Resources  production
(1996 data) (1996 data)
Canada 849 13 005 65 717 46 795 25
Venezuela 10 097 370 964 164 364 808 0.003

extraction. A nuclear reactor producing steam of the required quality and quantity is
therefore needed. It has been shown [69] that HTGR technology fulfils the
requirements for using nuclear energy in oil extraction. However, new methods of
steam injection, such as steam assisted gravity drainage, also make other reactor
concepts applicable [110] because the required steam parameters are sufficiently low.
For example, the application of steam assisted gravity drainage in Canada using
CANDU reactors is a promising concept with long term benefits [111].

Independent of the reactor type, the option of supplying heat with nuclear
reactors must be economically competitive with the alternative steam generation
technologies, otherwise the nuclear option would probably be rejected for economic
reasons, notwithstanding its availability, unless certain environmental considerations,
such as the amount of GHG emissions, influence the decision significantly. An
analysis of the latter factor conducted in Ref. [111] for Canada shows that its role can
be important.

With respect to the feasibility of this application, the general need for
unconventional oil resources is important. The expectation of sustained high prices
for conventional oil will lead to significant developments in the extraction of
unconventional oil, in addition to the cases (as, for example, in Canada) in which the
resources of unconventional oil are large and already developed.

9.3. NUCLEAR SUBMARINES FOR FOSSIL FUEL TRANSPORTATION
The idea of submarine transportation vessels (STVs) has been envisaged in the
Russian Federation; the primary incentive being the expected growth of goods

transportation along the northern sea route. In particular, it is expected that the

37 There are several technological options within the broad category of ‘steam injection’.
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extraction of large fossil fuel resources (oil and gas) in the Arctic may commence in
the near future, which would result in a demand for economical transportation modes.

STVs have the potential advantages of being able to use the shortest route,
being free of the condition of the water’s surface and enabling a high and constant
speed of movement.

At present, a large part of transportation by the northern sea route is provided
by the use of icebreakers. Estimates, however, show that in order to ensure year round
navigation of on-surface ships in the eastern part of the northern sea route icebreakers
need to have the ability to break ice three metres thick, which is beyond the capability
of existing ships. Icebreakers of 130 to 150 MW(e) of capacity would be needed,
which would result in high construction costs. Moreover, a correspondence between
icebreaker power and the capacity of the supporting on-shore infrastructure must
exist (such as the size of the ships used for transportation from the icebreaker to the
shore). This would further increase the infrastructure costs.

Using STVs for goods transportation in the Arctic may therefore have
economic advantages in comparison with the traditional transportation ship—
icebreaker scheme.

Between 1990 and 1997 technical and economic research on STVs (tankers,
container transporters, supply ships) for use in Arctic conditions was conducted in the
Russian Federation [25]. As a result, the technical outlook of the vessels was
determined. Two specific technical designs for STVs were prepared:

— Container transporters for 912 20-foot (6.1 m) containers,
— Tankers of 30 000 dwt displacement.

The submarine tanker was designed for the year round transportation of oil,
liquefied natural gas or liquid hydrocarbons from Arctic deposits. Similar technical,
operational and technological requirements for the container transporter and the

TABLE 51. MAIN STV PARAMETERS [25]

Maximum displacement 30 000 t
Maximum length 238 m
Maximum width 26.8 m
Side height 20.2 m
Draught when unloaded 10.5m
Draught when loaded:

Container transportation (depending on the containers’ mass) 12.0-10.5m

Tanker 16.5 m
Full speed 20 knots
Navigation autonomy 60 days
Crew 35 persons
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tanker resulted in unified technical solutions. As a result, their architecture and basic
equipment (except the cargo equipment) are similar (see Table 51).

In accordance with the International Maritime Organization’s Code of Nuclear
Trade Vessels Safety, measures to ensure accident free operation and to exclude
radioactive contamination of the environment and the cargo need to be implemented.
To access ports, STVs need to be equipped with an auxiliary diesel generator
installation, which provides power for the motion and other needs when the reactor is
out of operation.

The successful use of STVs in the northern sea route would allow the
consideration of using other STV applications.

10. OVERALL MARKET POTENTIAL FOR
ALL NON-ELECTRIC APPLICATIONS

Tables 1, 2 and 52 summarize the estimated market potential of the non-electric
applications of nuclear energy. Table 1 shows the status of nuclear applications, the
ongoing activities and the estimated market size. Table 2 presents the results of the
qualitative assessment of the long term prospects for nuclear penetration into the
market of non-electric energy services. Table 52 shows the most promising countries
for non-electric nuclear applications in the long term. This table includes countries in
which at least two applications are ranked highest in the corresponding region.

These estimates are based on the analyses in Sections 4-9. They assume, in
accordance with the assumptions described above, that applications of nuclear
energy, both for power generation and for non-electric purposes, will continue to
develop. This includes technical development, infrastructural support and the
licensing environment, the latter being particularly important for certain applications.
These estimations also assume, implicitly, that nuclear energy will remain socially
acceptable (policies leading to a global nuclear phase-out are not considered here,
except through the application of indicators of social acceptance).

For interpreting the tables, Table 2 in particular, caution in treating regional and
world averages is recommended. Although such numbers do provide a consistent
general view, they may hide important regional details, such as, for example, a high
competitiveness of a specific nuclear project in a country notwithstanding the general
low estimate for the region. For such details the relevant appendices should be
referred to as referenced in the corresponding sections above, in addition to the
information on selected countries in Table 52.
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TABLE 52. MOST PROMISING COUNTRIES FOR THE LONG TERM
PROSPECTS OF NON-ELECTRIC APPLICATIONS OF NUCLEAR ENERGY

Region/country  District heating ~ Water desalination ~ Process heat ~ Ship propulsion

NAM

Canada M L M M
USA M L M M
LAM

Argentina L L L L
Brazil L L L M
Mexico L L L L
AFR

South Africa M M M L
MEA

Egypt L M L —
Iran M M M L
Morocco L M L —
WEU

Belgium M M M L
Finland M M M L
France M M M M
Netherlands M M M M
Spain M M M L
Switzerland M M M L
UK M M L M
EEU

Bulgaria M L M L
Czech Republic M M M L
Romania M L M M
Slovakia M M M —
FSU

Belarus M M M —
Lithuania M M M L
Russian Federation M L M M
Ukraine M M L M
CPA

China M M H M
Viet Nam L L M —
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TABLE 52. (cont.)

Region/country  District heating ~ Water desalination ~ Process heat  Ship propulsion

SAS
India M H M M
Pakistan M H M L
PAS
Indonesia M M L
Korea, Republic of M M M M
Taiwan, China M L L M
PAO
Japan M M L M
Abbreviations: — = negligible, L = low, M = medium, H = high; the meaning is as defined in
Section 3.

11. CONCLUSIONS
11.1. GENERAL CONCLUSIONS

The analysis of the market potential for the non-electric applications of nuclear

energy leads to the following conclusions:

(2)

(b)

(©)

For the foreseeable future, power generation will remain the main application

of nuclear energy, the main reasons being the advanced status of nuclear power

production technologies and an increasing share of electricity in the final

energy demand.

Currently, nuclear power has little penetration of the non-electric energy

market. However, a large demand for non-electric nuclear energy is expected to

emerge and grow rapidly, owing to:

— Increased energy use due to population growth and development;

— The finite availability of fossil fuels;

— The replacement of the direct use of fossil fuels;

— An increased sensitivity to the environmental impacts of fossil fuel
combustion.

Because of the dominance of power generation, nuclear penetration into the

markets for non-electric services will proceed with cogeneration applications

wherever possible. Dedicated reactors for heat generation could eventually

emerge for some applications.
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(d) Many non-electric applications require energy sources that are relatively small
(100-1000 MW(th)) in comparison with the size of existing power reactors.
The development of nuclear reactors of small and medium size would therefore
facilitate the non-electric applications of nuclear energy.

(e) Some non-electric applications require a close siting of the nuclear plant to the
customer. This will require specific safety features appropriate to the location.

(f)  Economically, the non-electric applications of nuclear energy are subject to the
same trends as nuclear power generation. Growing capital costs of nuclear
plants have affected the cost estimations of most non-electric applications.
Evolutionary and innovative design improvements in nuclear reactor concepts,
coupled with stable nuclear fuel prices, will result in an improved
competitiveness of the non-electric nuclear applications.

(g) Depending upon the regions and conditions, nuclear energy is already
competitive for district heating, desalination and certain process heat
applications.

(h) Using nuclear energy to produce hydrogen is likely to facilitate the indirect
application of nuclear energy in transportation markets, most of which are not
readily amenable to the direct use of nuclear reactors.

(1)  Non-electric applications of nuclear energy are most likely to be implemented
in countries already having the appropriate nuclear infrastructure and
institutional support.

() The implementation of some non-electric applications (e.g. desalination) is
likely to enhance the public acceptance of nuclear energy.

11.2. SPECIFIC CONCLUSIONS (BY APPLICATION)

Five main non-electric applications of nuclear energy have been considered:
district heating, water desalination, process heat supply, ship propulsion and the
supply of spacecraft energy. The following specific findings for these applications
can be formulated, in addition to the general conclusions above.

11.2.1. District heating

Nuclear applications for district heating are technically mature and exist in
several countries. The future use of nuclear energy will be determined by a
combination of the following factors: the size and growth of the demand for space
and water heating, competition between heat and non-heat energy carriers for space
and water heating and competition between nuclear and non-nuclear heating. The
availability of a heat distribution network plays an important role in the prospects for
nuclear district heating.
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11.2.2. Water desalination

For desalination, low temperature heat and/or electricity is required.
Consequently, all existing nuclear designs can be used; the relevant experience is
already available. The use of nuclear heat assumes a close location of the nuclear
plant to the desalination plant; the use of electricity generated by nuclear energy (for
the RO desalination process) does not differ from any other electricity use — the
energy source may be located far from the customer, electricity being provided
through the electricity grid. (It should be noted, however, that a distant location would
not allow the use of low temperature steam for water preheating, which is an
advantage of coproduction plants.) With regard to the market size, it is expected that
freshwater requirements will grow in the future, which will increase the attractiveness
of nuclear desalination.

11.2.3. Process heat supply

For process heat supply there is a wide range of required heat parameters that
determine the applicability of different reactor concepts. One particular concept, the
HTGR, covers practically the whole temperature range and is therefore considered to
be a prime candidate for nuclear process heat supply. The development and
demonstration of such a reactor would provide a strong impetus for the process heat
applications of nuclear energy.

11.2.4. Ship propulsion

Nuclear powered ship propulsion has been tested technically in several
countries. However, so far it has appeared non-economic and the use of nuclear
powered ship propulsion has been discontinued, with the exception of the nuclear
powered ships operating off the north of the Russian Federation. Although the market
for large tankers and cargo ships is large, the future of nuclear powered ships will
depend on their ability to offer competitive service in this highly competitive market.
The need to observe safety and licensing requirements in receiving ports is an
additional obstacle for the application of nuclear powered ship propulsion.

11.2.5. Supply of spacecraft energy

The application of nuclear reactors for the supply of spacecraft energy has been
tested — dozens of nuclear powered missions have been launched in the past. With
the exception of the SNAP-10A mission launched by the USA in 1965, all missions
have been Soviet. However, at present there is a need to develop a concept that would
correspond to the current safety requirements and, at the same time, possesses
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features that would be superior to the non-nuclear options. Achieving this goal is
more likely for medium and long duration space missions, in which, in terms of
power level, load weight and mission duration, there is no other energy carrier that is
comparable with nuclear energy. No such nuclear design is currently flight ready, but
there is active research with chances for success.

11.2.6. Hydrogen production

Two aspects must be distinguished: the penetration of hydrogen into the energy
system and the use of nuclear energy for hydrogen production. At present, the share
of hydrogen in the world’s energy supply is negligible, owing to the absence of a
significant market and the need to develop an adequate transmission and distribution
infrastructure. However, the potential advantages of hydrogen are huge and the
appearance of a hydrogen based energy system is probable. In comparison with the
use of fossil fuels for hydrogen production, nuclear energy has the advantages of a
large resource base and the absence of most air emissions, carbon dioxide in
particular. In comparison with the use of renewable energy sources for hydrogen
production, nuclear energy has the advantage of being a mature, available technology
and has the important feature of a high energy concentration, which will allow
hydrogen production to be concentrated in multiproduct energy centres. The share of
nuclear energy in a hydrogen based system will depend on its competitiveness with
the other energy options. Successful demonstration projects, such as the use of
surplus nuclear capacity for hydrogen production using cheap off-peak electricity, the
operation of the first large HTGR and the creation of local hydrogen markets near
existing NPPs, would help to promote the nuclear—hydrogen link.

11.2.7. Coal gasification

Coal gasification has the following advantages: the mitigation of air emissions
from coal combustion, an increased thermal efficiency of combustion and the use of
a large resource base. If coal gasification becomes widespread, economic and
environmentally benign technologies for the supply of gasification energy will be
required. Nuclear energy, being an industrially mature and non-polluting technology,
is a valid candidate for this purpose. Such applications would be similar to the other
process heat applications of nuclear energy.

11.2.8. Other synthetic fuels
The demand for transportation energy amounts to about one quarter of the

world’s final energy and will grow significantly in the future following, in particular,
industrial growth and an increase in the standards of living in developing countries.
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The direct use of nuclear energy for transportation is limited to the use of electric
driven motors and ship and spacecraft propulsion. However, using nuclear energy for
transportation indirectly, through fuel production, is possible. The related fuels, in
addition to electricity and hydrogen, include alcohol fuels (methanol, ethanol and
their derivatives), compressed natural gas, liquefied natural gas, liquefied petroleum
gas and coal derived liquid fuels. It is likely that no fuel can be judged the best in the
short and medium term. Each fuel has certain advantages and may have a place in the
future fuel economy. The future fuel mix will be determined primarily by interfuel
economic competition and environmental considerations such as the amount and type
of GHGs and other polluting emissions.

11.2.9. OQil extraction

Nuclear energy can be used for the extraction of unconventional oil resources
such as heavy oil, oil from tar and oil sands and the oil remaining in depleted deposits.
These unconventional oil resources are about two times larger than the resources of
conventional oil. However, if the price of conventional oil is low it is not realistic to
expect significant developments in the extraction of unconventional oil, except in the
cases (as, for example, in Canada) in which the resources of unconventional oil are
large and already developed. The case of Canada is especially notable because, on
one hand, the resources of unconventional oil are very large, and, on the other, nuclear
technologies suitable for such applications are available.

11.2.10. Use of nuclear submarines for fossil fuel transportation

The idea of STVs has been considered in the Russian Federation to facilitate
the transportation of goods through the northern sea route, including the
transportation of oil and gas from prospective deposits in the Arctic. STVs have the
potential advantages of being able to use the shortest route, being free of the condition
of the water’s surface and enabling a high and constant speed of movement. Technical
and economic research on STVs for use in Arctic conditions was conducted in the
Russian Federation between 1990 and 1997. As a result, two specific technical
designs were determined: a container transporter and a tanker. The successful
implementation of such projects would allow the consideration of other STV
applications in addition to transportation in the Russian Arctic.
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Appendix I

DEFINITIONS OF WORLD REGIONS

TABLE 53. DEFINITIONS OF WORLD REGIONS [36]

Region Abbreviation Countries and territories included

North America NAM Canada, Guam, Puerto Rico, USA, Virgin Islands

Latin America and LAM Antigua and Barbuda, Argentina, Bahamas, Barbados,
the Caribbean Belize, Bermuda, Bolivia, Brazil, Chile, Colombia,

Costa Rica, Cuba, Dominica, Dominican Republic,
Ecuador, El Salvador, French Guyana, Grenada,
Guadeloupe, Guatemala, Guyana, Haiti, Honduras,
Jamaica, Martinique, Mexico, Netherlands Antilles,
Nicaragua, Panama, Paraguay, Peru, Saint Kitts and
Nevis, Saint Lucia, Saint Vincent and the Grenadines,
Suriname, Trinidad and Tobago, Uruguay, Venezuela

Sub-Saharan Africa AFR Angola, Benin, Botswana, British Indian Ocean
Territory, Burkina Faso, Burundi, Cameroon, Cape
Verde, Central African Republic, Chad, Comoros,
Congo, Cote d’Ivoire, Democratic Republic of the
Congo, Djibouti, Equatorial Guinea, Eritrea, Ethiopia,
Gabon, Gambia, Ghana, Guinea, Guinea-Bissau,
Kenya, Lesotho, Liberia, Madagascar, Malawi, Mali,
Mauritania, Mauritius, Mozambique, Namibia, Niger,
Nigeria, Reunion, Rwanda, Sao Tome and Principe,
Senegal, Seychelles, Sierra Leone, Somalia, South
Africa, St. Helena, Swaziland, Togo, Uganda, United
Republic of Tanzania, Zambia, Zimbabwe

Middle East MEA Algeria, Bahrain, Egypt, Iraq, Iran, Islamic Republic
and North Africa of, Israel, Jordan, Kuwait, Lebanon, Libyan Arab
Jamabhiriya, Morocco, Oman, Qatar, Saudi Arabia,
Sudan, Syrian Arab Republic, Tunisia, United Arab
Emirates, Yemen

Western Europe WEU Andorra, Austria, Azores, Belgium, Canary Islands,
Channel Islands, Cyprus, Denmark, Faeroe Islands,
Finland, France, Germany, Gibraltar, Greece,
Greenland, Iceland, Ireland, Isle of Man, Italy,
Liechtenstein, Luxembourg, Madeira, Malta, Monaco,
Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, UK



TABLE 53. (cont.)

Region Abbreviation

Countries and territories included

Central and EEU
eastern Europe

Newly Independent FSU
States of the
former Soviet Union

Centrally planned CPA
Asia and China

South Asia SAS

Other Pacific Asia PAS

Pacific OECD PAO

Albania, Bosnia and Herzegovina, Bulgaria, Croatia,
Czech Republic, Hungary, Poland, Romania, Slovakia,
Slovenia, The Former Yugoslav Republic of
Macedonia, Yugoslavia, Federal Republic of

Armenia, Azerbaijan, Belarus, Estonia,

Georgia, Kazakhstan, Kyrgyzstan, Latvia, Lithuania,
Republic of Moldova, Russian Federation,
Tajikistan, Turkmenistan, Ukraine, Uzbekistan

Cambodia, China, Democratic People’s Republic of
Korea, Hong Kong, China, Lao People’s Democratic
Republic, Mongolia, Viet Nam

Afghanistan, Bangladesh, Bhutan, India, Maldives,
Nepal, Pakistan, Sri Lanka

American Samoa, Brunei Darussalam, Fiji, French
Polynesia, Indonesia, Kiribati, Malaysia, Myanmar,
New Caledonia, Papua New Guinea, Philippines,
Korea, Republic of, Samoa, Singapore, Solomon
Islands, Taiwan, China, Thailand, Tonga, Vanuatu

Australia, Japan, New Zealand
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Appendix II

QUALITATIVE INDICATORS FOR
THE PUBLIC ACCEPTANCE OF NUCLEAR ENERGY

Tables 54 and 55 show the results of the described qualitative ranking for the
public acceptance of nuclear energy. This ranking is used for all potential applica-
tions, as the acceptance of nuclear energy does not much depend on the type of appli-
cation to be used.

TABLE 54. ESTIMATES BY COUNTRY/TERRITORY

Population . .
Region Country/territory (in 1990) Ranklng for public
e attitude
(millions)?
NAM Canada 27.8 1
Guam 0.1 0
Puerto Rico 3.5 0
USA 249.9 1
Virgin Islands 0.1 0
Total for NAM 281.5 1.0
LAM Antigua and Barbuda 0.1 0
Argentina 325 1
Bahamas 0.3 0
Barbados 0.3 0
Belize 0.2 0
Bermuda 0.1 0
Bolivia 6.6 0
Brazil 148.5 1
Chile 13.2 1
Colombia 32.3 0
Costa Rica 3.3 0
Cuba 10.6 1
Dominica 0.1 0
Dominican Republic 7.1 0
Ecuador 10.3 0
El Salvador 6.3 0
French Guiana 0.1 0
Grenada 0.1 0
Guadeloupe 0.4 0
Guatemala 9.2 0
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TABLE 54. (cont.)

Population

Region Country/territory (in 1990) Ranklng for public
(millions)? attitude
Guyana 0.8 0
Haiti 6.5 0
Honduras 4.9 0
Jamaica 2.4 0
Martinique 0.4 0
Mexico 84.5 1
Netherlands Antilles 0.2 0
Nicaragua 3.7 0
Panama 2.4 0
Paraguay 4.3 0
Peru 21.6 1
Saint Kitts and Nevis 0 0
Saint Lucia 0.1 0
Saint Vincent and
the Grenadines 0.1 0
Suriname 0.4 0
Trinidad and Tobago 1.2 0
Uruguay 3.1 1
Venezuela 19.5 1
Total for LAM 437.4 0.7
AFR Angola 9.9 0
Benin 4.6 0
Botswana 1.3 0
British Indian Ocean
Territory 0 0
Burkina Faso 9.0 0
Burundi 5.5 0
Cameroon 11.5 0
Cape Verde 0.3 0
Central African Republic 29 0
Chad 5.6 0
Comoros 0.5 0
Congo 2.2 0
Cote d’Ivoire 12.0 0
Democratic Republic
of the Congo 37.4 0
Djibouti 0.5 0
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TABLE 54. (cont.)

Population

Region Country/territory (in 1990) Ranklng for public
(millions)? attitude

Equatorial Guinea 0.4 0
Eritrea 3.6 0
Ethiopia 47.0 0
Gabon 1.1 0
Gambia 0.9 0
Ghana 15.0 0
Guinea 5.8 0
Guinea-Bissau 1.0 0
Kenya 23.6 0
Lesotho 1.8 0
Liberia 2.6 0
Madagascar 12.6 0
Malawi 8.3 0
Mali 9.2 0
Mauritania 2.0 0
Mauritius 1.0 0
Mozambique 14.2 0
Namibia 1.3 0
Niger 7.7 0
Nigeria 96.2 0
Reunion 0.6 0
Rwanda 7.2 0
Sao Tome and Principe 0.1 0
Senegal 7.3 0
Seychelles 0.1 0
Sierra Leone 4 0
Somalia 8.7 0
South Africa 37.1 2
St. Helena 0.1 0
Swaziland 0.8 0
Togo 3.5 0
Uganda 18.0 0
United Republic of Tanzania 25.6 0
Zambia 8.2 0
Zimbabwe 9.9 0

Total for AFR 489.7 0.2

MEA Algeria 24.9 0
Bahrain 0.5 0

135



TABLE 54. (cont.)

Population

Region Country/territory (in 1990) Ranklng for public
e . attitude
(millions)?

Egypt 56.3 1
Iraq 58.9 0
Iran, Islamic Republic of 18.1 2
Israel 4.7 1
Jordan 43 0
Kuwait 2.1 0
Lebanon 2.6 0
Libyan Arab Jamahiriya 4.5 0
Morocco 24.3 1
Oman 1.8 0
Qatar 1.8 0
Saudi Arabia 16.0 0
Sudan 24.6 0
Syrian Arab Republic 12.3 0
Tunisia 8.1 0
United Arab Emirates 1.7 0
Yemen 11.3 0

Total for MEA 278.8 0.4

WEU Andorra 0.1 0
Austria 7.7 0
Azores 0 0
Belgium 10.0 1
Canary Islands 0 0
Channel Islands 0 0
Cyprus 0.7 0
Denmark 5.1 0
Faeroe Islands 0.1 0
Finland 5.0 1
France 56.7 2
Germany 79.4 0
Gibraltar 0 0
Greece 10.2 1
Greenland 0.1 0
Iceland 0.3 0
Ireland 3.5 0
Isle of Man 0 0
Italy 57.0 0
Liechtenstein 0 0
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TABLE 54. (cont.)

Population

Region Country/territory (in 1990) Rankmg for public
. . attitude
(millions)?
Luxembourg 0.4 0
Madeira 0 0
Malta 0.4 0
Monaco 0 0
Netherlands 15.0 1
Norway 4.2 1
Portugal 9.9 1
Spain 39.3 1
Sweden 8.6 0
Switzerland 6.8 1
Turkey 56.1 1
UK 574 1
Total for WEU 433.9 0.8
EEU Albania 3.8 0
Bosnia and Herzegovina 4.4 0
Bulgaria 9.0 1
Croatia 4.8 1
Czech Republic 10.3 1
Hungary 10.4 1
Poland 38.1 1
Romania 23.2 1
Slovakia 54 1
Slovenia 2.0 1
The Former Yugoslav
Republic of Macedonia 2.1 0
Yugoslavia, Federal
Republic of 10.5 0
Total for EEU 123.9 0.8
FSU Armenia 3.7 1
Azerbaijan 7.3 0
Belarus 10.3 1
Estonia 1.5 0
Georgia 5.5 0
Kazakhstan 16.9 1
Kyrgyzstan 4.5 0
Latvia 2.6 0
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TABLE 54. (cont.)

Population

Region Country/territory (in 1990) Ranklng for public
(millions)? attitude
Lithuania 3.7 1
Republic of Moldova 4.4 0
Russian Federation 148.3 1
Tajikistan 5.6 0
Turkmenistan 4.0 0
Ukraine 52.2 1
Uzbekistan 21.4 0
Total for FSU 291.8 0.8
CPA Cambodia 8.8 0
China 1155.3 2
Democratic People’s
Republic of Korea 21.8 0
Hong Kong, China 5.7 0
Lao People’s Democratic
Republic 4.2 0
Mongolia 22 0
Viet Nam 66.7 1
Total for CPA 1264.7 1.9
SAS Afghanistan 15.0 0
Bangladesh 108.1 0
Bhutan 1.5 0
India 851.0 2
Maldives 0.2 0
Nepal 19.3 0
Pakistan 121.9 2
Sri Lanka 17.2 0
Total for SAS 1134.0 1.7
PAS American Samoa 0.1 0
Brunei Darussalam 0.3 0
Fiji 0.7 0
French Polynesia 0.2 0
Indonesia 182.8 1
Malaysia 17.9 0
Myanmar 41.8 0
New Caledonia 0.2 0

138



TABLE 54. (cont.)

Population . .
Region Country/territory (in 1990) Ranklng for public
(millions)? attitude
Papua New Guinea 3.6 0
Philippines 60.8 1
Kiribati 0.1 0
Korea, Republic of 429 2
Samoa 0.2 0
Singapore 2.7 0
Solomon Islands 0.3 0
Taiwan, China 20.4 1
Thailand 55.6 1
Tonga 0.1 0
Vanuatu 0.2 0
Total for PAS 430.8 0.9
PAO Australia 16.9 0
Japan 123.5 1
New Zealand 34 0
Total for PAO 143.8 0.9
World total 5359.2 1.2

2 Used for weighting.
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TABLE 55. SUMMARY BY WORLD REGIONS

Region Number of Population (in 1990) Ranking for
countries (millions)? public attitude

NAM 5 281 1.0 (medium)

LAM 38 437 0.7 (low)

AFR 50 489 0.2 (negligible)

MEA 19 279 0.4 (negligible)

WEU 32 434 0.8 (low)

EEU 12 124 0.8 (low)

FSU 15 292 0.8 (low)

CPA 1265 1.9 (high)

SAS 8 1134 1.7 (high)

PAS 19 430 0.9 (low)

PAO 3 144 0.9 (low)

Total 208 5359 1.2 (medium)

2 Used for weighting.
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Appendix IIT

STATISTICS OF HEAT SUPPLY AND DEMAND

TABLE 56. STATISTICS OF HEAT SUPPLY AND DEMAND IN 1996 [34, 35]

Final energy demand (Mtoe)  Centralized heat generation (Mtoe)  Share of centralized heat supply (%)

Region Country/territory In total
Total Share of RAC? Total Share of RAC? In RACP
final energy demand®
NAM Canada 184.3 61.1 0.5 0.0 0.0 0.3
Guam

Puerto Rico

USA 1435.8 456.2 7.6 23 0.5 0.5
Virgin Islands
Total for NAM 1620.1 517.3 8.1 23 0.4 0.5
LAM Antigua and Barbuda
Argentina 39.8 13.3 0.0 0.0 0.0 0.0
Bahamas
Barbados
Belize
Bermuda
Bolivia 2.7 1.0 0.0 0.0 0.0 0.0
Brazil 138.2 31.7 0.0 0.0 0.0 0.0

Chile 16.4 5.0 0.0 0.0 0.0 0.0



5 TABLE 56. (cont.)

Final energy demand (Mtoe)  Centralized heat generation (Mtoe)  Share of centralized heat supply (%)

Region Country/territory In total
Total Share of RAC? Total Share of RAC? In RACP
final energy demand®
Colombia 26.0 9.1 0.0 0.0 0.0 0.0
Costa Rica 2.0 0.6 0.0 0.0 0.0 0.0
Cuba 12.5 1.7 0.0 0.0 0.0 0.0
Dominica
Dominican Republic 3.6 1.7 0.0 0.0 0.0 0.0
Ecuador 6.8 2.7 0.0 0.0 0.0 0.0
El Salvador 32 1.7 0.0 0.0 0.0 0.0
French Guiana
Grenada
Guadeloupe
Guatemala 4.9 3.1 0.0 0.0 0.0 0.0
Guyana
Haiti 1.6 1.3 0.0 0.0 0.0 0.0
Honduras 2.9 1.5 0.0 0.0 0.0 0.0
Jamaica 2.0 0.6 0.0 0.0 0.0 0.0
Martinique
Mexico 94.1 224 0.0 0.0 0.0 0.0
Netherlands Antilles 0.8 0.2 0.0 0.0 0.0 0.0
Nicaragua 1.8 1.2 0.0 0.0 0.0 0.0
Panama 1.8 0.7 0.0 0.0 0.0 0.0
Paraguay 3.9 1.5 0.0 0.0 0.0 0.0

Peru 12.3 6.2 0.0 0.0 0.0 0.0



TABLE 56. (cont.)

Total for LAM

AFR

Saint Kitts and Nevis
Saint Lucia
Saint Vincent and the Grenadines

Suriname
Trinidad and Tobago 5.2
Uruguay 24
Venezuela 33.5
418.0
Angola 4.3
Benin 1.9
Botswana

British Indian Ocean Territory
Burkina Faso

Burundi

Cameroon 5.1
Cape Verde

Central African Republic
Chad

Comoros

Congo 1.1
Cote d’Ivoire 34
Democratic Republic of the Congo
Djibouti

Equatorial Guinea

0.2
1.0
5.8
114.2

3.6
14

3.7

0.7
2.6

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0
0.0



¥ TABLE 56. (cont)

Final energy demand (Mtoe)  Centralized heat generation (Mtoe)  Share of centralized heat supply (%)

Region Country/territory In total

Total Share of RAC? Total Share of RAC? In RACP
final energy demand®

Eritrea

Ethiopia 15.9 15.1 0.0 0.0 0.0 0.0
Gabon 1.4 0.8 0.0 0.0 0.0 0.0
Gambia

Ghana 5.1 3.6 0.0 0.0 0.0 0.0
Guinea

Guinea-Bissau

Kenya 10.1 7.5 0.0 0.0 0.0 0.0
Lesotho

Liberia

Madagascar

Malawi

Mali

Mauritania

Mauritius

Mozambique 6.2 6.1 0.0 0.0 0.0 0.0
Namibia

Niger

Nigeria 73.1 58.2 0.0 0.0 0.0 0.0
Reunion

Rwanda

Sao Tome and Principe



TABLE 56. (cont.)

Senegal
Seychelles
Sierra Leone
Somalia
South Africa
St. Helena
Swaziland
Togo
Uganda
United Republic
of Tanzania
Zambia
Zimbabwe
Total for AFR

MEA Algeria
Bahrain
Egypt
Iraq
Iran, Islamic

Republic of
Israel
Jordan
Kuwait
Lebanon
Libyan Arab Jamahiriya

2.0

543

12.5
4.4
8.5

209.3

1.2

17.8

10.8
3.1
6.1

142.2

0.0

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0



& TABLE 56. (cont.)

Final energy demand (Mtoe)  Centralized heat generation (Mtoe)  Share of centralized heat supply (%)

Region Country/territory In total
Total Share of RAC? Total Share of RAC? In RACP
final energy demand®
Morocco 6.9 4.3 0.0 0.0 0.0 0.0
Oman 2.7 0.9 0.0 0.0 0.0 0.0
Qatar 2.9 0.5 0.0 0.0 0.0 0.0
Saudi Arabia 52.4 29.0 0.0 0.0 0.0 0.0
Sudan 5.2 4.1 0.0 0.0 0.0 0.0
Syrian Arab Republic 11.0 7.0 0.0 0.0 0.0 0.0
Tunisia 5.2 2.4 0.0 0.0 0.0 0.0
United Arab Emirates 8.0 2.2 0.0 0.0 0.0 0.0
Yemen 2.4 0.7 0.0 0.0 0.0 0.0
Total for MEA 280.4 116.3 0.0 0.0 0.0 0.0
WEU Andorra
Austria 22.2 9.4 0.9 0.0 0.0 4.0
Azores
Belgium 40.2 15.9 0.3 0.0 0.0 0.7

Canary Islands
Channel Islands

Cyprus 1.5 0.2 0.0 0.0 0.0 0.0
Denmark 16.3 7.9 2.4 2.3 29.0 14.7
Faeroe Islands

Finland 23.3 8.3 2.8 2.1 25.6 11.8

France 161.5 65.3 1.4 1.4 2.1 0.8



TABLE 56. (cont.)

Total for WEU

EEU

Germany
Gibraltar
Greece
Greenland
Iceland
Ireland

Isle of Man
Italy
Liechtenstein
Luxembourg
Madeira
Malta
Monaco
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
Turkey

UK

Albania

247.6
0.1
17.6

1.9
8.8

124.3

32

0.5

59.3
19.4
15.1
71.7
36.3
20.6
51.8
161.3
1104.3

0.8

Bosnia and Herzegovina 0.8

Bulgaria

106.4
0.0
6.1

1.0
3.7

40.7

0.7

0.1

25.1
6.9
3.7

17.7

14.2

10.0

20.1

65.1

428.6

9.0
0.0
0.0

0.2
0.0

0.2

0.0

0.0

1.7
0.1
0.1
0.0
3.6
0.3
0.0
0.0
229

73
0.0
0.0

0.0
0.0

0.0

0.0

0.0

0.9
0.1
0.0
0.0
35
0.3
0.0
0.0
17.9

6.9
0.0
0.0

0.0
0.0

0.0

0.0

0.0

3.6
1.3
0.0
0.1
24.9
2.6
0.0
0.0
4.2

3.7
0.0
0.0

8.7
0.0

0.2

0.0

0.0

29
0.6
0.3
0.0
9.9
1.6
0.0
0.0
2.1



TABLE 56. (cont.)

Final energy demand (Mtoe)  Centralized heat generation (Mtoe)  Share of centralized heat supply (%)

Region Country/territory In total
Total Share of RAC? Total Share of RAC? In RACP
final energy demand®
Croatia 5.2 0.2 0.3 0.0 0.0 5.0
Czech Republic 27.6 9.0 3.7 1.3 14.8 13.6
Hungary 17.7 9.5 1.8 1.3 13.3 10.0
Poland 72.6 335 9.3 7.6 22.7 12.9
Romania 29.1 9.6 5.6 4.3 45.3 19.3
Slovakia 12.7 4.8 0.8 0.7 15.2 5.9
Slovenia 4.5 1.7 0.2 0.0 0.0 4.6
The Former Yugoslav
Republic of Macedonia 2.0 0.8 0.1 0.0 0.0 6.1
Yugoslavia, Federal
Republic of 8.4 4.7 0.5 0.0 0.0 5.4
Total for EEU 194.0 79.1 25.1 16.1 20.4 13.0
FSU Armenia 0.7 0.4 0.1 0.0 0.0 10.8
Azerbaijan 10.9 59 0.0 0.0 0.0 0.0
Belarus 19.0 9.4 7.3 43 45.8 384
Estonia 2.9 1.4 0.8 0.6 41.8 274
Georgia 1.7 1.2 0.5 0.0 0.0 28.3
Kazakhstan 23.1 11.5 0.0 0.0 0.0 0.0
Kyrgyzstan 2.4 1.5 0.5 0.0 0.0 19.2

Latvia 3.6 2.1 1.1 0.8 36.3 30.6



TABLE 56. (cont.)

Lithuania 5.1 2.1 1.4 0.9 44.8 28.4
Republic of Moldova 3.1 2.1 0.3 0.0 0.0 10.5
Russian Federation 468.0 247.1 169.3 76.2 30.8 36.2
Tajikistan 29 1.3 0.0 0.0 0.0 0.0
Turkmenistan 7.8 7.1 0.0 0.0 0.0 0.0
Ukraine 98.5 44.1 104 3.7 83 10.5
Uzbekistan 324 21.4 2.6 0.0 0.0 7.9
Total for FSU 682.1 358.6 194.2 86.5 24.1 28.5
CPA Cambodia
China 865.9 368.2 21.3 0.0 0.0 2.5
Democratic People’s
Republic of Korea 18.6 1.6 0.0 0.0 0.0 0.0
Hong Kong, China 10.0 2.8 0.0 0.0 0.0 0.0

Lao People’s
Democratic Republic

Mongolia

Viet Nam 29.9 22.6 0.0 0.0 0.0 0.0
Total for CPA 924.3 395.3 21.3 0.0 0.0 2.5
SAS Afghanistan

Bangladesh 223 13.0 0.0 0.0 0.0 0.0

Bhutan

India 350.3 198.8 0.0 0.0 0.0 0.0

Maldives

Nepal 7.0 6.5 0.0 0.0 0.0 0.0
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TABLE 56. (cont.)

Final energy demand (Mtoe)  Centralized heat generation (Mtoe)  Share of centralized heat supply (%)

Region Country/territory In total
Total Share of RAC? Total Share of RAC? In RAC
final energy demand®
Pakistan 46.8 25.6 0.0 0.0 0.0 0.0
Sri Lanka 6.3 3.8 0.0 0.0 0.0 0.0
Total for SAS 432.7 247.6 0.0 0.0 0.0 0.0
PAS American Samoa
Brunei Darussalam 0.7 0.2 0.0 0.0 0.0 0.0
Fiji
French Polynesia
Indonesia 99.8 58.9 0.0 0.0 0.0 0.0
Malaysia 26.4 5.0 0.0 0.0 0.0 0.0
Myanmar 10.4 8.6 0.0 0.0 0.0 0.0

New Caledonia
Papua New Guinea

Philippines 243 11.1 0.0 0.0 0.0 0.0
Kiribati

Korea, Republic of 120.4 37.4 1.2 0.0 0.0 1.0
Samoa

Singapore 9.4 1.2 0.0 0.0 0.0 0.0
Solomon Islands

Taiwan, China 46.4 8.7 0.0 0.0 0.0 0.0

Thailand 54.7 15.1 0.0 0.0 0.0 0.0
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TABLE 56. (cont.)

Tonga
Vanuatu
Total for PAS 392.4
PAO Australia 66.3
Japan 337.0
New Zealand 12.2
Total for PAO 4154
Total 6673.0

146.1

14.3
103.0
24
119.7

2664.9

1.2

0.0
04
0.0
04

273.2

0.0

0.0
04
0.0
04

123.2

0.0

0.0
0.4
0.0
0.3

4.6

0.3

0.0
0.1
0.0
0.1

4.1

Note: Data are not available if none are shown.
4 RAC: residential, agricultural and commercial sectors.

b Share of the residential, agricultural and commercial sectors, centralized heat generation/share of the residential, agricultural and commercial

sectors, final energy demand.

¢ Total centralized heat generation/total final energy demand.
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Appendix IV

ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR PENETRATION IN DISTRICT HEATING

TABLE 57. ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR PENETRATION IN DISTRICT HEATING

Total final Ranking for ~ Ranking for  Ranking for =~ Ranking for Ranking for
Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude

NAM Canada 184.3 0 1 2 1 1 1.0
Guam 0 1 0 0 0 0.2
Puerto Rico 0 1 0 0 0 0.2
USA 1435.8 0 1 2 1 1 1.0
Virgin Islands 0 1 0 0 0 0.0

Total for NAM 1620.1 0.00 1.00 2.00 1.00 1.00 1.00

LAM Antigua and Barbuda 0 1 0 0 0 0.2
Argentina 39.8 0 1 2 0 1 0.8
Bahamas 0 1 0 0 0 0.2
Barbados 0 1 0 0 0 0.2
Belize 0 1 0 0 0 0.2
Bermuda 0 1 0 0 0 0.2
Bolivia 2.7 0 1 0 0 0 0.2
Brazil 138.2 0 1 2 0 1 0.8
Chile 16.4 0 1 1 0 1 0.6
Colombia 26.0 0 1 1 0 0 0.4



TABLE 57. (cont.)

Costa Rica 2.0 0 1 0 0 0 0.2
Cuba 12.5 0 1 1 0 1 0.6
Dominica 0 1 0 0 0 0.2
Dominican Republic 3.6 0 1 0 0 0 0.2
Ecuador 6.8 0 1 0 0 0 0.2
El Salvador 32 0 1 0 0 0 0.2
French Guiana 0 1 0 0 0 0.2
Grenada 0 1 0 0 0 0.2
Guadeloupe 0 1 0 0 0 0.2
Guatemala 4.9 0 1 0 0 0 0.2
Guyana 0 1 0 0 0 0.2
Haiti 1.6 0 1 0 0 0 0.2
Honduras 2.8 0 1 0 0 0 0.2
Jamaica 2.0 0 1 0 0 0 0.2
Martinique 0 1 0 0 0 0.2
Mexico 94.1 0 1 2 0 1 0.8
Netherlands Antilles 0.8 0 1 0 0 0 0.2
Nicaragua 1.8 0 1 0 0 0 0.2
Panama 1.8 0 1 0 0 0 0.2
Paraguay 39 0 1 0 0 0 0.2
Peru 12.3 0 1 1 0 1 0.6
Saint Kitts and Nevis 0 1 0 0 0 0.2
Saint Lucia 0 1 0 0 0 0.2
Saint Vincent and the

Grenadines 0 1 0 0 0 0.2
Suriname 0 1 0 0 0 0.2
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TABLE 57. (cont.)

Total final Ranking for ~ Ranking for ~ Ranking for =~ Ranking for Ranking for

Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude

Trinidad and Tobago 52 0 1 0 0 0 0.2
Uruguay 24 0 1 1 0 1 0.6
Venezuela 335 0 1 1 0 1 0.6

Total for LAM 418.0 0.00 1.00 1.55 0.00 0.84 0.68

AFR Angola 4.3 0 1 0 1 0 0.4
Benin 1.9 0 1 0 1 0 0.4
Botswana 0 1 0 1 0 04
British Indian Ocean

Territory 0 1 0 0 0 0.2
Burkina Faso 0 1 0 1 0 0.4
Burundi 0 1 0 1 0 0.4
Cameroon 5.1 0 1 0 1 0 0.4
Cape Verde 0 1 0 1 0 0.4
Central African Republic 0 1 0 1 0 0.4
Chad 0 1 0 1 0 0.4
Comoros 0 1 0 0 0 0.2
Congo 1.1 0 1 0 1 0 0.4
Cote d’Ivoire 34 0 1 0 1 0 0.4
Democratic Republic
of the Congo 0 1 0 1 0 0.4

Djibouti 0 1 0 1 0 0.4
Equatorial Guinea 0 1 0 1 0 0.4
Eritrea 0 1 0 1 0 0.4



TABLE 57. (cont.)

Ethiopia 15.9 0 1 0 1 0 0.4
Gabon 1.4 0 1 0 1 0 0.4
Gambia 0 1 0 1 0 0.4
Ghana 5.1 0 1 0 1 0 0.4
Guinea 0 1 0 1 0 0.4
Guinea-Bissau 0 1 0 1 0 0.4
Kenya 10.1 0 1 0 1 0 0.4
Lesotho 0 1 0 1 0 0.4
Liberia 0 1 0 1 0 0.4
Madagascar 0 1 0 0 0 0.2
Malawi 0 1 0 1 0 0.4
Mali 0 1 0 1 0 0.4
Mauritania 0 1 0 1 0 0.4
Mauritius 0 1 0 0 0 0.2
Mozambique 6.2 0 1 0 1 0 0.4
Namibia 0 1 0 1 0 0.4
Niger 0 1 0 1 0 0.4
Nigeria 73.1 0 1 0 0 0 0.2
Reunion 0 1 0 1 0 0.4
Rwanda 0 1 0 1 0 0.4
Sao Tome and Principe 0 1 0 1 0 0.4
Senegal 2.0 0 1 0 1 0 0.4
Seychelles 0 1 0 1 0 0.4
Sierra Leone 0 1 0 1 0 0.4
Somalia 0 1 0 1 0 0.4
South Africa 54.3 0 1 2 1 2 1.2



@ TABLE 57. (cont.)
Total final Ranking for ~ Ranking for =~ Ranking for Ranking for Ranking for
Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude
St. Helena 0 1 0 0 0 0.2
Swaziland 0 1 0 1 0 0.4
Togo 0 1 0 1 0 0.4
Uganda 0 1 0 1 0 0.4
United Republic
of Tanzania 12.5 0 1 0 1 0 0.4

Zambia 4.4 0 1 0 1 0 0.4
Zimbabwe 8.5 0 1 0 1 0 0.4

Total for AFR 209.3 0.00 1.00 0.52 0.65 0.52 0.54

MEA Algeria 14.4 0 1 1 1 0 0.6
Bahrain 39 0 1 0 0 0 0.2
Egypt 25.2 0 1 1 1 1 0.8
Iraq 20.0 0 1 0 1 0 0.4
Iran, Islamic

Republic of 87.1 0 1 1 1 2 1.0

Israel 11.3 0 1 0 1 1 0.6
Jordan 3.3 0 1 0 0 0 0.2
Kuwait 5.8 0 1 0 0 0 0.2
Lebanon 3.7 0 1 0 1 0 0.4
Libyan Arab Jamahiriya 9.0 0 1 0 0 0 0.2
Morocco 6.9 0 1 1 1 1 0.8



TABLE 57. (cont.)

Oman 2.7 0 1 0 0 0 0.2
Qatar 2.9 0 1 0 0 0 0.2
Saudi Arabia 52.4 0 1 0 0 0 0.2
Sudan 5.2 0 1 0 1 0 0.4
Syrian Arab Republic 11.0 0 1 0 1 0 0.4
Tunisia 5.2 0 1 0 1 0 0.4
United Arab Emirates 8.0 0 1 0 0 0 0.2
Yemen 2.4 0 1 0 1 0 0.4
Total for MEA 280.4 0.00 1.00 0.48 0.69 0.78 0.59
WEU Andorra 0 1 0 1 0 0.4
Austria 22.2 0 1 1 1 0 0.6
Azores 0 1 0 0 0 0.2
Belgium 40.2 0 1 2 1 1 1.0
Canary Islands 0 1 0 0 0 0.2
Channel Islands 0 1 0 0 0 0.2
Cyprus 1.5 0 1 0 0 0 0.2
Denmark 16.3 2 1 1 1 0 1.0
Faeroe Islands 0 1 0 0 0 0.2
Finland 23.3 2 1 2 1 1 1.4
France 161.5 1 1 2 1 2 1.4
Germany 247.6 1 1 2 1 0 1.0
Gibraltar 0.1 0 1 0 1 0 0.4
Greece 17.6 0 1 1 1 1 0.8
Greenland 0 1 0 0 0 0.2
Iceland 1.9 0 1 0 0 0 0.2



TABLE 57. (cont.)

Total final Ranking for ~ Ranking for =~ Ranking for Ranking for Ranking for
Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude

Ireland 8.8 0 1 0 1 0 0.4
Isle of Man 0 1 0 0 0 0.2
Italy 124.3 0 1 1 1 0 0.6
Liechtenstein 0 1 0 1 0 0.4
Luxembourg 32 0 1 0 1 0 0.4
Madeira 0 1 0 0 0 0.2
Malta 0.5 0 1 0 0 0 0.2
Monaco 0 1 0 1 0 0.4
Netherlands 59.3 1 1 2 1 1 1.2
Norway 19.4 1 1 1 1 1 1.0
Portugal 15.1 0 1 1 1 1 0.8
Spain 71.7 0 1 2 1 1 1.0
Sweden 36.3 2 1 2 1 0 1.2
Switzerland 20.6 1 1 2 1 1 1.2
Turkey 51.8 0 1 1 1 1 0.8
UK 161.3 0 1 2 1 1 1.0

Total for WEU 1104.3 0.60 1.00 1.73 1.00 0.73 1.01

EEU Albania 0.8 0 1 0 1 0 0.4
Bosnia and Herzegovina 0.7 0 1 1 1 0 0.6
Bulgaria 12.7 2 1 2 1 1 14
Croatia 5.2 0 1 2 1 1 1.0



TABLE 57. (cont.)

Czech Republic 27.6 2 1 2 1 1 14
Hungary 17.7 2 1 2 1 1 1.4
Poland 72.6 2 1 1 1 1 1.2
Romania 29.1 2 1 2 1 1 1.4
Slovakia 12.7 2 1 2 1 1 14
Slovenia 4.5 0 1 2 1 1 1.0
The Former Yugoslav
Republic of Macedonia 2.0 0 1 1 1 0 0.6
Yugoslavia, Federal
Republic of 8.4 0 1 1 1 0 0.6
Total for EEU 194.0 1.78 1.00 1.56 1.00 0.94 1.26
FSU Armenia 0.7 0 1 2 1 1 1.0
Azerbaijan 10.9 0 1 0 0 0 0.2
Belarus 19.0 2 1 1 1 1 1.2
Estonia 2.9 2 1 0 1 0 0.8
Georgia 1.7 0 1 0 1 0 0.4
Kazakhstan 23.1 0 1 2 1 1 1.0
Kyrgyzstan 24 0 1 0 1 0 0.4
Latvia 3.6 2 1 0 1 0 0.8
Lithuania 5.1 2 1 2 1 1 14
Republic of Moldova 3.1 0 1 0 1 0 0.4
Russian Federation 468.0 2 1 2 1 1 1.4
Tajikistan 2.9 0 1 0 0 0 0.2
Turkmenistan 7.8 0 1 0 0 0 0.2
Ukraine 98.5 1 1 2 1 1 1.2
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TABLE 57. (cont.)

Total final Ranking for ~ Ranking for ~ Ranking for =~ Ranking for Ranking for
Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude
Uzbekistan 324 0 1 0 0 0 0.2
Total for FSU 682.1 1.61 1.00 1.77 0.92 0.90 1.24
CPA Cambodia 0 1 0 1 0 0.4
China 865.9 0 1 2 1 2 1.2
Democratic People’s
Republic of Korea 18.6 0 1 1 1 0 0.6
Hong Kong, China 10.0 0 1 0 0 0 0.2
Lao People’s
Democratic Republic 0 1 0 1 0 0.4
Mongolia 0 1 0 1 0 0.4
Viet Nam 29.9 0 1 1 1 1 0.8
Total for CPA 9243 0.00 1.00 1.93 0.99 1.91 1.16
SAS Afghanistan 0 1 0 1 0 0.4
Bangladesh 22.3 0 1 0 1 0 0.4
Bhutan 0 1 0 1 0 0.4
India 350.0 0 1 2 1 2 1.2
Maldives 0 1 0 1 0 0.4
Nepal 6.9 0 1 0 1 0 04
Pakistan 46.8 0 1 2 1 2 1.2
Sri Lanka 6.3 0 1 0 0 0 0.2
Total for SAS 432.7 0.00 1.00 1.84 0.99 1.84 1.13
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TABLE 57. (cont.)

PAS

Total for PAS

PAO

Total for PAO

World total

American Samoa
Brunei Darussalam
Fiji

French Polynesia
Indonesia
Malaysia
Myanmar

New Caledonia
Papua New Guinea
Philippines
Kiribati

Korea, Republic of
Samoa

Singapore
Solomon Islands
Taiwan, China
Thailand

Tonga

Vanuatu

Australia
Japan
New Zealand

0.7

99.8
26.4
10.4
243

120.4

9.4
46.4
547

392.4
66.3

337.0
12.2

415.4

6673.0
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Note: Data are not available if none are shown.
2 Used for weighting.
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Appendix V

WATER SUPPLY AND DEMAND IN THE WORLD

TABLE 58. WATER SUPPLY AND DEMAND IN THE WORLD [50-52]

Assessment for 1990 Assessment for 2025
Region CO‘T“”y/ Available  Total water Domestic  Industrial Agricultural ~ Total ~ Total water Domestic  Industrial Agricultural — Total
territory water sources withdrawal (m>/capita) (m3/capita) (m3/capita) (m3/capita) withdrawal (m3/capita) (m3/capita) (m3/capita) (m3/capita)
(km?) (km?) (km?)
NAM Canada 2901.0 44.5 288 1121 192 1602 61 288 1121 193 1602
Guam 0.1 0.1 285 95 8 395 0 285 95 8 388
Puerto Rico 0.0 0 0
USA 2478.0 467.3 243 842 785 1870 619 243 842 785 1870
Virgin Islands 0 0
Total for NAM 5379 512 1842 681 248 871 724 1842
LAM Antigua and
Barbuda 0
Argentina 994.0 339 94 188 761 1043 49 109 188 761 1058
Bahamas 0.0 0
Barbados 0.0 0
Belize 16.0 0.0 11 0 98 109 0 22 1 0 23
Bermuda 0.0 0 0
Bolivia 300.0 1.3 20 10 171 201 3 29 20 168 217
Brazil 6950.0 36.5 54 47 145 246 71 77 84 145 306
Chile 468.0 214 358 309 959 1626 32 358 309 961 1628

Colombia 1070.0 5.6 71 28 75 174 10 71 53 75 199



TABLE 58. (cont.)

Costa Rica
Cuba
Dominica
Dominican
Republic
Ecuador
El Salvador
French Guiana
Grenada
Guadeloupe
Guatemala
Guyana
Haiti
Honduras
Jamaica
Martinique
Mexico
Netherlands
Antilles
Nicaragua
Panama
Paraguay
Peru
Saint Kitts
and Nevis
Saint Lucia

95.0
34.5

20.0
314.0
68.5

116.0
241.0
11.0
63.4
8.3

357.4

175.0
144.0
314.0

40.0

Saint Vincent and

the Grenadines

2.6
9.2
0.0

32
6.0
19.7
0.0
0.0
0.0
1.3
1.4
0.1
14
0.4
0.0
76.0

0.0
14
1.8
0.5
6.5

31
78

22
41
53

18

12
11

54

92
90
16
57

55
17

27
17
79

24

15

11

72

77

83

27

694
774

397
523
218

103
1794

268
137

773

198
581

85
216

780
870

446
581
350

139
1812

294
159

899

367
754
109
300

11
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123

78

45
45
34

25
33

24
22

58

92
90
33
58

55
26

40
35
20

25

20
22

72

77
83
15
54

695
774

394
523
22

101
1753

272
152

773

198
584

89
215

807
878

479
603
76

151
1787
12
316
196

903

367
757
137
327
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TABLE 58. (cont.)

Assessment for 1990

Assessment for 2025

Region COLfmry/ Available Total water Domestic  Industrial Agricultural ~ Total = Total water Domestic  Industrial Agricultural — Total
territory water sources withdrawal (m>/capita) (m3/capita) (m3/capita) (m3/capita) withdrawal (m3/capita) (m3/capita) (m3/capita) (m3/capita)
(km?) (km?) (km?)
Suriname 200.0 0.5 71 59 1058 1189 1 71 59 1002 1132
Trinidad and
Tobago 5.1 0.2 33 47 43 123 0 33 47 43 123
Uruguay 124.0 0.7 14 7 219 241 1 29 14 217 260
Venezuela 1317.0 7.5 164 42 176 382 14 164 71 175 410
Total for
LAM 13 446 239.0 492 372 73 72 325 471
AFR Angola 184.0 0.6 8 6 43 57 2 16 11 45 72
Benin 25.8 0.1 6 3 19 28 0 13 6 16 35
Botswana 14.7 0.1 27 17 41 85 0 54 35 34 123
British Indian
Ocean Territory 0.0 0
Burkina Faso 17.5 0.4 8 0 32 40 1 16 1 32 49
Burundi 3.6 0.1 7 0 13 20 0 14 1 15 30
Cameroon 268.0 0.4 14 6 11 31 1 23 12 10 45
Cape Verde 0.0 0
Central African
Republic 141.0 0.1 5 1 19 26 0 11 3 16 30
Chad 43.0 0.2 5 1 28 34 1 11 1 31 43
Comoros 0.0 0
Congo 832.0 0.0 12 5 2 20 0 25 11 0 36
Cote d’Ivoire 71.7 0.8 14 7 43 64 3 28 14 44 86



TABLE 58. (cont.)

Democratic
Republic of
the Congo

Djibouti

Equatorial
Guinea

Eritrea

Ethiopia

Gabon

Gambia

Ghana

Guinea

Guinea-Bissau

Kenya

Lesotho

Liberia

Madagascar

Malawi

Mali

Mauritania

Mauritius

Mozambique

Namibia

Niger

Nigeria

Reunion

Rwanda

1019.0

30.0

88.0
164.0
8.0
532
226.0
27.0
30.2
52
232.0
337.0
18.6
100.0
114
22
208.0
45.5
325
280.0

N WO 9 d W= A W0 -

[u—
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24

44

26
18
121

66

33
1622
98
156
849
269
30
117
57
20

29

51
57
29
35
139
17
87
31
55
1638
113
161
923
350
39
171
69
37
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11

23

11
77

20
21
20
20
14
20
20

57
56
13
49
20
20

44

48
18
119

66
24
28
1621
98
155
855
269
31
131
58
20

16

29

58
102
53
47
148
21
93
52
62
1642
102
164
932
350
49
191
81
51



N TABLE 58. (cont.)

Assessment for 1990 Assessment for 2025

Region COLfmry/ Available Total water Domestic  Industrial Agricultural ~ Total = Total water Domestic  Industrial Agricultural — Total
territory water sources withdrawal (m>/capita) (m3/capita) (m3/capita) (m3/capita) withdrawal (m3/capita) (m3/capita) (m3/capita) (m3/capita)
(km?) (km?) (km?)
Sao Tome and
Principe 0.0 0
Senegal 394 1.5 10 6 185 201 4 20 12 184 216
Seychelles 0.0 0
Sierra Leone 160.0 0.4 6 4 82 93 1 7 4 82 93
Somalia 13.5 0.9 3 0 96 99 2 6 1 94 101
South Africa 50.0 20.8 96 61 404 561 40 96 61 405 562
St. Helena 0.0 0
Swaziland 4.5 0.7 17 17 823 857 2 17 17 823 857
Togo 12.0 0.1 16 3 6 26 0 16 3 6 26
Uganda 66.0 0.4 6 2 12 20 1 13 3 13 29
United Republic
of Tanzania 89.0 1.0 3 1 36 40 3 7 2 35 44
Zambia 116.0 1.5 29 13 144 186 4 29 20 141 190
Zimbabwe 20.0 1.3 19 9 107 135 3 23 19 107 149
Total for AFR 5102 68 142 175 21 10 113 143
MEA Algeria 14.3 4.5 45 27 108 180 8 45 27 108 180
Bahrein 0.0 0
Egypt 68.5 514 53 79 781 913 89 53 79 781 913
Iraq 137.5 133.5 65 22 2178 2265 116 71 118 752 941
Iran, Islamic
Republic of 75.4 21.6 71 118 1004 1193 128 65 36 2907 3008



TABLE 58. (cont.)

Israel 2.2 1.9 65 20 322 408 4 126 41 320 487
Jordan 0.9 1.1 54 7 185 247 3 54 15 183 252
Kuwait 0.2 0.8 129 7 212 348 1 129 14 214 357
Lebanon 4.4 1.1 124 18 302 444 2 124 36 294 454
Libyan Arab
Jamahiriya 0.6 4.0 96 19 765 880 11 96 20 768 884
Morocco 30.0 10.6 21 13 402 436 19 42 25 401 468
Oman 1.0 1.3 36 15 677 728 5 73 29 673 775
Qatar 0.0 0
Saudi Arabia 24 16.7 94 10 936 1040 45 94 21 936 1051
Sudan 154.0 15.6 28 7 597 633 37 28 1 598 627
Syrian Arab
Republic 26.3 12.6 41 20 956 1017 34 41 23 955 1019
Tunisia 3.9 3.1 32 11 339 382 5 49 21 339 409
United Arab
Emirates 0.2 1.9 266 100 742 1107 3 266 100 744 1110
Yemen 4.1 2.8 18 3 231 251 9 20 5 232 257
Total for MEA 526 284 1028 519 58 51 786 895
WEU Andorra 0.0 0
Austria 90.3 2.3 100 176 27 304 3 100 176 24 300
Azores 0.0 0
Belgium 12.5 9.1 101 779 37 917 9 101 779 0 880
Canary Islands 0.0 0
Channel Islands 0.0 0
Cyprus 0.0 0
Denmark 13.0 1.2 70 63 100 233 1 70 63 98 231
Faeroe Islands 0.0 0



TABLE 58. (cont.)

Assessment for 1990 Assessment for 2025

Region COLfmry/ Available Total water Domestic  Industrial Agricultural ~ Total = Total water Domestic  Industrial Agricultural — Total

territory water sources withdrawal (m>/capita) (m3/capita) (m3/capita) (m3/capita) withdrawal (m3/capita) (m3/capita) (m3/capita) (m3/capita)
(km?) (km?) (km?)

Finland 113.0 2.2 53 198 189 440 2 53 198 185 436
France 198.0 37.7 106 459 100 665 41 106 459 100 665
Germany 171.0 46.0 64 405 110 579 44 64 405 110 579
Gibraltar 0.0 0
Greece 58.7 54 42 152 329 523 6 84 180 334 598
Greenland 0.0 0
Iceland 0.0 0
Treland 0.0 0
Isle of Man 0.0 0
Italy 167.0 56.2 138 266 582 986 52 138 266 581 985
Liechtenstein 0.0 0
Luxembourg 0.0 0
Madeira 0.0 0
Malta 0.0 0
Monaco 0.0 0
Netherlands 90.0 7.7 26 316 176 518 9 26 316 178 520
Norway 392.0 2.1 98 351 39 488 2 98 351 42 491
Portugal 69.6 7.3 111 273 355 739 7 126 273 351 750
Spain 94.3 30.7 94 203 484 781 31 126 203 484 813
Sweden 180.0 2.9 123 188 31 341 3 123 188 31 342
Switzerland 50.0 1.2 40 126 7 173 1 40 126 13 179



TABLE 58. (cont.)

UK 71.0 11.8 41 158 6 205 13 8 158 42 208
Total for WEU 1954 254 593 275 83 264 243 589
EEU Albania 21.3 0.4 6 17 71 94 0 11 20 64 95
Bosnia and
Herzegovina 0.0 0
Bulgaria 205.0 13.9 46 1173 324 1544 12 46 1173 322 1541
Croatia 0.0
Czech Republic  58.2 2.7 109 151 5 265 3 109 151 5 265
Hungary 120.0 6.9 59 364 238 661 6 80 364 234 678
Poland 56.2 12.2 42 244 35 321 14 58 244 36 338
Romania 208.0 26.3 91 374 669 1134 25 91 374 667 1132
Slovakia 30.8 1.8 136 190 7 333 2 136 190 7 333
Slovenia 0.0 0
The Former
Yugoslav
Republic of
Macedonia 0.0 0
Yugoslavia, Federal
Republic of 0.0 0
Total for EEU 700 64 640 62 73 332 209 614
FSU Armenia 54 2.9 238 32 524 794 4 238 32 524 794
Azerbaijan 30.3 16.5 113 566 1585 2264 23 113 566 1585 2264
Belarus 3.1 2.7 58 114 93 265 3 58 114 93 265

Estonia 12.8 0.2 58 41 5 104 0 58 41 5 104



2 TABLE 58. (cont.)
Assessment for 1990 Assessment for 2025
Region COLfmry/ Available Total water Domestic  Industrial Agricultural ~ Total = Total water Domestic  Industrial Agricultural — Total
territory water sources withdrawal (m>/capita) (m3/capita) (m3/capita) (m3/capita) withdrawal (m3/capita) (m3/capita) (m3/capita) (m3/capita)
(km?) (km?) (km?)
Georgia 43.1 35 133 127 374 634 5 133 127 374 634
Kazakhstan 77.6 33.7 40 339 1614 1992 46 40 339 1614 1992
Kyrgyzstan 36.8 10.1 67 67 2110 2245 14 67 67 2110 2245
Latvia 354 0.3 61 35 14 110 0 61 35 14 110
Lithuania 249 0.3 54 11 2 67 0 54 11 2 67
Republic of
Moldova 0.7 3.0 61 442 177 680 3 61 442 177 681
Russian
Federation = 4444.2 77.9 99 322 104 520 78 99 322 104 525
Tajikistan 29.7 11.8 64 85 1961 2131 16 64 85 1961 2110
Turkmenistan 18.4 23.8 59 59 5783 5901 41 59 59 5783 5901
Ukraine 139.6 26.0 90 259 150 498 26 90 259 150 498
Uzbekistan 50.4 58.1 109 54 2555 2718 79 109 54 2555 2718
Total for FSU 4952 271 925 337 92 258 705 1056
CPA Cambodia 498.1 0.6 3 1 60 64 1 6 1 61 68
China 2800.0 532.8 28 32 401 461 740 46 38 401 485
Democratic

People’s Republic
of Korea 67.0 15.0 76 110 502 687 23 76 110 500 686
Hong Kong, China 0.0 0



TABLE 58. (cont.)

Lao People’s

Democratic
Republic 270.0 1.0 19 24 193 236 1 19 24 193 236
Mongolia 24.6 0.6 28 68 156 252 1 28 68 156 252
Viet Nam 376.0 27.6 54 37 323 414 49 54 37 323 414
Total for CPA 4036 577 459 815 47 39 393 478
0
SAS Afghanistan 65.0 25.6 102 34 1566 1702 76 102 1 1566 1669
Bangladesh 2357.0 23.8 7 2 211 220 45 13 4 211 228
Bhutan 95.0 0.0 5 1 7 13 0 5 1 7 13
India 2085.0 520.6 18 24 569 612 864 28 24 569 621
Maldives 0.0 0
Nepal 170.0 2.9 6 2 143 151 6 12 3 143 158
Pakistan 418.3 155.7 26 26 1226 1277 364 26 26 1226 1278
Sri Lanka 43.2 8.7 10 10 483 503 13 20 20 483 523
Total for SAS 5233 737 648 1368 27 21 640 689
PAS American Samoa 0.0 0
Brunei
Darussalam 0.0 0
Fiji 28.6 0.0 8 8 25 41 0 8 8 25 41
French
Polynesia 0.0 0
Indonesia 2530.0 17.6 12 11 73 96 33 25 21 73 119
Malaysia 456.0 13.7 177 230 361 768 13 25 21 361 407
Myanmar 1082.0 4.2 7 3 91 101 8 14 6 91 111
New Caledonia 0.0 0
Papua
New Guinea 801.0 0.1 8 6 13 28 0 8 6 14 28
Philippines 323.0 41.7 123 144 418 686 72 123 144 418 685

Kiribati 0.0 0



N TABLE 58. (cont.)
Assessment for 1990 Assessment for 2025
Region COLfmry/ Available Total water Domestic  Industrial Agricultural ~ Total = Total water Domestic  Industrial Agricultural — Total
territory water sources withdrawal (m>/capita) (m3/capita) (m3/capita) (m3/capita) withdrawal (m3/capita) (m3/capita) (m3/capita) (m3/capita)
(km?) (km?) (km?)
Korea,
Republic of 66.1 27.1 120 221 291 632 35 126 221 290 637
Samoa 0.0 0
Singapore 0.6 0.2 38 43 3 85 1 82 86 0 168
Solomon Islands 44.7 0.0 7 3 7 17 0 7 3 7 17
Taiwan, China 0.0 0
Thailand 179.0 33.5 24 36 542 602 49 48 72 542 662
Tonga 0.0 0
Vanuatu 0.0 0
Total for PAS 5511 138 338 210 52 63 220 335
PAO Australia 343.0 15.8 606 19 308 933 24 606 37 308 951
Japan 547.0 90.9 125 243 368 736 89 125 243 368 736
New Zealand 327.0 2.0 271 59 259 589 3 271 118 251 640
Total for PAO 1217 109 755 116 208 206 354 768
World total 48 056 3254 614 4930 58 101 434 593

Note: Data are not available if none are shown.



Appendix VI

ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR PENETRATION IN WATER DESALINATION

TABLE 59. ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR PENETRATION IN WATER DESALINATION

Total domestic

Ranking for

Ranking for

. Country/ . Ranking for Ranking for Ranking for . -

Region . water use in . . economic public Average
territory 1990 (km?) market structure demand pressure technical basis competitiveness attitude

NAM Canada 8.0 0 0 2 1 1 0.8
Guam 0.0 0 0 0 0 0 0.0
Puerto Rico 0.0 0 0 0 0 0 0.0
USA 60.8 0 0 2 1 1 0.8
Virgin Islands 0 0 0 0 0 0.0

Total for NAM 68.8 0.00 0.00 2.00 1.00 1.00 0.80

LAM Antigua and Barbuda 0 0 0 0 0 0.0
Argentina 3.1 0 0 2 0 1 0.6
Bahamas 0.0 0 0 0 0 0 0.0
Barbados 0.0 0 0 0 0 0 0.0
Belize 0.0 0 0 0 0 0 0.0
Bermuda 0.0 0 0 0 0 0 0.0
Bolivia 0.1 0 2 0 0 0 0.4
Brazil 8.0 0 1 2 0 1 0.8
Chile 4.7 0 0 1 0 1 0.4
Colombia 2.3 0 1 1 0 0 04
Costa Rica 0.1 0 0 0 0 0 0.0
Cuba 0.8 0 0 1 0 1 0.4
Dominica 0.0 0 0 0 0 0 0.0
Dominican Republic 0.2 0 1 0 0 0 0.2
Ecuador 0.4 0 0 0 0 0 0.0



3 TABLE 59. (cont))

' Country/ Total dOmC?'[lC Ranking for Ranking for Ranking for Ranking for Rankmg for
Region . water use in . . economic public Average

territory 1990 (km?) market structure  demand pressure technical basis competitiveness attitude
El Salvador 3.0 0 2 0 0 0 0.4
French Guiana 0.0 0 0 0 0 0 0.0
Grenada 0.0 0 0 0 0 0 0.0
Guadeloupe 0.0 0 0 0 0 0 0.0
Guatemala 0.1 0 2 0 0 0 0.4
Guyana 0.0 0 1 0 0 0 0.2
Haiti 0.0 0 2 0 0 0 0.4
Honduras 0.1 0 2 0 0 0 0.4
Jamaica 0.0 0 2 0 0 0 0.4
Martinique 0.0 0 0 0 0 0 0.0
Mexico 4.6 0 0 2 0 1 0.6
Netherlands Antilles 0.0 0 0 0 0 0 0.0
Nicaragua 0.3 0 1 0 0 0 0.2
Panama 0.2 0 0 0 0 0 0.0
Paraguay 0.1 0 2 0 0 0 0.4
Peru 1.2 0 1 1 0 1 0.6
Saint Kitts and Nevis 0.0 0 0 0 0 0 0.0
Saint Lucia 0.0 0 0 0 0 0 0.0
Saint Vincent and the

Grenadines 0.0 0 0 0 0 0 0.0
Suriname 0.0 0 0 0 0 0 0.0
Trinidad and Tobago 0.0 0 2 0 0 0 0.4
Uruguay 0.0 0 2 1 0 1 0.8
Venezuela 32 0 1 1 0 1 0.6

Total for LAM 32.7 0.00 0.68 1.33 0.00 0.78 0.56



TABLE 59. (cont.)

AFR Angola 0.1 0 2 0 1 0 0.6
Benin 0.0 0 2 0 0 0.6
Botswana 0.0 0 1 0 1 0 0.4
British Indian

Ocean Territory 0.0 0 0 0 0 0 0.0
Burkina Faso 0.1 0 2 0 1 0 0.6
Burundi 0.0 0 2 0 1 0 0.6
Cameroon 0.2 0 2 0 1 0 0.6
Cape Verde 0.0 0 0 0 1 0 0.2
Central African Republic 0.0 0 2 0 1 0 0.6
Chad 0.0 0 2 0 1 0 0.6
Comoros 0.0 0 0 0 0 0 0.0
Congo 0.0 0 2 0 1 0 0.6
Cote d’Ivoire 0.2 0 2 0 1 0 0.6
Democratic Republic

of the Congo 0.2 0 2 0 1 0 0.6
Djibouti 0.0 0 0 0 1 0 0.2
Equatorial Guinea 0.0 0 2 0 1 0 0.6
Eritrea 0.0 0 0 0 1 0 0.2
Ethiopia 0.3 0 2 0 1 0 0.6
Gabon 0.1 0 1 0 1 0 0.4
Gambia 0.0 0 2 0 1 0 0.6
Ghana 0.2 0 2 0 1 0 0.6
Guinea 0.1 0 2 0 1 0 0.6
Guinea-Bissau 0.0 0 2 0 1 0 0.6
Kenya 0.4 0 2 0 1 0 0.6
Lesotho 0.0 0 2 0 1 0 0.6
Liberia 0.0 0 2 0 1 0 0.6



TABLE 59. (cont.)

. Country/ Total dOmC?th Ranking for Ranking for Ranking for Ranking .for Ranklng for
Region . water use in . . economic public Average

territory 1990 (km®) market structure  demand pressure technical basis competitiveness attitude
Madagascar 0.2 0 1 0 0 0 0.2
Malawi 0.0 0 2 0 1 0 0.6
Mali 0.0 0 2 0 1 0 0.6
Mauritania 0.1 0 0 0 1 0 0.2
Mauritius 0.1 0 2 0 0 0 0.4
Mozambique 0.1 0 2 0 1 0 0.6
Namibia 0.1 0 1 0 1 0 0.4
Niger 0.1 0 2 0 1 0 0.6
Nigeria 1.1 0 2 0 0 0 0.4
Reunion 0.0 0 0 0 1 0 0.2
Rwanda 0.0 0 2 0 1 0 0.6
Sao Tome and Principe 0.0 0 0 0 1 0 0.2
Senegal 0.1 0 2 0 1 0 0.6
Seychelles 0.0 0 0 0 1 0 0.2
Sierra Leone 0.0 0 2 0 1 0 0.6
Somalia 0.0 0 2 0 1 0 0.6
South Africa 3.6 0 1 2 1 2 1.2
St. Helena 0.0 0 0 0 0 0 0.0
Swaziland 0.0 0 1 0 1 0 0.4
Togo 0.1 0 2 0 1 0 0.6
Uganda 0.1 0 2 0 1 0 0.6
United Republic

of Tanzania 0.1 0 2 0 1 0 0.6
Zambia 0.2 0 2 0 1 0 0.6



TABLE 59. (cont.)

Zimbabwe 0.2 0 2 0 1 0 0.6
Total for AFR 8.1 0.00 1.49 0.88 0.83 0.88 0.82
MEA Algeria 1.1 1 2 1 1 0 1.0
Bahrain 0.0 1 0 0 0 0 0.2
Egypt 3.0 1 1 1 1 1 1.0
Traq 39 0 1 0 1 0 0.4
Iran, Islamic Republic of 1.3 0 1 1 1 2 1.0
Israel 0.3 1 2 0 1 1 1.0
Jordan 0.2 1 2 0 0 0 0.6
Kuwait 0.3 1 2 0 0 0 0.6
Lebanon 0.3 1 2 0 1 0 0.8
Libyan Arab Jamahiriya 0.4 1 1 0 0 0 0.4
Morocco 0.5 1 2 1 1 1 1.2
Oman 0.1 1 1 0 0 0 0.4
Qatar 0.0 1 0 0 0 0 0.2
Saudi Arabia 1.5 1 1 0 0 0 04
Sudan 0.7 0 1 0 1 0 04
Syrian Arab Republic 0.5 0 1 0 1 0 0.4
Tunisia 0.3 1 2 0 1 0 0.8
United Arab Emirates 0.4 1 1 0 0 0 0.4
Yemen 0.2 0 2 0 1 0 0.6
Total for MEA 15.0 0.56 1.21 0.39 0.80 0.43 0.68
WEU Andorra 0.0 0 0 0 1 0 0.2
Austria 0.8 0 1 1 1 0 0.6
Azores 0.0 0 0 0 0 0 0.0
Belgium 1.0 0 1 2 1 1 1.0



TABLE 59. (cont.)

' Country/ Total dOmC?'[lC Ranking for Ranking for Ranking for Ranking for Rankmg for
Region . water use in . . economic public Average

territory 1990 (km?) market structure  demand pressure technical basis competitiveness attitude

Canary Islands 0.0 0 0 0 0 0 0.0
Channel Islands 0.0 0 0 0 0 0 0.0
Cyprus 0.0 0 0 0 0 0 0.0
Denmark 0.4 0 1 1 1 0 0.6
Faeroe Islands 0.0 0 0 0 0 0 0.0
Finland 0.3 0 1 2 1 1 1.0
France 6.0 0 0 2 1 2 1.0
Germany 5.1 0 0 2 1 0 0.6
Gibraltar 0.0 0 0 0 1 0 0.2
Greece 0.4 0 0 1 1 1 0.6
Greenland 0.0 0 0 0 0 0 0.0
Iceland 0.0 0 0 0 0 0 0.0
Ireland 0.0 0 0 0 1 0 0.2
Isle of Man 0.0 0 0 0 0 0 0.0
Italy 7.9 0 0 1 1 0 0.4
Liechtenstein 0.0 0 0 0 1 0 0.2
Luxembourg 0.0 0 0 0 1 0 0.2
Madeira 0.0 0 0 0 0 0 0.0
Malta 0.0 0 0 0 0 0 0.0
Monaco 0.0 0 0 0 1 0 0.2
Netherlands 0.4 0 1 2 1 1 1.0
Norway 0.4 0 1 1 1 1 0.8
Portugal 1.1 0 0 1 1 1 0.6
Spain 3.7 1 0 2 1 1 1.0



TABLE 59. (cont.)

Sweden 1.0 0 1 2 1 0 0.8
Switzerland 0.3 0 1 2 1 1 1.0
Turkey 49 0 0 1 1 1 0.6
UK 2.4 0 2 2 1 1 1.2
Total for WEU 359 0.10 0.26 1.56 1.00 0.75 0.73
EEU Albania 0.0 0 2 0 1 0 0.6
Bosnia and
Herzegovina 0.0 0 0 1 1 0 0.4
Bulgaria 0.4 0 0 2 1 1 0.8
Croatia 0.0 0 0 2 1 1 0.8
Czech Republic 1.1 0 1 2 1 1 1.0
Hungary 0.6 0 0 2 1 1 0.8
Poland 1.6 0 1 1 1 1 0.8
Romania 2.1 0 0 2 1 1 0.8
Slovakia 0.7 0 1 2 1 1 1.0
Slovenia 0.0 0 0 2 1 1 0.8
The Former Yugoslav
Republic of
Macedonia 0.0 0 0 1 1 0 0.4
Yugoslavia, Federal
Republic of 0.0 0 0 1 1 0 0.4
Total for EEU 6.6 0.00 0.53 1.75 1.00 1.00 0.86
FSU Armenia 0.9 0 1 2 1 1 1.0
Azerbaijan 0.8 0 1 0 0 0 0.2
Belarus 0.6 0 2 1 1 1 1.0
Estonia 0.1 0 1 0 1 0 04



x TABLE 59. (cont.)
. Country/ Total domefﬂc Ranking for Ranking for Ranking for Ranking for Ranklng for

Region . water use in . . economic public Average
territory 1990 (km?) market structure  demand pressure technical basis competitiveness attitude
Georgia 0.7 0 0 0 1 0 0.2
Kazakhstan 0.7 2 1 2 1 1 1.4
Kyrgyzstan 0.3 0 0 0 1 0 0.2
Latvia 0.2 0 1 0 1 0 0.4
Lithuania 0.2 0 1 2 1 1 1.0
Republic of Moldova 0.3 0 1 0 1 0 0.4
Russian Federation 14.7 0 0 2 1 1 0.8
Tajikistan 0.4 0 1 0 0 0 0.2
Turkmenistan 0.2 0 1 0 0 0 0.2
Ukraine 4.7 0 1 2 1 1 1.0
Uzbekistan 2.3 0 1 0 0 0 0.2

Total for FSU 27.0 0.05 0.44 1.59 0.86 0.80 0.75

CPA Cambodia 0.0 0 2 0 1 0 0.6
China 32.0 1 1 2 1 2 14
Democratic People’s

Republic of Korea 1.7 0 0 1 1 0 0.4
Hong Kong, China 0.0 0 0 0 0 0 0.0
Lao People’s
Democratic Republic 0.1 0 2 0 1 0 0.6

Mongolia 0.1 0 2 0 1 0 0.6
Viet Nam 3.6 0 1 1 1 1 0.8

Total for CPA 37.4 0.86 0.96 1.85 1.00 1.81 1.29



TABLE 59. (cont.)

SAS

Total for SAS

PAS

Afghanistan
Bangladesh
Bhutan
India
Maldives
Nepal
Pakistan

Sri Lanka

American Samoa
Brunei Darussalam
Fiji

French Polynesia
Indonesia
Malaysia
Myanmar

New Caledonia
Papua New Guinea
Philippines
Kiribati

Korea, Republic of
Samoa

Singapore
Solomon Islands
Taiwan, China
Thailand

Tonga

1.5
0.7
0.0
15.6
0.0
0.1
3.1
0.2
21.3
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TABLE 59. (cont.)

Total domestic Ranking for

Ranking for

. Country/ . Ranking for Ranking for Ranking for X N
Region it water use in et struct d d technical basi economic public Average
territory 1990 (km?) market structure emand pressure echnical basis competitiveness attitude
Vanuatu 0.0 0 0 0 0 0 0.0
Total for PAS 19.9 0.26 0.85 1.08 0.99 1.08 0.85
PAO Australia 10.2 1 0 0 1 0 0.4
Japan 15.4 2 0 2 1 1 1.2
New Zealand 0.9 0 0 0 1 0 0.2
Total for PAO 26.6 1.55 0.00 1.16 1.00 0.58 0.86
World total 299.3 0.37 0.57 1.55 0.86 1.02 0.87




Appendix VII

INTERRELATION OF ELECTRICITY AND FUEL CONSUMPTION
IN SOME COUNTRIES

Figures 25-29, which are taken from Ref. [66], illustrate the boomerang-like
historical changes in electricity and fuel consumption in some countries. This
shows, in particular, a trend to less energy intensive industries. The dashed lines to
1998 indicate that the data do not come from Ref. [66] but have been added based
on the latest statistics available in Ref. [67].

183



Electricity (TW-h)

Electricity (TW-h)

140

120

100

80

60

40 -

20

/‘—
o~ 1955
1950

- -="71960

1998 ¢

1979
1974

1985

1970
1969

1965

100

T

200

T T
300 400
Fuel (TW-h)

500

FIG. 25. Evolution of the structure of industrial energy consumption for Italy [66, 67].
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FIG. 26. Evolution of the structure of industrial energy consumption for Japan [66, 67].
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FIG. 27. Evolution of the structure of industrial energy consumption for the Netherlands [66,

67].
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FIG. 28. Evolution of the structure of industrial energy consumption for Norway [66, 67].
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Appendix VIII

STATISTICS OF INDUSTRIAL HEAT SUPPLY AND DEMAND

TABLE 60. STATISTICS OF INDUSTRIAL HEAT SUPPLY AND DEMAND IN 1996 [34, 35]

Final energy demand Centralized heat generation Share of centralized heat supply
(Mtoe) (Mtoe) (%)
Region Country/territory . . . . . . .
Total In industrial N(.)n-elecFrlc part Total In industrial In 1ndust,r1a1 In total final
sector — industrial sector sector sector? energy demand®

NAM Canada 184.3 66.6 493 0.5 0.5 0.8 0.3

Guam 0 0 0

Puerto Rico 0 0 0

USA 1435.8 358.8 267.6 7.6 53 1.5 0.5

Virgin Islands 0 0 0
Total for NAM 1620.1 425.4 316.9 8.1 5.8 1.4 0.5
LAM Antigua and

Barbuda 0 0 0

Argentina 39.8 11.4 9.5 0.0 0.0 0.0 0.0

Bahamas 0 0 0

Barbados 0 0 0

Belize 0 0 0

Bermuda 0 0 0

Bolivia 2.7 0.6 0.5 0.0 0.0 0.0 0.0

Brazil 138.2 59.4 483 0.0 0.0 0.0 0.0



TABLE 60. (cont.)

Final energy demand Centralized heat generation = Share of centralized heat supply
(Mtoe) (Mtoe) (%)
Region Country/territory . . . . . . .
Total In industrial Non-electric part Total In industrial In industrial ~ In total final
sector — industrial sector sector sector?® energy demand®

Chile 16.4 6.3 4.7 0.0 0.0 0.0 0.0
Colombia 26.0 7.2 6.2 0.0 0.0 0.0 0.0
Costa Rica 2.0 0.5 0.4 0.0 0.0 0.0 0.0
Cuba 12.5 7.7 7.2 0.0 0.0 0.0 0.0
Dominica 0 0 0
Dominican

Republic 3.6 0.8 0.6 0.0 0.0 0.0 0.0
Ecuador 6.8 1.3 1.1 0.0 0.0 0.0 0.0
El Salvador 32 0.6 0.5 0.0 0.0 0.0 0.0
French Guiana 0 0 0
Grenada 0 0 0
Guadeloupe 0 0 0
Guatemala 4.9 0.7 0.6 0.0 0.0 0.0 0.0
Guyana 0 0 0
Haiti 1.6 0.1 0.1 0.0 0.0 0.0 0.0
Honduras 2.9 0.8 0.8 0.0 0.0 0.0 0.0
Jamaica 2.0 0.5 0.2 0.0 0.0 0.0 0.0
Martinique 0 0 0
Mexico 94.1 36.9 30.4 0.0 0.0 0.0 0.0
Netherlands

Antilles 0.8 0.2 0.1 0.0 0.0 0.0 0.0



TABLE 60. (cont.)

Total for LAM

AFR

Nicaragua
Panama
Paraguay
Peru
Saint Kitts
and Nevis
Saint Lucia
Saint Vincent and
the Grenadines
Suriname
Trinidad
and Tobago
Uruguay
Venezuela

Angola
Benin
Botswana
British Indian
Ocean Territory
Burkina Faso
Burundi
Cameroon
Cape Verde
Central African
Republic

1.8
1.8
39
12.3

52
24
335
418.0

43
1.9

5.1

0.2
0.5
1.4
2.1

4.4
0.5
15.0
159.1

0.3
0.4

0.9

0.2
0.4
1.3
1.6

42
04
12.6
132.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0

0.0



L TABLE 60. (cont.)
Final energy demand Centralized heat generation = Share of centralized heat supply
(Mtoe) (Mtoe) (%)
Region Country/territory . . . . . . .
Total In industrial Non-electric part Total In industrial In industrial ~ In total final
sector — industrial sector sector sector® energy demand®
Chad 0 0 0
Comoros 0 0 0
Congo 1.1 0.2 0.1 0.0 0.0 0.0 0.0
Cote d’Ivoire 34 0.2 0.1 0.0 0.0 0.0 0.0

Democratic Republic

of the Congo 0 0 0
Djibouti 0 0 0
Equatorial Guinea 0 0 0
Eritrea 0 0 0
Ethiopia 159 0.3 0.2 0.0 0.0 0.0 0.0
Gabon 1.4 0.3 0.3 0.0 0.0 0.0 0.0
Gambia 0 0 0
Ghana 5.1 0.7 0.4 0.0 0.0 0.0 0.0
Guinea 0 0 0
Guinea-Bissau 0 0 0
Kenya 10.1 1.2 1.0 0.0 0.0 0.0 0.0
Lesotho 0 0 0
Liberia 0 0 0
Madagascar 0 0 0
Malawi 0 0 0
Mali 0 0 0



TABLE 60. (cont.)

Mauritania 0 0 0
Mauritius 0 0 0
Mozambique 6.2 0.6 0.5 0.0 0.0 0.0 0.0
Namibia 0 0 0
Niger 0 0 0
Nigeria 73.1 8.0 7.8 0.0 0.0 0.0 0.0
Reunion 0 0 0
Rwanda 0 0 0
Sao Tome
and Principe 0 0 0
Senegal 2.0 0.4 0.3 0.0 0.0 0.0 0.0
Seychelles 0 0 0
Sierra Leone 0 0 0
Somalia 0 0 0
South Africa 54.3 23.0 15.7 0.0 0.0 0.0 0.0
St. Helena 0 0 0
Swaziland 0 0 0
Togo 0 0 0
Uganda 0 0 0
United Republic
of Tanzania 12.5 1.5 1.4 0.0 0.0 0.0 0.0
Zambia 4.4 1.0 0.7 0.0 0.0 0.0 0.0
Zimbabwe 8.5 1.5 1.0 0.0 0.0 0.0 0.0

Total for AFR 209.3 40.3 31.0 0.0 0.0 0.0 0.0



N TABLE 60. (cont.)
Final energy demand Centralized heat generation = Share of centralized heat supply
(Mtoe) (Mtoe) (%)
Region Country/territory . . . . . . .
Total In industrial Non-electric part Total In industrial In industrial ~ In total final
sector — industrial sector sector sector® energy demand®
MEA Algeria 144 32 2.6 0.0 0.0 0.0 0.0
Bahrain 39 2.7 2.6 0.0 0.0 0.0 0.0
Egypt 252 12.7 10.2 0.0 0.0 0.0 0.0
Iraq 20.0 55 55 0.0 0.0 0.0 0.0
Iran, Islamic
Republic of 87.1 259 24.1 0.0 0.0 0.0 0.0
Israel 11.3 2.6 2.0 0.0 0.0 0.0 0.0
Jordan 33 0.6 0.5 0.0 0.0 0.0 0.0
Kuwait 5.8 1.5 1.5 0.0 0.0 0.0 0.0
Lebanon 3.7 0.9 0.8 0.0 0.0 0.0 0.0
Libyan Arab
Jamahiriya 9.0 29 29 0.0 0.0 0.0 0.0
Morocco 6.9 1.6 1.2 0.0 0.0 0.0 0.0
Oman 2.7 0.9 0.9 0.0 0.0 0.0 0.0
Qatar 29 1.5 1.5 0.0 0.0 0.0 0.0
Saudi Arabia 524 9.7 8.8 0.0 0.0 0.0 0.0
Sudan 52 0.5 0.5 0.0 0.0 0.0 0.0
Syrian Arab
Republic 11.0 23 1.9 0.0 0.0 0.0 0.0

Tunisia 52 1.2 1.0 0.0 0.0 0.0 0.0



TABLE 60. (cont.)

Total for MEA

WEU

United Arab
Emirates
Yemen

Andorra
Austria
Azores
Belgium
Canary Islands
Channel Islands
Cyprus
Denmark
Faeroe Islands
Finland
France
Germany
Gibraltar
Greece
Greenland
Iceland
Ireland

Isle of Man
Italy
Liechtenstein
Luxembourg

8.0
24
280.4

222

40.2

1.5
16.3

233
161.5
247.6

0.1

17.6

1.9
8.8

124.3

22
0.2
78.5

52

14.1

0.4
3.1

10.2
45.1
70.8
0.0
4.4

0.5
23

22
0.2
70.4

3.6

11.1

0.4

22

7.0

344
53.5

0.0
0.0
0.0

0.0
0.0
0.0

0.0
0.0
0.0

17.2

1.9

0.0
3.6

6.1
0.0
24
0.0
0.0

333
0.0

0.0
0.0
0.0

4.0

0.7

0.0
14.7

11.8
0.8
3.7
0.0
0.0

8.7
0.0



©  TABLE 60. (cont.)

Final energy demand Centralized heat generation = Share of centralized heat supply
(Mtoe) (Mtoe) (%)
Region Country/territory . . . . . . .
Total In industrial Non-electric part Total In industrial In industrial ~ In total final
sector — industrial sector sector sector® energy demand®
Madeira 0 0 0
Malta 0.5 0.0 0.0 0.0 0.0 0.0 0.0
Monaco 0 0 0
Netherlands 59.3 18.7 154 1.7 0.8 4.2 29
Norway 194 7.2 33 0.1 0.0 0.4 0.6
Portugal 15.1 5.7 45 0.1 0.1 0.9 0.3
Spain 71.7 22.6 17.1 0.0 0.0 0.0 0.0
Sweden 36.3 13.6 9.1 3.6 0.0 0.4 9.9
Switzerland 20.6 3.7 23 0.3 0.1 1.9 1.6
Turkey 51.8 16.9 13.6 0.0 0.0 0.0 0.0
UK 161.3 41.7 32.8 0.0 0.0 0.0 0.0
Total for WEU 1104.3 326.8 246.2 229 5.0 1.5 2.1
EEU Albania 0.8 0.1 0.1 0.0 0.0 0.0 0.0
Bosnia and
Herzegovina 0.8 0.1 0.1 0.0 0.0 39.5 3.1
Bulgaria 12.7 72 6.2 29 2.0 273 22.6
Croatia 52 2.0 1.8 0.3 0.3 13.1 5.0

Czech Republic 27.6 13.5 12.0 3.7 24 17.8 13.6



TABLE 60. (cont.)

Hungary 17.7 5.0 4.2 1.8 0.5 10.1 10.0
Poland 72.6 28.3 24.3 9.3 1.7 6.2 12.9
Romania 29.1 15.0 12.9 5.6 1.3 8.5 19.3
Slovakia 12.7 6.0 5.1 0.8 0.0 0.5 5.9
Slovenia 4.5 1.2 0.8 0.2 0.2 16.7 4.6
The Former

Yugoslav Republic

of Macedonia 2.0 0.6 0.5 0.1 0.1 19.5 6.1
Yugoslavia, Federal

Republic of 8.4 2.8 2.3 0.5 0.5 16.1 54

Total for EEU 194.0 82.0 70.2 25.1 9.0 11.0 13.0
FSU Armenia 0.7 0.2 0.1 0.1 0.1 34.9 10.8

Azerbaijan 10.9 34 3.0 0.0 0.0 0.0 0.0
Belarus 19.0 6.6 5.6 7.3 3.0 45.7 38.4
Estonia 2.9 1.1 0.9 0.8 0.2 20.3 27.4
Georgia 1.7 0.4 0.2 0.5 0.5 109.7 28.3
Kazakhstan 23.1 9.1 7.3 0.0 0.0 0.0 0.0
Kyrgyzstan 24 0.5 0.4 0.5 0.5 89.7 19.2
Latvia 3.6 0.8 0.7 1.1 0.3 40.6 30.6
Lithuania 5.1 1.6 1.4 1.4 0.5 30.1 28.4
Republic of

Moldova 3.1 0.6 0.5 0.3 0.3 52.7 10.5
Russian

Federation 468.0 170.9 146.4 169.3 93.1 54.5 36.2
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TABLE 60. (cont.)

Final energy demand Centralized heat generation = Share of centralized heat supply
(Mtoe) (Mtoe) (%)
Region Country/territory . . . . . . .
Total In industrial Non-electric part Total In industrial In industrial ~ In total final
sector — industrial sector sector sector® energy demand®
Tajikistan 29 0.6 0.0 0.0 0.0 0.0 0.0
Turkmenistan 7.8 0.2 0.0 0.0 0.0 0.0 0.0
Ukraine 98.5 47.0 412 104 6.7 14.2 10.5
Uzbekistan 324 7.7 6.5 2.6 2.6 335 7.9
Total for FSU 682.1 250.7 214.2 194.2 107.8 43.0 28.5
CPA Cambodia 0 0 0
China 865.9 426.3 377.3 21.3 21.3 5.0 2.5
Democratic
People’s
Republic of
Korea 18.6 15.6 15.6 0.0 0.0 0.0 0.0
Hong Kong, China  10.0 23 1.8 0.0 0.0 0.0 0.0
Lao People’s
Democratic
Republic 0 0 0
Mongolia 0 0 0
Viet Nam 29.9 3.1 2.7 0.0 0.0 0.0 0.0

Total for CPA 924.3 447.3 397.4 21.3 21.3 4.8 23



TABLE 60. (cont.)

SAS Afghanistan
Bangladesh
Bhutan
India
Maldives
Nepal
Pakistan
Sri Lanka

Total for SAS

PAS American Samoa
Brunei Darussalam
Fiji
French Polynesia
Indonesia
Malaysia
Myanmar
New Caledonia
Papua New Guinea
Philippines
Kiribati
Korea, Republic of
Samoa
Singapore
Solomon Islands
Taiwan, China

223
350.3
7.0
46.8

6.3
4327

0.7

99.8

26.4

10.4

24.3

120.4

9.4

7.9
106.6
0.3
13.3

1.2
129.3

0.1

20.9

10.4

0.8

8.6

51.7

7.5
93.7
0.3
12.2

1.1
114.8

0.0

18.5

0.0

0.0

0.0
0.0
0.0
0.0

0.0

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0

0.0

0.0

0.0

24

0.0
0.0
0.0
0.0

0.0
0.0

0.0

0.0

0.0

0.0

0.0

1.0
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TABLE 60. (cont.)

Final energy demand

Centralized heat generation = Share of centralized heat supply

(Mtoe) (Mtoe) (%)
Region Country/territory . . . . . . .
Total In industrial Non-electric part Total In industrial In industrial ~ In total final
sector — industrial sector sector sector® energy demand®
Thailand 54.7 17.8 14.8 0.0 0.0 0.0 0.0
Tonga 0 0 0
Vanuatu 0 0 0
Total for PAS 3924 138.9 114.3 1.2 1.2 0.9 0.3
PAO Australia 66.3 22.9 17.3 0.0 0.0 0.0 0.0
Japan 337.0 133.6 98.7 0.4 0.0 0.0 0.1
New Zealand 12.2 5.0 3.9 0.0 0.0 0.0 0.0
Total for PAO 4154 161.5 119.9 0.4 0.0 0.0 0.1
World total 6673.0 2239.6 1827.1 273.2 150.1 6.7 4.1

Note: Data are not available if none are shown.
4 Share of the industrial sector centralized heat generation/share of the industrial sector final energy demand.
b Total centralized heat generation/total final energy demand.



Appendix IX

ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR PENETRATION IN PROCESS HEAT SUPPLY

TABLE 61. ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR PENETRATION IN PROCESS HEAT SUPPLY

Total final Ranking for ~ Ranking for ~ Ranking for Ranking for ~ Ranking for

Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude

NAM Canada 184.3 2 1 2 1 1 1.4
Guam 0 0 0 0 0 0.0
Puerto Rico 0 0 0 0 0 0.0
USA 1435.8 2 1 2 1 1 14
Virgin Islands 0 0 0 0 0 0.0

Total for NAM 1620.1 2.00 1.00 2.00 1.00 1.00 1.40

LAM Antigua and

Barbuda 0 0 0 0 0 0.0

Argentina 39.8 0 1 2 0 1 0.8
Bahamas 0 0 0 0 0 0.0
Barbados 0 0 0 0 0 0.0
Belize 0 0 0 0 0 0.0
Bermuda 0 0 0 0 0 0.0
Bolivia 2.7 0 0 0 0 0 0.0
Brazil 138.2 0 1 2 0 1 0.8
Chile 164 0 2 1 0 1 0.8
Colombia 26.0 0 1 1 0 0 0.4



S TABLESGI. (cont)

Total final Ranking for ~ Ranking for  Ranking for Ranking for ~ Ranking for

Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)*  structure pressure basis competitiveness  attitude
Costa Rica 2.0 0 1 0 0 0 0.2
Cuba 12.5 0 0 1 0 1 0.4
Dominica 0 0 0 0 0 0.0
Dominican Republic 3.6 0 2 0 0 0 0.4
Ecuador 6.8 0 1 0 0 0 0.2
El Salvador 32 0 2 0 0 0 0.4
French Guiana 0 0 0 0 0 0.0
Grenada 0 0 0 0 0 0.0
Guadeloupe 0 0 0 0 0 0.0
Guatemala 49 0 1 0 0 0 0.2
Guyana 0 0 0 0 0 0.0
Haiti 1.6 0 0 0 0 0 0.0
Honduras 2.8 0 1 0 0 0 0.2
Jamaica 2.0 0 0 0 0 0 0.0
Martinique 0 0 0 0 0 0.0
Mexico 94.1 0 1 2 0 1 0.8
Netherlands Antilles 0.8 0 0 0 0 0 0.0
Nicaragua 1.8 0 0 0 0 0 0.0
Panama 1.8 0 2 0 0 0 04
Paraguay 39 0 1 0 0 0 0.2
Peru 12.3 0 2 1 0 1 0.8
Saint Kitts and Nevis 0 0 0 0 0 0.0
Saint Lucia 0 0 0 0 0 0.0



TABLE 61. (cont.)

Total for LAM

AFR

Saint Vincent
and the Grenadines
Suriname
Trinidad and Tobago 5.1
Uruguay 2.4
Venezuela 33.5
418.0

Angola 4.3
Benin 1.9
Botswana
British Indian
Ocean Territory
Burkina Faso
Burundi
Cameroon 5.1
Cape Verde
Central African Republic
Chad
Comoros
Congo 1.1
Cote d’Ivoire 34
Democratic Republic
of the Congo
Djibouti
Equatorial Guinea
Eritrea
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S TABLEGI. (cont)

Total final Ranking for ~ Ranking for =~ Ranking for Ranking for ~ Ranking for

Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)*  structure pressure basis competitiveness  attitude
Ethiopia 15.9 0 1 0 1 0 0.4
Gabon 1.4 0 1 0 1 0 0.4
Gambia 0 0 0 1 0 0.2
Ghana 5.1 0 1 0 1 0 04
Guinea 0 1 0 1 0 0.4
Guinea-Bissau 0 1 0 1 0 0.4
Kenya 10.1 0 1 0 1 0 0.4
Lesotho 0 2 0 1 0 0.6
Liberia 0 0 0 1 0 0.2
Madagascar 0 1 0 0 0 0.2
Malawi 0 0 0 1 0 0.2
Mali 0 2 0 1 0 0.6
Mauritania 0 1 0 1 0 0.4
Mauritius 0 2 0 0 0 0.4
Mozambique 6.2 0 2 0 1 0 0.6
Namibia 0 1 0 1 0 04
Niger 0 1 0 1 0 0.4
Nigeria 73.1 0 1 0 0 0 0.2
Reunion 0 0 0 1 0 0.2
Rwanda 0 0 0 1 0 0.2
Sao Tome and Principe 0 0 0 1 0 0.2
Senegal 2.0 0 1 0 1 0 0.4



TABLE 61. (cont.)

Total for AFR

MEA

Seychelles
Sierra Leone
Somalia
South Africa
St. Helena
Swaziland
Togo
Uganda
United Republic of
Tanzania
Zambia
Zimbabwe

Algeria

Bahrain

Egypt

Iraq

Iran, Islamic
Republic of

Israel

Jordan

Kuwait

Lebanon

Libyan Arab Jamahiriya

Morocco

54.3

12.5
4.4
8.5

209.3
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S TABLE6I. (cont)

Total final Ranking for ~ Ranking for  Ranking for Ranking for ~ Ranking for

Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude

Oman 2.7 0 0 0 0 0 0.0
Qatar 2.9 0 0 0 0 0 0.0
Saudi Arabia 524 0 1 0 0 0 0.2
Sudan 5.2 0 1 0 1 0 04
Syrian Arab Republic 11.0 0 0 0 1 0 0.2
Tunisia 5.2 0 1 0 1 0 0.4
United Arab Emirates 8.0 0 0 0 0 0 0.0
Yemen 2.4 0 2 0 1 0 0.6

Total for MEA 280.4 0.00 0.69 0.48 0.69 0.78 0.53

WEU Andorra 0 0 0 1 0 0.2
Austria 222 2 1 1 1 0 1.0
Azores 0 0 0 0 0 0.0
Belgium 40.2 1 0 2 1 1 1.0
Canary Islands 0 0 0 0 0 0.0
Channel Islands 0 0 0 0 0 0.0
Cyprus 1.5 0 0 0 0 0 0.0
Denmark 16.3 2 1 1 1 0 1.0
Faeroe Islands 0 0 0 0 0 0.0
Finland 23.3 0 1 2 1 1 1.0
France 161.5 0 0 2 1 2 1.0
Germany 247.6 1 0 2 1 0 0.8
Gibraltar 0.1 0 0 0 1 0 0.2
Greece 17.6 0 0 1 1 1 0.6



TABLE 61. (cont.)

Greenland 0 0 0 0 0 0.0
Iceland 1.9 0 0 0 0 0 0.0
Ireland 8.8 0 0 0 1 0 0.2
Isle of Man 0 0 0 0 0 0.0
Italy 124.3 0 0 1 1 0 0.4
Liechtenstein 0 0 0 1 0 0.2
Luxembourg 32 0 0 0 1 0 0.2
Madeira 0 0 0 0 0 0.0
Malta 0.5 0 0 0 0 0 0.0
Monaco 0 0 0 1 0 0.2
Netherlands 59.3 0 1 2 1 1 1.0
Norway 19.4 2 2 1 1 1 1.4
Portugal 15.1 2 0 1 1 1 1.0
Spain 71.7 1 0 2 1 1 1.0
Sweden 36.3 0 0 2 1 0 0.6
Switzerland 20.6 2 0 2 1 1 1.2
Turkey 51.8 0 1 1 1 1 0.8
UK 161.3 0 0 2 1 1 0.8
Total for WEU 1104.3 0.50 0.19 1.73 1.00 0.73 0.83
EEU Albania 0.8 0 0 0 1 0 0.2
Bosnia and Herzegovina 0.7 0 0 1 1 0 04
Bulgaria 12.7 2 0 2 1 1 1.2
Croatia 5.2 1 0 2 1 1 1.0
Czech Republic 27.6 0 1 2 1 1 1.0
Hungary 17.7 2 0 2 1 1 1.2
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TABLE 61. (cont.)

Total final Ranking for ~ Ranking for  Ranking for Ranking for ~ Ranking for
Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude
Poland 72.6 2 1 1 1 1 1.2
Romania 29.1 2 0 2 1 1 1.2
Slovakia 12.7 1 0 2 1 1 1.0
Slovenia 4.5 1 0 2 1 1 1.0
The Former Yugoslav
Republic of Macedonia 2.0 1 0 1 1 0 0.6
Yugoslavia, Federal
Republic of 8.4 0 0 1 1 0 04
Total for EEU 194.0 1.49 0.52 1.56 1.00 0.94 1.10
FSU Armenia 0.7 0 0 2 1 1 0.8
Azerbaijan 10.9 0 0 0 0 0 0.0
Belarus 19.0 2 0 1 1 1 1.0
Estonia 2.9 1 0 0 1 0 0.4
Georgia 1.7 0 0 0 1 0 0.2
Kazakhstan 23.1 0 0 2 1 1 0.8
Kyrgyzstan 24 0 0 0 1 0 0.2
Latvia 3.6 2 0 0 1 0 0.6
Lithuania 5.1 2 0 2 1 1 1.2
Republic of Moldova 3.1 0 0 0 1 0 0.2
Russian Federation 468.0 2 0 2 1 1 1.2
Tajikistan 29 0 0 0 0 0 0.0
Turkmenistan 7.8 0 0 0 0 0 0.0
Ukraine 98.5 0 0 2 1 1 0.8



TABLE 61. (cont.)

Uzbekistan 324 0 0 0 0 0 0.0
Total for FSU 682.1 1.46 0.00 1.77 0.92 0.90 1.01
CPA Cambodia 0 2 0 1 0 0.6
China 865.9 2 2 2 1 2 1.8
Democratic People’s
Republic of Korea 18.6 0 0 1 1 0 0.4
Hong Kong, China 10.0 0 0 0 0 0.0
Lao People’s
Democratic Republic 0 2 0 1 0 0.6
Mongolia 0 0 0 1 0 0.2
Viet Nam 29.9 0 2 1 1 1 1.0
Total for CPA 924.3 1.87 1.94 1.93 0.99 1.91 1.73
SAS Afghanistan 0 0 0 1 0 0.2
Bangladesh 223 0 2 0 1 0 0.6
Bhutan 0 0 0 1 0 0.2
India 350.0 0 2 2 1 2 1.4
Maldives 0 0 0 1 0 0.2
Nepal 6.9 0 2 0 1 0 0.6
Pakistan 46.8 0 2 2 1 2 1.4
Sri Lanka 6.3 0 2 0 0 0 0.4
Total for SAS 4327 0.00 2.00 1.84 0.99 1.84 1.33
PAS American Samoa 0 0 0 0 0 0.0
Brunei Darussalam 0.7 0 0 0 1 0 0.2
Fiji 0 0 0 0 0 0.0
French Polynesia 0 0 0 0 0 0.0



TABLE 61. (cont.)

Total final Ranking for ~ Ranking for ~ Ranking for Ranking for ~ Ranking for

Region Country/territory energy demand market demand technical economic public Average
in 1996 (Mtoe)? structure pressure basis competitiveness attitude
Indonesia 99.8 0 2 1 1 1 1.0
Malaysia 26.4 0 2 0 1 0 0.6
Myanmar 10.4 0 2 0 1 0 0.6
New Caledonia 0 0 0 0 0 0.0
Papua New Guinea 0 2 0 0 0 0.4
Philippines 243 0 1 1 1 1 0.8
Kiribati 0 0 0 0 0 0.0
Korea, Republic of 120.4 0 2 2 1 2 1.4
Samoa 0 0 0 0 0 0.0
Singapore 9.4 0 2 0 0 0 0.4
Solomon Islands 0 0 0 0 0 0.0
Taiwan, China 46.4 0 0 2 1 1 0.8
Thailand 54.7 0 2 1 1 1 1.0
Tonga 0 0 0 0 0 0.0
Vanuatu 0 0 0 0 0 0.0
Total for PAS 3924 0.00 1.70 1.31 0.98 1.19 1.03
PAO Australia 66.3 0 1 0 1 0 0.4
Japan 337.0 0 0 2 1 1 0.8
New Zealand 12.2 0 1 0 1 0 0.4
Total for PAO 415.4 0.00 0.19 1.62 1.00 0.81 0.72
World total 6673.0 1.02 0.91 1.70 0.90 1.09 1.12

Note: Date are not available if none are shown.
2 Used for weighting.



Appendix X

CHARACTERIZATION OF THE WORLD SHIP FLEET

TABLE 62. CHARACTERIZATION OF THE WORLD SHIP FLEET [76]

Tonnage (1000 GT) of ships of more than 100 GT Breakdown (%)
Region Country/territory . Ore and dry General . Total 0Oil Ore and dry ~ General . Total
Oil tankers bulk cargo Misc. fleet tankers bulk cargo 18¢. fleet
NAM Canada 117.7 13353 115.6 832.4 2401.0 4.9 55.6 4.8 34.7 100.0
Guam
Puerto Rico
USA 3987.2 15133 3810.0 3450.3 12 760.8 31.2 11.9 29.9 27.0 100.0
Virgin Islands
Total for NAM 4104.9 2 848.6 3925.6 4282.7 15 161.8 27.1 18.8 25.9 28.2 100.0
LAM Antigua and Barbuda 3.7 102.4 1708.1 27.8 1842.0 0.2 5.6 92.7 1.5 100.0
Argentina 107.2 61.7 148.8 277.2 594.9 18.0 10.4 25.0 46.6 100.0
Bahamas 10 326.0 4501.2 5955.9 2 819.7 23 602.8 43.7 19.1 25.2 11.9 100.0
Barbados
Belize
Bermuda 1586.5 247.6 346.6 866.8 3047.5 52.1 8.1 11.4 28.4 100.0
Bolivia
Brazil 2 090.1 2076.8 565.0 344.8 5076.7 41.2 40.9 11.1 6.8 100.0
Chile
Colombia

Costa Rica



TABLE 62. (cont.)
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Tonnage (1000 GT) of ships of more than 100 GT Breakdown (%)

Region Country/territory Oil tankers Ore and dry General Misc. Total Oil Ore and dry  General ~ Misc. Total
bulk cargo fleet tankers bulk cargo fleet

Cuba
Dominica
Dominican Republic
Ecuador
El Salvador
French Guiana
Grenada
Guadeloupe
Guatemala
Guyana
Haiti
Honduras 96.7 137.8 710.6 260.9 1206.0 8.0 11.4 58.9 21.6 100.0
Jamaica
Martinique
Mexico 424.5 180.4 524.3 1129.2 37.6 0.0 16.0 46.4 100.0
Netherlands Antilles
Nicaragua
Panama 19 513.3 26 726.4 19 936.3 5745.7 71921.7 27.1 37.2 27.7 8.0 100.0
Paraguay
Peru
Saint Kitts and Nevis
Saint Lucia
Saint Vincent and
the Grenadines 11014 2328.0 2 345.0 390.3 6 164.7 17.9 37.8 38.0 6.3 100.0



TABLE 62. (cont.)

Suriname
Trinidad and Tobago

Uruguay

Venezuela 361.0 111.1 63.8 251.2 787.1 45.9 14.1 8.1 31.9 100.0
Total for LAM 356104 36 293.0 31 960.5 11508.7 115372.6 30.9 31.5 27.7 10.0 100.0
AFR Angola

Benin

Botswana

British Indian Ocean
Territory

Burkina Faso

Burundi

Cameroon

Cape Verde

Central African Republic

Chad

Comoros

Congo

Cote d’Ivoire

Democratic Republic of
the Congo

Djibouti

Equatorial Guinea

Eritrea

Ethiopia

Gabon

Gambia
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Tonnage (1000 GT) of ships of more than 100 GT Breakdown (%)

Region Country/territory Oil tankers Ore and dry General Misc. Total Oil Ore and dry  General ~ Misc. Total
bulk cargo fleet tankers bulk cargo fleet

Ghana

Guinea
Guinea-Bissau
Kenya
Lesotho
Liberia 29 001.9 16 373.3 7 668.0 6757.5 59 800.7 48.5 27.4 12.8 11.3 100.0
Madagascar
Malawi

Mali
Mauritania
Mauritius
Mozambique
Namibia
Niger

Nigeria
Reunion
Rwanda

Sao Tome and Principe
Senegal
Seychelles
Sierra Leone
Somalia
South Africa
St. Helena



TABLE 62. (cont.)

Swaziland
Togo
Uganda
United Republic
of Tanzania
Zambia
Zimbabwe
Total for AFR 29 001.9 16 373.3 7 668.0 6 757.5 59 800.7 48.5 27.4 12.8 11.3 100.0

MEA Algeria
Bahrain
Egypt 221.5 510.1 400.7 136.5 1268.8 17.5 40.2 31.6 10.8 100.0
Iraq
Iran, Islamic
Republic of 12338 1014.6 485.1 168.9 2902.4 42.5 35.0 16.7 5.8 100.0
Israel
Jordan
Kuwait 13425 273.1 4414 2 057.0 65.3 0.0 13.3 21.5 100.0
Lebanon
Libyan Arab Jamahiriya
Morocco
Oman
Qatar
Saudi Arabia 237.5 11.7 586.4 351.3 1186.9 20.0 1.0 49.4 29.6 100.0
Sudan
Syrian Arab Republic
Tunisia
United Arab Emirates
Yemen
Total for MEA 3035.3 15364 17453 1098.1 7415.1 40.9 20.7 23.5 14.8 100.0

[\S}
—_



= TABLE 62. (cont))

Tonnage (1000 GT) of ships of more than 100 GT Breakdown (%)
Region Country/territory Oil tankers Ore and dry General Misc. Total Oil Ore and dry  General ~ Misc. Total
bulk cargo fleet tankers bulk cargo fleet
WEU Andorra
Austria 91.9 91.9 0.0 0.0 100.0 0.0 100.0
Azores
Belgium 2.4 9.5 227.9 239.8 1.0 0.0 4.0 95.0 100.0
Canary Islands
Channel Islands
Cyprus 4 341.1 13 084.4 6 145.6 10814 246525 17.6 53.1 24.9 4.4 100.0
Denmark 1053.8 493.3 2617.1 1687.3 58515 18.0 8.4 44.7 28.8 100.0
Faeroe Islands
Finland 302.9 80.1 431.7 704.0 1518.7 19.9 53 28.4 46.4 100.0
France 20185 291.4 852.3 10322 4194.4 48.1 6.9 20.3 24.6 100.0
Germany 14.2 284.7 43752 9522 56263 0.3 5.1 71.8 16.9 100.0
Gibraltar
Greece 12 835.7 12 794.8 2 086.9 17173 29 434.7 43.6 43.5 7.1 5.8 100.0
Greenland
Iceland 1.6 0.4 37.8 168.8 208.6 0.8 0.2 18.1 80.9 100.0
Ireland 9.2 86.8 117.4 2134 43 0.0 40.7 55.0 100.0
Isle of Man
Italy 1955.6 1535.0 11544 20544 6 699.4 29.2 229 17.2 30.7 100.0
Liechtenstein
Luxembourg 33 365.1 128.5 383.9 880.8 04 41.5 14.6 43.6 100.0
Madeira
Malta 6792.8 6 857.3 3319.8 708.4 17 678.3 38.4 38.8 18.8 4.0 100.0

Monaco



TABLE 62. (cont.)

Netherlands 543.9 169.2 23279 1565.0 4 606.0 11.8 3.7 50.5 34.0 100.0

Norway 8778.7 4 005.6 36412 51254 215509 40.7 18.6 16.9 23.8 100.0

Portugal 490.5 126.6 129.8 151.8 898.7 54.6 14.1 14.4 16.9 100.0

Spain 236.1 67.7 282.0 1032.8 1618.6 14.6 4.2 17.4 63.8 100.0

Sweden 385.2 519 1502.3 1016.0 29554 13.0 1.8 50.8 344 100.0

Switzerland 350.9 12.6 17.5 381.0 0.0 92.1 33 4.6 100.0

Turkey 821.3 4007.0 1155.0 284.3 6 267.6 13.1 63.9 18.4 4.5 100.0

UK 1987.4 488.0 1 808.5 2431.7 6715.6 29.6 7.3 26.9 36.2 100.0
Total for WEU 42574.2 45 053.4 32 196.8 22459.7 14 2284.1 29.9 31.7 22.6 15.8 100.0
EEU Albania

Bosnia and Herzegovina

Bulgaria 0.2 501.6 419.9 2444 1166.1 0.0 43.0 36.0 21.0 100.0

Croatia

Czech Republic 98.3 42.0 140.3 0.0 70.1 29.9 0.0 100.0

Hungary

Poland 6.6 1455.0 589.0 307.4 2 358.0 0.3 61.7 25.0 13.0 100.0

Romania 429.3 850.0 1033.1 224.1 2 536.5 16.9 335 40.7 8.8 100.0

Slovakia

Slovenia

The Former Yugoslav
Republic of Macedonia

Yugoslavia,
Federal Republic of
Total for EEU 436.1 2904.9 2 084.0 775.9 6 200.9 7.0 46.8 33.6 12.5 100.0
FSU Armenia 12.0 23.4 35.7 71.1 16.9 0.0 329 50.2 100.0
Azerbaijan
Belarus

Estonia 9.9 159.6 216.7 211.5 597.7 1.7 26.7 36.3 354 100.0



= TABLE 62. (cont.)
Tonnage (1000 GT) of ships of more than 100 GT Breakdown (%)
Region Country/territory Oil tankers Ore and dry General Misc. Total Oil Ore and dry  General ~ Misc. Total
bulk cargo fleet tankers bulk cargo fleet

Georgia
Kazakhstan
Kyrgyzstan
Latvia 3225 285.9 189.7 798.1 404 0.0 35.8 23.8 100.0
Lithuania 8.2 110.7 206.5 284.8 610.2 1.3 18.1 33.8 46.7 100.0
Republic of Moldova
Russian Federation 22943 1768.4 5303.1 5836.5 15202.3 15.1 11.6 349 38.4 100.0
Tajikistan
Turkmenistan
Ukraine 80.8 728.8 26235 1179.8 46129 1.8 15.8 56.9 25.6 100.0
Uzbekistan

Total for FSU 2727.7 2767.5 8 659.1 77380 218923 12.5 12.6 39.6 353 100.0

CPA Cambodia
China 2295.1 6 677.0 6741.9 1229.2 16 943.2 135 39.4 39.8 7.3 100.0

Democratic People’s

Republic of Korea
Hong Kong, China 668.9 6405.3 15852 1354 8794.8 7.6 72.8 18.0 1.5 100.0
Lao People’s

Democratic Republic

Mongolia

Viet Nam
Total for CPA 2964.0 13 082.3 8327.1 13646 257380 11.5 50.8 324 53 100.0
SAS Afghanistan

Bangladesh
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Total for SAS

PAS

Total for PAS

Bhutan
India
Maldives
Nepal
Pakistan
Sri Lanka

American Samoa

Brunei Darussalam

Fiji

French Polynesia

Indonesia

Malaysia

Myanmar

New Caledonia

Papua New Guinea

Philippines

Kiribati

Korea, Republic of

Samoa

Singapore

Solomon and
Marshall Islands

Taiwan, China

Thailand

Tonga

Vanuatu

2553.1

2553.1

738.5
411.6

147.0

399.2

5101.7

1502.1

959.4
196.4

31834

31834

205.3
981.8

6 137.7
3705.8
3766.4

701.5
2431.1

386.7

840.7
19 157.0

710.2

710.2

1264.1
892.1

19282
20114
3948.7

872.7
2 540.6

10429

726.1
15 226.8

680.1

680.1

562.6
997.4

530.9
855.6
793.9

223
173.1

117.4

268.9
4322.1

7 126.8

7126.8

27705
32829

8743.8
6972.0
13 610.7
3098.6
6104.2

17434

1874.2
48 200.3

26.7
125

5.7

37.5

48.5

15.7
11.3

44.7

44.7

7.4
29.9

70.2

532

27.7

10.0

10.0

45.6
272

22.1

28.8

9.5

9.5

20.3
30.4

6.1

12.3

5.8

100.0

100.0

100.0
100.0
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TABLE 62. (cont.)

Tonnage (1000 GT) of ships of more than 100 GT Breakdown (%)

Region Country/territory Oil tankers Ore and dry General Misc. Total Oil Ore and dry  General ~ Misc. Total

bulk cargo fleet tankers bulk cargo fleet

PAO Australia 578.9 1011.0 234.7 1028.5 2853.1 20.3 35.4 8.2 36.0 100.0

Japan 6032.9 5444.8 3602.4 4833.1 19913.2 30.3 27.3 18.1 243 100.0

New Zealand 75.8 25.1 77.1 1335 3115 243 8.1 24.8 429 100.0

Total for PAO 6 687.6 6 480.9 39142 5995.1 23 077.8 29.0 28.1 17.0 26.0 100.0
Others and

unaccounted for 41925 2013.6 734720  4751.10 183044 229 11.0 40.1 26.0 100.0

World total 143 382.1 151 694.3 123764.8  71733.6  490574.8 29.2 30.9 25.2 14.6 100.0

Note: Data are not available if none are shown.



Appendix XI
ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR POWERED SHIP PROPULSION

TABLE 63. ESTIMATE OF THE LONG TERM PROSPECTS FOR NUCLEAR POWERED SHIP PROPULSION

Total fleet Ranking for ~ Ranking for Ranking for ~ Ranking for ~ Ranking for
Region Country/territory tonnage in 1995 market demand technical economic public Average
(1000 GT)* structure pressure basis competitiveness  attitude

NAM Canada 2401.0 2 1 1 0 1 1.0
Guam 0.0 0 0 0 0 0 0.0
Puerto Rico 0.0 0 0 0 0 0 0.0
USA 12 760.8 2 1 2 0 1 1.2
Virgin Islands 0.0 0 0 0 0 0 0.0

Total for NAM 15161.8 2.00 1.00 1.84 0.00 1.00 1.17

LAM Antigua and Barbuda 1 842.0 0 1 0 0 0 0.2
Argentina 594.9 1 1 1 0 1 0.8
Bahamas 23 602.8 0 1 0 0 0 0.2
Barbados 0.0 0 0 0 0 0 0.0
Belize 0.0 0 0 0 0 0 0.0
Bermuda 30475 0 1 0 0 0 0.2
Bolivia 0.0 0 0 0 0 0 0.0
Brazil 5076.7 2 1 1 0 1 1.0
Chile 0.0 0 0 0 0 1 0.2
Colombia 0.0 0 0 0 0 0 0.0
Costa Rica 0.0 0 0 0 0 0 0.0



§ TABLE 63. (cont.)

Total fleet Ranking for ~ Ranking for Ranking for ~ Ranking for Ranking for
Region Country/territory tonnage in 1995 market demand technical economic public Average
(1000 GT)? structure pressure basis competitiveness  attitude
Cuba 0.0 0 0 0 0 1 0.2
Dominica 0.0 0 0 0 0 0 0.0
Dominican Republic 0.0 0 0 0 0 0 0.0
Ecuador 0.0 0 0 0 0 0 0.0
El Salvador 0.0 0 0 0 0 0 0.0
French Guiana 0.0 0 0 0 0 0 0.0
Grenada 0.0 0 0 0 0 0 0.0
Guadeloupe 0.0 0 0 0 0 0 0.0
Guatemala 0.0 0 0 0 0 0 0.0
Guyana 0.0 0 0 0 0 0 0.0
Haiti 0.0 0 0 0 0 0 0.0
Honduras 1206.0 0 1 0 0 0 0.2
Jamaica 0.0 0 0 0 0 0 0.0
Martinique 0.0 0 0 0 0 0 0.0
Mexico 1129.2 1 1 1 0 1 0.8
Netherlands Antilles 0.0 0 0 0 0 0 0.0
Nicaragua 0.0 0 0 0 0 0 0.0
Panama 71 921.7 0 1 0 0 0 0.2
Paraguay 0.0 0 0 0 0 0 0.0
Peru 0.0 0 0 0 0 1 0.2
Saint Kitts and Nevis 0.0 0 0 0 0 0 0.0
Saint Lucia 0.0 0 0 0 0 0 0.0



TABLE 63. (cont.)

Saint Vincent and

the Grenadines 6164.7 0 1 0 0 0 0.2
Suriname 0.0 0 0 0 0 0 0.0
Trinidad and Tobago 0.0 0 0 0 0 0 0.0
Uruguay 0.0 0 0 0 0 1 0.2
Venezuela 787.1 0 1 0 0 1 0.4

Total for LAM 115 372.6 0.10 1.00 0.06 0.00 0.07 0.25

AFR Angola 0.0 0 0 0 0 0 0.0
Benin 0.0 0 0 0 0 0 0.0
Botswana 0.0 0 0 0 0 0 0.0
British Indian

Ocean Territory 0.0 0 0 0 0 0 0.0
Burkina Faso 0.0 0 0 0 0 0 0.0
Burundi 0.0 0 0 0 0 0 0.0
Cameroon 0.0 0 0 0 0 0 0.0
Cape Verde 0.0 0 0 0 0 0 0.0
Central African Republic 0.0 0 0 0 0 0 0.0
Chad 0.0 0 0 0 0 0 0.0
Comoros 0.0 0 0 0 0 0 0.0
Congo 0.0 0 0 0 0 0 0.0
Cote d’Ivoire 0.0 0 0 0 0 0 0.0
Democratic Republic

of the Congo 0.0 0 0 0 0 0 0.0
Djibouti 0.0 0 0 0 0 0 0.0

Equatorial Guinea 0.0 0 0 0 0 0 0.0



§ TABLE 63. (cont.)

Total fleet Ranking for ~ Ranking for Ranking for ~ Ranking for Ranking for
Region Country/territory tonnage in 1995 market demand technical economic public Average
(1000 GT)* structure pressure basis competitiveness  attitude
Eritrea 0.0 0 0 0 0 0 0.0
Ethiopia 0.0 0 0 0 0 0 0.0
Gabon 0.0 0 0 0 0 0 0.0
Gambia 0.0 0 0 0 0 0 0.0
Ghana 0.0 0 0 0 0 0 0.0
Guinea 0.0 0 0 0 0 0 0.0
Guinea-Bissau 0.0 0 0 0 0 0 0.0
Kenya 0.0 0 0 0 0 0 0.0
Lesotho 0.0 0 0 0 0 0 0.0
Liberia 59 800.7 0 1 0 0 0 0.2
Madagascar 0.0 0 0 0 0 0 0.0
Malawi 0.0 0 0 0 0 0 0.0
Mali 0.0 0 0 0 0 0 0.0
Mauritania 0.0 0 0 0 0 0 0.0
Mauritius 0.0 0 0 0 0 0 0.0
Mozambique 0.0 0 0 0 0 0 0.0
Namibia 0.0 0 0 0 0 0 0.0
Niger 0.0 0 0 0 0 0 0.0
Nigeria 0.0 0 0 0 0 0 0.0
Reunion 0.0 0 0 0 0 0 0.0
Rwanda 0.0 0 0 0 0 0 0.0
Sao Tome and Principe 0.0 0 0 0 0 0 0.0



TABLE 63. (cont.)

Total for AFR

MEA

Senegal 0.0
Seychelles 0.0
Sierra Leone 0.0
Somalia 0.0
South Africa 0.0
St. Helena 0.0
Swaziland 0.0
Togo 0.0
Uganda 0.0
United Republic of Tanzania 0.0
Zambia 0.0
Zimbabwe 0.0

59 800.7
Algeria 0.0
Bahrain 0.0
Egypt 1268.8
Iraq 0.0
Iran, Islamic Republic of 2 902.4
Israel 0.0
Jordan 0.0
Kuwait 2 057.0
Lebanon 0.0
Libyan Arab Jamahiriya 0.0
Morocco 0.0
Oman 0.0
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0.20



§ TABLE 63. (cont.)

Total fleet Ranking for ~ Ranking for Ranking for ~ Ranking for Ranking for
Region Country/territory tonnage in 1995 market demand technical economic public Average
(1000 GT)* structure pressure basis competitiveness  attitude

Qatar 0.0 0 0 0 0 0 0.0
Saudi Arabia 1186.9 0 1 0 0 0 0.2
Sudan 0.0 0 0 0 0 0 0.0
Syrian Arab Republic 0.0 0 0 0 0 0 0.0
Tunisia 0.0 0 0 0 0 0 0.0
United Arab Emirates 0.0 0 0 0 0 0 0.0
Yemen 0.0 0 0 0 0 0 0.0

Total for MEA 7415.1 0.00 1.00 0.00 0.00 0.95 0.39

WEU Andorra 0.0 0 0 0 0 0 0.0
Austria 91.9 0 1 0 0 0 0.2
Azores 0.0 0 0 0 0 0 0.0
Belgium 239.8 0 1 1 0 1 0.6
Canary Islands 0.0 0 0 0 0 0 0.0
Channel Islands 0.0 0 0 0 0 0 0.0
Cyprus 24 652.5 0 1 0 0 0 0.2
Denmark 5851.5 0 1 0 0 0 0.2
Faeroe Islands 0.0 0 0 0 0 0 0.0
Finland 1518.7 1 1 1 0 1 0.8
France 41944 2 1 1 0 2 1.2
Germany 5626.3 2 1 2 0 0 1.0
Gibraltar 0.0 0 0 0 0 0 0.0



TABLE 63. (cont.)

Greece 29 4347 0 1 0 0 1 0.4
Greenland 0.0 0 0 0 0 0 0.0
Iceland 208.6 0 1 0 0 0 0.2
Ireland 2134 0 1 0 0 0 0.2
Isle of Man 0.0 0 0 0 0 0 0.0
Italy 6 699.4 0 1 0 0 0 0.2
Liechtenstein 0.0 0 0 0 0 0 0.0
Luxembourg 880.8 0 1 0 0 0 0.2
Madeira 0.0 0 0 0 0 0 0.0
Malta 17 678.3 0 1 0 0 0 0.2
Monaco 0.0 0 0 0 0 0 0.0
Netherlands 4 606.0 2 1 1 0 1 1.0
Norway 21 550.9 0 1 0 0 1 0.4
Portugal 898.7 0 1 0 0 1 0.4
Spain 1618.6 1 1 1 0 1 0.8
Sweden 29554 2 1 1 0 0 0.8
Switzerland 381.0 1 1 1 0 1 0.8
Turkey 6 267.6 0 1 0 0 1 0.4
UK 6715.6 2 1 1 0 1 1.0
Total for WEU 142 284.1 0.36 1.00 0.24 0.00 0.57 0.43
EEU Albania 0.0 0 0 0 0 0 0.0
Bosnia and Herzegovina 0.0 0 0 0 0 0 0.0
Bulgaria 1166.1 1 1 1 0 1 0.8
Croatia 0.0 0 0 1 0 1 0.4
Czech Republic 140.3 1 1 1 0 1 0.8



S TABLE 63. (cont.)

Total fleet Ranking for ~ Ranking for Ranking for ~ Ranking for Ranking for
Region Country/territory tonnage in 1995 market demand technical economic public Average
(1000 GT)* structure pressure basis competitiveness  attitude
Hungary 0.0 0 0 1 0 1 0.4
Poland 2 358.0 0 1 0 0 1 0.4
Romania 2 536.5 2 1 1 0 1 1.0
Slovakia 0.0 0 0 1 0 1 0.4
Slovenia 0.0 0 0 1 0 1 0.4
The Former Yugoslav
Republic of Macedonia 0.0 0 0 0 0 0 0.0
Yugoslavia, Federal
Republic of 0.0 0 0 0 0 0 0.0
Total for EEU 6 200.9 1.03 1.00 0.62 0.00 1.00 0.73
FSU Armenia 71.1 0 1 1 0 1 0.6
Azerbaijan 0.0 0 0 0 0 0 0.0
Belarus 0.0 0 0 0 0 1 0.2
Estonia 597.7 0 1 0 0 0 0.2
Georgia 0.0 0 0 0 0 0 0.0
Kazakhstan 0.0 0 0 0 0 1 0.2
Kyrgyzstan 0.0 0 0 0 0 0 0.0
Latvia 798.1 0 1 0 0 0 0.2
Lithuania 610.2 1 1 1 0 1 0.8
Republic of Moldova 0.0 0 0 0 0 0 0.0
Russian Federation 15 202.3 2 1 2 1 1 1.4



TABLE 63. (cont.)

Tajikistan 0.0 0 0 0 0 0 0.0
Turkmenistan 0.0 0 0 0 0 0 0.0
Ukraine 46129 2 1 1 0 1 1.0
Uzbekistan 0.0 0 0 0 0 0 0.0
Total for FSU 218923 1.84 1.00 1.63 0.69 0.94 1.22
CPA Cambodia 0.0 0 0 0 0 0 0.0
China 16 943.2 2 1 1 0 2 1.2
Democratic People’s
Republic of Korea 0.0 0 0 0 0 0 0.0
Hong Kong, China 8794.8 0 1 0 0 0 0.2
Lao People’s Democratic
Republic 0.0 0 0 0 0 0 0.0
Mongolia 0.0 0 0 0 0 0 0.0
Viet Nam 0.0 0 0 0 0 1 0.2
Total for CPA 25 738.0 1.32 1.00 0.66 0.00 1.32 0.86
SAS Afghanistan 0.0 0 0 0 0 0 0.0
Bangladesh 0.0 0 0 0 0 0 0.0
Bhutan 0.0 0 0 0 0 0 0.0
India 7 126.8 2 1 1 0 2 1.2
Maldives 0.0 0 0 0 0 0 0.0
Nepal 0.0 0 0 0 0 0 0.0
Pakistan 0.0 0 0 1 0 2 0.6
Sri Lanka 0.0 0 0 0 0 0 0.0
Total for SAS 7 126.8 2.00 1.00 1.00 0.00 2.00 1.20



TABLE 63. (cont.)

Total fleet Ranking for ~ Ranking for Ranking for ~ Ranking for Ranking for
Region Country/territory tonnage in 1995 market demand technical economic public Average
(1000 GT)* structure pressure basis competitiveness  attitude

PAS American Samoa 0.0 0 0 0 0 0 0.0
Brunei Darussalam 0.0 0 0 0 0 0 0.0
Fiji 0.0 0 0 0 0 0 0.0
French Polynesia 0.0 0 0 0 0 0 0.0
Indonesia 2770.5 2 1 0 0 1 0.8
Malaysia 32829 2 1 0 0 0 0.6
Myanmar 0.0 0 0 0 0 0 0.0
New Caledonia 0.0 0 0 0 0 0 0.0
Papua New Guinea 0.0 0 0 0 0 0 0.0
Philippines 8743.8 0 1 0 0 1 04
Kiribati 0.0 0 0 0 0 0 0.0
Korea, Republic of 6972.0 2 1 1 0 2 1.2
Samoa 0.0 0 0 0 0 0 0.0
Singapore 13610.7 0 1 0 0 0 0.2
Solomon Islands 3098.6 0 1 0 0 0 0.2
Taiwan, China 6104.2 2 1 1 0 1 1.0
Thailand 17434 0 1 0 0 1 0.4
Tonga 0.0 0 0 0 0 0 0.0
Vanuatu 1874.2 0 1 0 0 0 0.2

Total for PAS 48200.3 0.79 1.00 0.27 0.00 0.69 0.55

PAO Australia 2853.1 0 1 0 0 0 0.2
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TABLE 63. (cont.)

Japan
New Zealand
Total for PAO

World total

19913.2
311.5
23 077.8

4722704

1.73

0.56

1.00

1.00

1.73

0.39

0.86

0.07

0.86

0.51

1.4
0.2
1.24

0.51

2 Used for weighting.



ABBREVIATIONS

AFR sub-Saharan Africa

AST nuclear heating plant (a Russian abbreviation)
boe barrels of oil equivalent

CC combined cycle

CPA centrally planned Asia and China

dwt dead weight tonnage

EEU central and eastern Europe

FSU Newly Independent States of the former Soviet Union
GHG greenhouse gas

GT gross tonnes (used in maritime transportation)
HBS heatpipe bimodal system

HPS heatpipe power system

HR heating reactor

HTR high temperature reactor

HTGR high temperature gas cooled reactor

HTTR High Temperature Engineering Test Reactor
HWR heavy water reactor

IEA International Energy Agency

JAERI Japan Atomic Energy Research Institute
LAM Latin America and the Caribbean

LHV low heating value

MEA Middle East and North Africa

MED multieffect distillation

MGT millions of gross tonnes

MSF multistage flash distillation

Mtoe million tonnes of oil equivalent

NAM North America

NEA Nuclear Energy Agency

NHP nuclear heating plant

NHR nuclear heating reactor

NPP nuclear power plant

OECD Organisation for Economic Co-operation and Development
PAO Pacific OECD

PAS other Pacific Asia

PBMR pebble bed modular reactor

PC pulverized coal

PHWR pressurized heavy water reactor

PWR pressurized water reactor

RO reverse osmosis
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RTG
SAS
SMART
STV
WEU
WWER

radioisotope thermoelectric generator

South Asia

System Integrated Modular Advanced Reactor
submarine transportation vessel

western Europe

water moderated, water cooled reactor
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