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Abstract

Perhaps the most compelling issue the world will face in the next century is the quality of life of the
increasing populations of the poorer regions of the world. Energy is the key to generating wealth and protecting
the environment. Today, most of the energy generated comes from fossil fuels and there should be enough for an
increase in consumption over the next half century. However, this is likely to be impacted by the Kyoto Protocol
on carbon dioxide emissions. Various authoritative studies lead to a global energy demand projection of between
850 to 1070 EJ per year in the mid-21st century, which is nearly three times as much as the world uses today. The
studies further indicate that, unless there is a major thrust by governments to create incentives and/or to levy
heavy taxes, the use of fossil fuels will continue to increase and there will be a major increase in carbon dioxide
emissions globally. Most of the increase will come from the newly industrializing countries which do not have
the technology or financial resources to install non-carbon energy sources such as nuclear power, and the new
renewable energy technologies. The real issue for the nuclear industry is investment cost. Developing countries,
in particular will have difficulty in raising capital for energy projects with a high installed cost and will have
difficulties in raising large blocks of capital. A reduction in investment costs of the order of 50% with a short
construction schedule is in order if nuclear power is to compete and contribute significantly to energy supply and
the reduction of carbon dioxide emissions. Current nuclear power plants and methods are simply not suited to
the production of plants that will compete in this situation. Mass production designs are needed to get the benefits
of cost reduction. Water cooled reactors are well demonstrated and positioned to achieve the cost reduction
necessary but only via some radical thinking on the part of the designers. The reactors of the next century may
well be smaller units with higher levels of built-in safety. Whatever the reactors are, the key will be mass
production to achieve capital costs of half today's levels.

1. INTRODUCTION

Forecasting the future is a remarkably difficult task - if it were not so, then we would undoub-
tedly arrange our lives differently to benefit from our knowledge of what is to come. So most
forecasts turn out to be inaccurate at best. The task becomes even more challenging in energy
predictions because of the unknown magnitude of technological change and the impact of the current
thrust towards limiting carbon dioxide emissions.

Perhaps the most compelling issue the world will face in the next century is quality of life in
the poorer regions of the world. Dealing with this issue will be made difficult by the fact that it will
require enormous economic growth, just to cope with the population growth in these regions, as well
as to improve the quality of life. Energy will be an integral part of this complex picture.

Global energy demand will be driven upwards by a number of factors:

1. World population is increasing by 90 million each year, mainly in the developing countries.
Demographic experts predict that the population will double by the middle of the next
century, to about 10 billion people [1,2], and that nothing will stop that doubling, short of a
disastrous global epidemic affecting hundreds of millions of people.

2. A technological revolution is underway, and is seen clearly in communications. Television
already brings images to and from all parts of the world and is an important part of the
revolution in communications, particularly in the poorer countries. Improved communications
generate justifiable expectations for a better quality of life.

3. Quality of life depends on societal wealth, and wealth is created by the use of resources and
energy to generate economic growth. The wealthy countries use large amounts of energy per
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Table 1. CONSUMPTION PATTERNS FOR COMMERCIAL ENERGY

Energy Consumption, MTOE

Energy Consumption, Ej

Carbon Dioxide Emissions, MTC c)

World

OECD

EMEs

World

OECD

EMEs

World

OECD

EMEs

1967

4046

2792

503

172

119

21

3329

2166

462

1990

7851

4437

1862

335

189

79

6049

3291

1612

1997

8509

4950

2547

363

211

109

6447

3572

2173
v MTOE = Million Tonnes of Oil Equivalent
b) EJ = exajoules, 1018 joules
c^ MTC = carbon dioxide expressed as Million Tonnes of Carbon

Source: BP Review 1998 [5]

capita, and their citizens today are healthier, more educated and live longer than any other
people at any time in the history of civilization.

4. And while the environment may not be a high priority in most of the world today, its funda-
mental importance will eventually dictate the way of life world-wide.

The supply of energy is key to the future welfare of humanity. Energy is the key to overcoming
the scourges of hunger, disease and poverty - it is essential to generating wealth and it is essential to
protecting the environment in a heavily populated world. Balancing economic development with
environmental considerations, particularly the emission of carbon dioxide, will be a major challenge
for the next century.

2. CURRENT ENERGY PATTERNS

Today, most of the world's energy comes from the fossil fuels, and within the time-frame of the
next half century there should be enough for an increase in consumption. Marchetti has shown that
there has been a common pattern for energy sources to grow in market share until new sources
displace them [3]. The market shares held by coal and oil are now declining, while those of natural gas
and nuclear are rising. NAKICENOVIC et al (1997) point out that, at the global level, the "time
constant" for fundamental energy transitions has been of the order of 50 years [4].

Some characteristics of global energy patterns over the last 30 years are shown in Table 1.

Data for 1990 are included, since that is the reference year for the Kyoto Protocol on carbon
dioxide emissions [6]. While still at much lower levels than the countries of the Organization for
Economic Co-operation and Development (OECD), the Emerging Market Economies (EMEs) are
expanding their energy consumption rapidly, from 12% of the world total in 1967 to 30% in 1997.
Because of their stronger dependence upon coal as a principal energy source, their carbon dioxide
emissions now amount to over one third of the global total.

All regions of the world increased their carbon dioxide emissions between 1990 and 1997, with
the exception of the European Union and the countries of the Former Soviet Union (FSU)and Eastern
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Table 2. UNITED NATIONS HUMAN DEVELOPMENT INDEX AND
INDUSTRIAL DEVELOPMENT

REGION

Industrialized countries

E. Asia excl. China

Latin America & Caribbean

World

E. Europe & Former Soviet Union

S.E. Asia & Pacific

E. Asia

Arab States

All developing countries

S. Asia

Sub-Saharan Africa

Least developed countries

HDI

0.911

0.883

0.831

0.772

0.756

0.683

0.676

0.636

0.586

0.462

0.386

0.344

Life
Expectancy,
Years

74.2

71.7

69.2

63.6

68.1

64.7

69.3

63.5

62.2

61.8

50.6

51.2

Annual
Electricity use,
kWh/cap

7542

3679

1636

2290

4170

572

991

1355

814

445

476

81

Total Annual
Energy Use,
GJ/cap

190

100

41

61

127

18

32

50

24

12

11

2

GDP,

(PPP$)/capa)

16337

9934

5982

5990

4109

3852

3359

4454

3068

1724

1407

1008

a) PPP$ = Purchasing Power Parity, the number of units of a country's currency required to purchase the
same representative basket of goods and services that a US$ will buy in the United States.

Europe (EE). The European Union held constant, due to a major replacement of coal consumption by
gas and nuclear energy. The FSU and EE, often referred to as "reforming economies" which are in a
state of transition, decreased by 36% because of a dramatic slowdown in their economies, resulting in
less energy consumption.

3. FUTURE SCENARIOS FOR ENERGY

The pattern for the next ten years, and perhaps the next twenty has already been set, since major
energy projects require planning of this scale. This paper focuses on energy over the next fifty years,
since it is that time-scale that significant change can be made. It will examine a number of energy
scenarios for the middle of the 21st Century.

We can start from the very simple concept that on a per capita basis, people in the poorer
countries use about one tenth of the energy used by people in the industrialized countries. There are a
number of indicators suggesting that their quality of life could be much better if their energy con-
sumption were to increase to about 100 GJ/capita. That would bring them to about half the average for
the industrialized world and one third of the current US and Canadian level. For example, the United
Nations Human Development Index [7], based on life expectancy, adult literacy, school enrolment,
and real GDP per capita, shows a strong correlation with per capita energy consumption (cf. table 2).
This is true for all regions of the world, except in the countries of the Eastern European countries and
the Former Soviet Union, which are undergoing a major economic reforming. If a future world of 10
billion people consumed 100 GJ/capita, then the global energy demand would be about 1000 EJ.

A second approach is to examine historical patterns in energy consumption. World energy con-
sumption has increased steadily at an average of 2% per year for almost two centuries. Over the last
25 years the average growth has been 1.8% per year [5]. If that growth were to be continued to 2050,
the energy demand in 2050 would rise to about 1076 EJ.

A third approach involves a prediction of future energy patterns from economic development
and national energy forecasting. One of the most comprehensive and sophisticated studies of energy
scenarios has been done by the World Energy Council (WEC) and the International Institute of

31



Table 3. SOME PARAMETERS OF THE WEC/IIASA 1995 STUDY TO 2050

CASE

Population, Billions

GWPa)

Energy Intensity Improvement
Primary Energy/GDP, %/yr

Primary Energy Demand, EJ

Resource availability
Fossil
Non-fossil

CO2 emission constraint

CO2 emissions, GTCb)

Environmental taxes

A
High Growth

10.1

100

-1.0

1065

high
high

no

9-15

no

B
Middle Course

10.1

75

-0.7

850

medium
medium

no

10

no

C
Ecologically Driven

10.1

75

-1.4

600

low
high

yes

5

yes

a) GWP = Gross World Product in Trillions of US( 1990)$
b) GTC = Carbon Dioxide Emissions, expressed in Gigatonnes carbon

Applied Systems Analysis (IIASA) [8] (WEC/IIASA, 1995). It starts from earlier work by WEC,
using projections made by its individual member countries for energy supply and demand to the year
2020 [9] (WEC, 1993), and extends this through detailed modelling to 2050 and 2100. Table 3 shows
the basic parameters of the study to the year 2050.

The range of global energy demand for 2050 in these scenarios is from 1065 EJ to 600 EJ, and
the "middle course", which the authors consider more pragmatic, has a value of 850 EJ. More
recently, the International Energy Agency (IEA) concluded that a "Business-As-Usual" forecast for
global energy consumption gives a virtually linear increase to 615 EJ in the year 2020 [10]
(IEA, 1998). If this were continued to 2050, the resulting global energy demand would be 855 EJ.
Table 4 shows the results of these studies and projections for the years 2020 and 2050.

Thus, regardless of how one examines the future prospects, and how the energy is distributed, it
seems that the global demand by the mid-21st Century will most likely be of the order of 850-1070
EJ, unless constrained by government action, such as taxes or other CO2 constraints. That is nearly
three times as much as the world uses today. However, there does not appear to be any fundamental
limitation of resources that would prevent such energy use. The planet can support 10 billion people
in a reasonable quality of life, if there is the political will to do so.

Table 4. GLOBAL ENERGY PROJECTIONS, EJ/yr

Year

WEC/IIASA (1995)

IEA "Business-as-Usual"

Historical Growth Rate

lOOGJ/capita

A

B

C

2020

700

600

500

585

585

2050

1065

850

600

1075

1000
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4. ENVIRONMENTAL CONSIDERATIONS

Concern about changing the global environment has emerged in the last decade as the major
factor that now challenges the "business-as-usual" economic development of the world. Formalized in
the 1992 United Nations Framework Convention on Climate Change, it has led to commitments by
many industrialized countries at the Kyoto Conference in December 1997 to reduce their carbon
dioxide emissions by up to 8% from 1990 levels. However, the reality is that most countries have
increased their carbon dioxide emissions since 1990, with the notable exception of the former central-
ly planned economies of Europe, whose economies are undergoing severe decreases as they embark
upon major restructuring towards free economies. Germany, France and the UK have successfully
reduced emissions, primarily through the expansion of nuclear power generation.

As both the WEC/IIASA (1995) and the IEA (1998) studies show, unless there is a major thrust
by governments to create incentives and/or levy heavy taxes, carbon dioxide emissions will continue
to grow globally. The problem is even more challenging than appears on the surface, since most of the
increase in carbon dioxide emissions will come from the newly industrializing countries, who current-
ly do not have the technology or financial resources to instal non-carbon energy sources such as
nuclear power, and the new renewable energy technologies.

Even in many of the industrialized countries, there will be increases in carbon dioxide emis-
sions, unless governments impose incentives and/or penalties to modify the natural market force
choice of energy sources. As an example, the U.S. Department of Energy has recently published esti-
mates for the energy consumption expected to be used for electricity production [11]. From these
estimates one can infer that, under a competitive electricity market, carbon dioxide emissions from the
U.S. electric power industry will be from 35 to 52% higher in 2015 than in 1990. This study predicts
that no new nuclear plants will be built, and that there will be a gradual decrease in the use of nuclear
power for electricity generation as old plants are retired. It notes that there is a variety of proposals
under consideration by State legislatures and by the U.S. Congress to support the continued develop-
ment and use of renewable energy.

5. SCENARIOS FOR 2050

5.1 Prospects for Achieving the Scenarios

Some current results from WEC/IASA are presented in figures 1 and 2, and a comparison with
the WEC/IIASA, 1995 study is shown in Table 5.

Population projections are generally comparable with the majority of expert opinion, and the
generally accepted projection for 2050 is 10 ± 0.6 billion. All of the scenarios are derived using
regional economic growth rates that appear justifiable in light of experience over the most recent
decades. Energy intensities have improved steadily in countries with increasing GDP over recent
decades.

However, there are severe conflicts in the prospects for achieving the economic growth and
energy growth while reducing carbon dioxide emissions. While there has been much talk since 1992
about reducing carbon dioxide emissions, the reality is that, with the exception of the EU, all regions
with economic growth have increased their carbon dioxide emissions and continue to do so. Case C
assumes CO2 constraints and environmental taxes. To date there have been no incentives or penalties
put in place to curb emissions.
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Much emphasis is placed upon the "new renewables" (other than hydroelectric generation or
wood burning) to displace some of the fossils fuels, particularly in the U.S. [12]. However, according
to the U.S. Energy Information Administration [13], renewable energy in the U.S. contributes 8% of
the total energy supply with "conventional" renewables making up the majority of this, and solar and
wind amounting to less than 0.2%.

It took over 70 years for oil and gas to reach a market share of 20% in a rapid economic growth
period and strong commercial competitiveness (WEC/IIASA 1993). Thus, it seems unlikely that the
renewables will grow from 20% (primarily hydroelectric and wood) to 40% in 50 years, particularly
when virtually all of this growth is in the "new renewables". Solar and wind technologies are admitted
to be not competitive at present (EIA-0623, 1998) [11]. This difficulty in expanding the new
renewables is acknowledged in the WEC/IIASA, 1995 study which states that "the two Case C
scenarios present challenging global perspectives." The Case B scenario seems more likely to be
achievable and the authors note that it is the most pragmatic. Case B calls for an increase in nuclear
power of nearly a factor of five relative to today's capacity. However, in this case fossil fuels continue
to increase markedly and carbon dioxide emissions are nearly double the 1990 levels.

5.2 Nuclear Power

To achieve the Case B total for nuclear power by 2050 would require an average rate of
addition of 40 GWe/yr from 2010 to 2050. From a practical viewpoint there is no reason that this is
not achievable. New capacity averaged about 30 GWe/yr for plants ordered in the 1970s and coming
on-line in the early 1980s.

One might argue that, while this is a reasonable target, it does not come close to meeting the
intent of the Kyoto Protocol. Much larger contributions will be required of nuclear and renewables if
carbon dioxide emissions are to be stabilized at levels at all close to 1990 levels.

So, how large a nuclear power supply is practicable? Take, for example, a target for nuclear
energy to supply one-third of the global energy demand. For Case B, this would require a nuclear

Table 5. COMPARISON OF WEC/IIASA RESULTS WITH CURRENT VALUES
Global Energy Consumption in EJ

Scenario
Primary Energy

Coal

Oil

Gas

Nuclear

Renewables

1990

400

96

136

76

24

68

1997

425

99

146

85

27

68

2050

Al
1075

258

322

258

65

172

A2
1075

344

204

237

43

247

A3
1075

97

194

343

118

323

B
860

181

172

198

120

189

Cl
600

66

113

162

24

235

C2
600

60

107

144

72

217
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capacity of about 4000 GWe. Construction of about 100 GWe per year could achieve this over forty
years. That's considerably more than the maximum rate of construction achieved to date, but it is
feasible from an industrial point of view. Economics and the availability of capital will likely be the
critical factors, rather than technology or industrial capability.

There are, of course some obvious prerequisites to such an expansion of nuclear power. First,
there must be no major accidents that release radioactivity to the environment on the scale of
Chernobyl, within the next decade or two. Such an event would rekindle public fear and might well
destroy prospects for nuclear to fulfil its promise of cheap and abundant energy for the world. Safety
culture must be paramount, from design, through building and into operations and maintenance.

Public acceptance depends strongly on continuing safe reactor performance, and progress on
waste management. One issue in particular must be resolved before this expansion will take place.
Electricity producers and the public need to be satisfied that radioactive waste can be handled safely
and economically. This is an issue that will require the co-operation and determined efforts of the
industry, regulators and the political sector.

As to fuel cycles, it is generally acknowledged that fuel recycle will be necessary to assure
adequate nuclear fuel over centuries of utilization. However, its large scale use will also be a question
of economics. At present, recycle is not cost-competitive with the use of fresh uranium.

The known reserves of uranium today represent about 40 years consumption at current rates,
comparable with about 42 years for oil, and 62 years for gas. Thus, there is no reason to consider
uranium resources in any different manner than those of other energy sources. The low price of
uranium over the last decade has resulted in very little uranium exploration and virtually no
development of processes for recovery from low-grade resources. Even with nuclear power supplying
one third of the Case B energy, the cumulative uranium requirements to 2050 are no more than the
conventional resources recoverable at less than US$130/kgU [14].

An increase in uranium demand will stimulate exploration and may well lead to major increases
in low cost resources, further delaying the advent of large scale recycle. The same argument holds for
the fast breeder reactor. So for the moment, fast breeder reactors and fuel recycle are not the issue.
When the nuclear industry is running at a very much larger scale, and the price of uranium increases
significantly, then the economics may favour these options.

6. THE ECONOMIC IMPERATIVE

While continuing safe operation, demonstrated waste disposal and public acceptance are all
necessary for the future of nuclear power, they are by no means sufficient. The key factor is that
economics will be the driving force in an expanding global economy. Nuclear power will not serve
the world's growing population if the electricity producers will not buy the product.

Utility deregulation is advancing in many of the Western countries. Deficit and debt reduction
has become recognized by governments as essential to the future well-being of their citizens.
Competition for capital is becoming more intense world-wide. And a rapid return to the bottom line is
becoming the key in most investment decisions. All these business realities point inevitably to the
need for nuclear plants that can compete economically with the alternatives. For many electricity
producers today, short time from ordering to in-service is crucial and the completed capital cost is
more important than the long-term cost of the power generated. So to get the electricity producers to
buy new nuclear power plants, they must become the economic imperative.

Natural gas will be the economic competition over the next decade or two, as it is today
wherever it is available by pipeline. In any country that has access to pipeline natural gas, combined
cycle gas turbines are the competitive alternative. They can be built quickly and cheaply and, at
today's gas prices, produce by far the cheapest electricity. Some will argue that natural gas prices will
increase. However, global gas reserves have increased steadily and by a factor of five over the last
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three decades, even as annual consumption has tripled. It seems generally agreed in the industry that
there will be no shortage of oil and gas at the consumption rates of Case B for a half century.

The real issue for the nuclear industry is capital cost. If nuclear power is to compete and
contribute significantly to the reduction of global carbon dioxide emissions, the capital cost must be
reduced to the point where nuclear becomes the economic imperative - the first choice for energy
producers. A reduction of 50% in capital cost is the right order, combined with a short construction
schedule. Such a reduction would put nuclear power into a competitive position with pipeline natural
gas and would make nuclear power the economic imperative for electricity producers world-wide.

Certainly none of today's designs will compete with pipeline gas at current prices. So there has
to be a radical change in the way we do things. Let's go back to the supposition that the demand for
nuclear power would be such that the world would need to build 100 GWe every year for 40 years,
starting in 2000. That is equivalent to one new plant coming on line every two or three days! Current
designs and methods are simply not suited to production of economic plants at such rates. We need
mass production designs that production engineers will take into the factories, where large modules
are fabricated that can be assembled quickly on site. We need mass production lines to produce one
or two plants per week - a steam generator a day, a pressure vessel per week. It may not be practical
on a country by country basis but it can be done on a global basis. We do not need new reactor
concepts or new fuel cycles. We need evolution, innovation, change and transition to use existing
technology to produce competitive products.

To produce dozens of plants every year, the industry must move from a building mode to a
manufacturing mode. We are still at the evolutionary stage that the automotive industry was at the
beginning of this century, when all cars were hand-built. The nuclear industry now needs visionaries
to do what Henry Ford did for, the automobile when he introduced mass production manufacturing.
And we need to start on it now if there is to be any hope of nuclear power supplying 30%, or even
10%, of the global energy supply by 2050. It will only be by mass production manufacturing and
assembling, rather than building, that we can produce several cost-competitive nuclear plants per
week.

The water-cooled reactors are well positioned to achieve the cost reduction necessary.
However, it will require some radical thinking on the part of the designers to break away from the
current system of engineer, procure, construct to a new paradigm of design, manufacture, assemble.
The reactors of the next century may well be smaller units with higher levels of built-in safety.
Designs such as lOOMWe modular helium cooled reactors, with integral gas turbines are already
being explored. Whatever the reactors are, the key will be mass production to achieve capital costs of
half today's levels.

Today the industry is in decline in many industrial nations. Yet we know where we want to be
in the next century - an industry that can put into operation dozens of new plants each year. The
question is "How do we get from here to there?" With the current slump in orders, individual manu-
facturers find it difficult to afford the investment in new designs for factory manufacture. Inter-
national co-operation will be necessary to organize the resources to achieve success. The nuclear
power reactor industry of the next century will have to be a global enterprise, in line with other large
scale industrial activities.

7. CONCLUSION

As a result of population growth and economic growth, global energy demand is likely to
increase over the next half century to about 1000 EJ, between two and three times today's level. At
the same time there will be mounting concern over controlling the release of carbon dioxide to the
atmosphere. Thus there will be increasing interest in non-carbon energy sources, such as nuclear
power and renewables.
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To compete in the energy market of the future, nuclear power must become the economic impe-
rative for energy producers, world-wide. This will require a major reduction in capital cost to about
half today's levels. New designs, perhaps of smaller size, engineered for mass production will be
necessary to achieve the required capital cost.
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