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1 Introduction
Fusion power has the promise of offering clean, safe, widely available and abundant
energy for future generations. It may play an important role in the future energy mix.
Whether this really is going to happen depends on the technological successes that will be
achieved with future fusion experiments. The next step ITER will have to show that net
energy production is possible. After ITER a demonstration reactor will have to show its
viability of reliably producing electricity.
However, technological successes are not sufficient. Fusion as a technology will have to
fit in future energy systems, and will have to be accepted by our future society. This
document tries to sketch possible future energy scenario and future storylines in which
fusion could play a role and makes a comparison with other existing and future energy
technology.
Section 2 sketches the general picture of the energy world. Currenltly about 80% of our
energy is supplied by fossil fuels. 25 % of the world’s population is responsible for 75%
of the energy consumption. The Population growth in second and third world countries
and their further development will be the main reason of an increasing global energy
demand. In comparison, the energy demand in industrialized countries will be small due
to stagnating population growth and increased energy efficiency. Section 3 discusses the
problems involved with climate change and the continued use of fossil fuels. Section 4
discuuses two issues related to fossil fuels; for some decades to come, the increase in
energy demand could be satisfied with existing fossil fuel reserves and resources.
Especially when the use of coal is reconsidered, for over hundred of years of energy are
available. However, the geographically very localized reserves and resources of oil and
gas do contribute to political tension and conflicts. Moreover, burning up existing fossil
fuels could contribute to serious climate change that potentially could carry high social
and capital costs. In section 5 alternatives to fossil fuels are discussed. Finally in section
6 the findings in this report will be discussed and consequences for a possible energy
future will be summarized.
In order to secure the energy needs for future generations a future global energy
household should offer a widely available and clean, carbon free energy mix. This is the
challenge ahead. Nuclear fusion may well be part of such a mix.

2 Setting the boundary conditions
Global consumption of energy has increased over the past decades (Fig. 2.1 (a)). Fossil
fuels are the main source of energy in the world and probably will remain the main
source for the decades to come. Furthermore the global distribution of energy
consumption is not equal. The developed world consumes most of the world’s energy
production while the number of people in these regions represents only 25% of the global
population. However, its share is decreasing. In 1970 the western world together with the
former Sovjet Union used 75% of the total energy. Now this percentage has reduced to
63%. The use of energy in the developing countries, and especially India and China, will
increase rapidly, putting the focus on these world regions with respect to clean energy
supply. Figure 2.1 (b) shows that the emission of carbon dioxide follow the same trend
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as the primary energy use; over two thirds of human induced emissions are caused in the
process of energy production.
In this section an overview will be given on the primary energy consumption and
greenhouse gas emissions for the past, the present and expectations for the future.
Furthermore the impact of population growth is discussed.

Figure 2.1: (a) World primary energy usage per world region (IEA). (b) Global carbon
dioxide emissions per world region (IEA).

2.1 Primary energy consumption by fuel and by sector
Fossil fuels cover for 80% of the world’s energy consumption (Table 2.1), and will
continue to be the main source of energy for decades to come. The main concerns for the
long run are fuel reserves, energy security and the effect of fossil fuels on climate change.
These subjects will be discussed in details further on in this document. To find matching
alternatives for fossil fuels, solutions should be looked at that match the consumption
pattern of energy. Figure 2.2 shows the global primary energy consumption. Energy
discussions often focus on clean ways of producing electricity. The figure shows that
electricity is only responsible for 20 % of the total energy consumption. Transport is
responsible for 30%, whereas direct use of fossil fuels in industry, domestic, and
agricultural activities take up a total of 50% . Electricity could be directly produced with
renewable sources like windmills, solar PV and nuclear energy. Transport, however
requires a sort of fuel, that could be grown naturally (biofuels) or produced by means of
electricity or heat (Hydrogen). The discussion on clean energy production should
concentrate on the entire energy sector.
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Resource
Oil
Coal
Natural Gas
Hydro
Nuclear
Traditional
Renewables

Share in primary energy mix
37.5%
21.8%
21.1%
6.6%
6.0%
6.4%
0.6%

Table 2.1: Share of resources in the global energy mix for the year 2000 (IEA)
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Figure 2.2: Primary energy usage per sector in 2000 (source IEA) Other sectors include
Domestic and agricultural activities, and public and commercial services.

2.2 Emission and energy scenario for the future
By 2100 the world will have changed in ways that are difficult to imagine – as difficult as
it would have been at the end of the 19th century to imagine the changes of the 100 years
since. From a concern of climate change due to human induced greenhouse gas emissions
the IPCC, the Intergovernmental Panel for Climate Change, has performed a study on the
future greenhouse gas emissions. Figure 2.3 shows the energy related CO2-emission
paths from the IPCC literature database as ‘spaghetti’ curves for the period to 2100.
Clearly, from these curves as such no required energy policy can be derived. The main
reason for the large spread is the difference in ‘storyline’ behind the different scenarios.
Such storylines contain boundary conditions for economic, technological, geographical,
and sociological development.
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Figure 2.3: Global energy related carbon dioxide emissions up to 2100 as presented in
the scenarios in the IPCC ‘Emission scenarios 2000’ database.
In the special report ‘Emission scenarios 2000’ (SRES), IPCC have derived four
storylines that have all very different assumption on the development of the future world.
The two main axis for the division are ‘Global (1) versus regional (2)’ and ‘Economic
(A) versus environmental (B)’ development. Thus creating an A1, A2, B1 and B2 world.
In the regionally oriented storyline the population increase over the next hundred years is
assumed to be larger than in a world where more global uniformity is created. The
expected growth in world population for the different storylines is indicated in Fig. 2.4.
Table 2.2 describes the main issues for the four storylines. In the A1 story line, 3
scenarios are described that have distinct differences in the direction of technological
development. The three A1 groups are distinguished by their technological emphasis as
follows: fossil intensive (A1FI), non-fossil energy sources (A1T), or a balance across all
sources (A1B) (which means that an even distribution of energy technologies is applied).
Figure 2.5 shows the increase in energy demand for all four the storylines. Although
higher energy use generally means a higher emission of CO2, this is not a necessary
outcome. Figure 2.6 shows the estimated CO2 emissions for all six the IPCC scenarios;
A1F1, A1B, A1T, A2, B1and B2. Clearly the scenario with the largest growth in energy
satisfied with the use of fossil fuels would yield the highest CO2 emissions (A1F
scenario.) The A1T scenario, despite its strong economical growth, roughly shows as
much CO2 emission as the B1 scenario. This is due to strong focus on new non-fossil
energy technologies in the A1T scenario. The emissions in the B1 scenario are kept low
due to reduced economic growth and the decoupling of the growth from material
consumption.
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Figure 2.4: Increase in world population as used in the four IPCC storylines. The inset
projects the expected increase of population in OECD and reforming countries together.
(IPCC emission scenarios 2000.)
In which scenario could fusion play a role?
Nuclear fusion is a complex technology that requires international scientific collaboration. The next step,
ITER, will be set up in an extensive international collaboration between the EU, Japan, the Russian
Federation, Canada, the US, China and others to come. Obviously, such collaboration would work best in a
globalized world that is technology driven. The boundary conditions for fusion energy research are different
for the the 4 story lines:
A1: In this scenario fusion application will work best. After the first fusion reactor has been developed the
fusion technology will have to be quickly distributed over the world. The A1 scenario, and especially the
A1F1 (non-fossil) scenario, with its Global approach and quick technology diffusion between regions is ideal
for fusion as a major energy source.
A2:The poor interregional collaboration is not a good incentive for international research on new energy
technologies. Furthermore the reduction of CO2 emissions to minimize environmental effects is not a big
issue in this scenario. Therefore energy systems renewal will go slowly. Certainly fusion research that
requires large international collaborations will not develop fast in this scenario
B1: The Global aspect of this scenario is ideal for fusion as an energy source. However, preference for smallscale power production by means of renewables, improving energy efficiency and dematerializing the
economic growth is not the ideal condition for large-scale fusion reactors for power production.
B2: The poor interregional collaboration and low technology push in this scenario will not be the best
conditions for fusion energy to florish.
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Table 2.2: Brief description of the main ingredients of the four IPCC storylines. The A1
stotry line contains 3 scenarios with different types of technology development.
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Fig 2.5: Carbon dioxide emissions normalized to 1990 for the 6 IPCC scenarios A1T
(non-fossil fuels), A1B (Balanced distribution) A1Fl (fossil fuels), A2, B1, and B2.
(Emission 1990=6GtC/year), source: IPCC emission scenarios 2000.
2000
1800

Primary energy supply

1600
1400
1200
EJ

A2
A1
B2

1000
800

B1

600
400
200
0
1970 1990

2010 2030 2050 2070

2090

Year

Figure 2.6: Primary energy for the four SRES storylines A1, A2, B1, B2. Also within the
storylines the energy consumption varies (not indicated in the graph. The A1T scenario
would have a reduced energy use of 1250 EJ as compared to 1650 EJ in the A1 marker
scenario. This is mainly due to increased energy efficiency driven by technology
improvement. Source: IPCC emission scenarios 2000.
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2.3 Energy increase and population growth
To understand the origin of the fast increase in energy demand, it is useful to look at the
increase of energy demand in different regions of the world. Here a division is made
between industrialized, reforming (including eastern Europe and the former Soviet
Union), and developing regions. Figure 2.7 (a) and (b) shows the increase of global
population per world region compared to the increase in primary energy demand for these
regions. At present, more than 60% of the total primary energy is used by a quarter of the
world’s population in the industrialized and reforming countries. Mainly due to
population growth but also due to economical and technological evolution in the
developing countries this share of energy use could change dramatically over the coming
100 years. By 2100, the development countries could be responsible for over two third of
the total global primary energy use (Fig. 2.7 (b)). Figure 2.8 shows the relation between
economic wealth and energy consumption. Following a certain pattern of economical
growth and energy efficiency for the developing countries, an assumption will be made
for the energy consumption per capita in the developing. Figure 2.9 indicates the energy
consumption per capita normalized to the energy consumption in India and China in
1990. Although the relative energy consumption per capita in the developing countries
may increase by a factor 3-4, it will probably stay well below that of the industrialized
world.
The increase of energy consumption in development countries indicates that in these
regions the emission of greenhouse gasses will undergo the greatest growth. In
industrialized and reforming countries the energy consumption will be limited due to
increasing energy efficiency and stalling population growth. Therefore effort to limit the
emission of greenhouse gasses should concentrate on the minimizing the emission growth
in developing countries whilst maintaining economical growth.
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Figure 2.7: Global population growth (a )and increase of primary energy (b) by region:
industrialized, reforming and developing countries. Source: middle scenario of
IIASA/WEC 1998 study. (http://www.iiasa.ac.at/cgi-bin/ecs/book_dyn/bookcnt.py)
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Figure 2.8: Per capita primary energy consumption grows with income in a similar
pattern across countries and time. Around $15,000 per capita the relation ship shifts as
less energy-intensive services will start to dominate economic growth. There are sign of
saturation beyond $25,000, although the saturation is at quite different levels of energy
consumption across the industrialized world regions. Therefore it is hard to draw a
conclusion for the development of the growth in developing countries. However there are
signs (e.g. Malaysia) that new developers require less energy. (source IMF, BP, Shell)
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Fig 2.9: Normalized energy consumption per capita for the coming 100 years, following
the IIASA/WEC middle scenario. Values are normalized to the consumption of India and
China in 1990. Source: middle scenario of IIASA/WEC 1998 study.
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3 Climate change and Greenhouse gas emissions
Green house gasses are gasses that, once released in the earths atmosphere can contribute
to the thermal insulation and therefore to the heating-up of the atmosphere. Important
greenhouse gasses are: CO2, methane, and N2O. Burning fossil fuels for energy
production is responsible for most of the human induced greenhouse gas emissions.
During the industrial revolution the use of fossil fuels has increased tremendously and
hence the emission of greenhouse gasses has increased. Figure 3.1 shows the increase in
greenhouse gas concentration in the atmosphere over the past 1000 years.

Figure 3.1: Greenhouse gas emissions over the past 1000 years. Clearly the emission has
increased rapidly after the onset of the industrial revolution. (IPCC ‘Emission scenarios
2000’) Left axis: concentration in parts per million (ppm) or in parts per billion (ppb).
Right axis: Radiative forcing, i.e. capacity for thermal insulation.
As was shown in section 2.2, it is expected that greenhouse gas emissions will continue
to increase over the coming decades. Fossil fuels will remain the main source of energy
and therefore, if the CO2 is not captured, the emission will rise under a global increasing
use of energy. The main question is “how much do we allow the atmospheric
concentration of greenhouse gasses to increase?”
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3.1 Climate change
In IPCC’s “Climate Change 2001 (The Scientific Basis)” several climate models have
been applied to see the possible effects of the increased greenhouse gas emissions in the
different scenarios presented in section 2.3. Obviously the temperature increase is the
largest for scenario with highest CO2 emissions. However the spread in temperature
increase for the different scenario storylines is as large as the difference in temperature
change as calculated with different models for the same storyline.
Figure 3.2 shows the calculated increase in average global temperature for the different
storylines. Some conclusions that can be drawn from this studies are:
• For the total range of scenarios in the IPCC study the average global temperature is
projected to increase 1.8 to 5.8 oC during the following 100 years.
• The projected rate of heating is much faster than during the last century, and is
probably the fasted rate during at least the last 10,000 years, based on palaeoclimate
data.
• Global mean sea level is projected to rise by 0.09 to 0.88 meters between 1990 and
2100.

A1F1
A2
A1B
A1T

B2
B1

Figure 3.2: Temperature change over the past 230 years and the coming 100 years as
calculated with climate models (IPCC). The vertical bars on the right indicate the spread
in temperature change for each of the 6 emission scenarios calculated with the range of
models used in the study (IPCC Climate Change 2001: the scientific base)

3.2 Future CO2 emissions?
One way of achieving this is to minimise economic growth or to improve energy
efficiency. However, as is seen from the A1 scenario storyline a substantial change in
CO2 emission can be achieved by minimising the use of fossil fuels in the energy mix
without affecting global economic growth.
Figure 7 showed that before the industrial revolution the atmospheric concentration of
CO2 was 280 ppm (particles per million). Currently the concentration is 360 ppm. Figure
3.3 compares the annual CO2 emission for the A1F1, A1B, A1T and the B1 scenario for
the coming 100 years with evolutions that would lead to stabilisation levels of CO2
concentration of 450, 550, 750, and 1000 ppm. It is immediately clear that an increase of
CO2 concentration is inevitable and that one hundred years from now at least a doubling
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in concentration compared to the pre-industrial revolution concentration may have taken
place. Stabilization at 550 ppm would mean an increase of average temperature of 1.3 to
2.8 oC in a period of one century. This increase is already faster than has happened during
the last 10,000 years. Therefore it seems to make sense to try to achieve the low end of
the global emission scenarios, i.e. stabilization at 550 ppm.
Two scenarios (A1T and B1) seem to deliver this stabilization around 550 ppm. Both of
them feature strong global collaboration and therefore enable international collaboration.
In the A1T scenario strong economic growth is combined with rapid technological
advances in non-fossil fuel energy sources. In the B1 scenario the economical growth
continues at a lower pace than in the A1 scenarios. Furthermore this growth is decoupled
from material consumption and is maintained by extending a service economy.
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Figure 3.3: CO2 emission for four of IPCC scenarios. The dashed red curves show
emission evolutions that eventually would saturate on an atmospheric CO2 concentration
of resp. 450, 550, 750, 1000 ppm.

4 Fossil fuels
In this section two important issues regarding fossil fuels will be discussed. The first
issue deals with the security of supply of our current fossil energy sources. Fuel reserves
are spread highly unevenly which could lead to political and economical tensions. The
second issue that will be discussed is fossil fuel reserves running out. Finally a discussion
follows how these issues are related to the climate change issues in the previous section.

4.1 History of consumption
Fossil fuels have lead to an enormous growth in world wealth and progress. They can be
divided in three categories: Solids (coal), Liquids (oil), and gaseous (methane etc.). Coal
was the most used source at the beginning of the industrial period. After the Second
World War, oil became the most dominant source in the primary energy mix as a more
convenient and more portable energy source in transport, as a cleaner source in cities for
heating and production of electricity. During the last decades natural gas has taken over
14

the lead for heating, and currently it is taking over from coal and oil in electricity
production as a cleaner source. Fig 4.1 shows an overview of the evolution in resource
use as part of the total energy consumption. It is expected that some decades from now
natural gas will take over the lead from oil in the energy share. Methane gas provides a
higher energy content per unit CO2 emission and therefore can contribute to the
reduction of the total CO2 emissions.

Figure 4.1: Evolution of relative resource use over the past 150 years. (BP)

4.2 security of supply
In principle fossil fuels are an ideal source of energy. They can be retrieved relatively
cheaply from mines or drawn up from underground reservoirs. Unlike some renewable
sources they can be applied when is required, i.e. they are an ideal form of energy
storage.
A disadvantage is that fossil fuel resources, and especially oil and gas, are globally very
concentrated in location. Figure 4.2 shows an example of this. 65% -70% of all known oil
reserves and 40% of all known gas reserves are found in the Middle East. This uneven
distribution of reserves may lead to political instabilities and power concentration. The
highly asymmetric balance becomes apparent when regions of production and regions of
consumption are compared. Figure 4.3 compared with Fig. 4.2 shows this imbalance for
both oil and natural gas. For coal the situation is far more balanced. The reserves are far
bigger and they are widely spread over the planet.
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Figure 4.2: 65 % of the oil reserves and 40% of the gas reserves can be found in the
“energy ellipse” around the middle east (BP statistical review 2002)

Figure 4.3: Oil and gas consumption per capita in different world regions. (BP statistical
review 2002)

4.3 Fossil fuel reserves and resources.
According to BP statistical review 2002 (British Petroleum) the conventional R/P
(reserve/production) ratio for oil is 41 years, for gas 62 years and for coal 220 years.
These R/P ratios give the availability at a constant production rate of the running year, i.e.
the known reserves in a year divided by the production of that year. This means that if no
new reserves are found and if the production stays the same, the R/P ratio would indicate
the time left for energy provision by this source.
However, the energy demand will increase in the coming decades. Figure 4.4 (a) assumes
an ambitious 2.2% growth in oil demand per year. It is immediately clear that under this
assumption the oil reserves will run out much earlier than under a non-growth
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assumption. It is also reasonable to assume that new reserves will be found. An ambitious
assumption would be that another 50% of the current oil reserves might be found. In that
case there will be enough oil for another 39 years. The picture then becomes a bit strange.
It looks as if the production will suddenly stop after these 39 years. A more realistic
assumption would be to expect a maximum in the production curve after which the oil
production rate slowly decays. Such a curve is drawn on top of the exponential increase
in Fig. 4.4b.
Of course, this reasoning is rather rough and the figures are just indicative. However, it
shows a reasonable assumption of how the oil reserves will be used up. A remarkable
resemblance is found in the Shell “sustainable growth” scenario in Fig 4.5. Here as well a
maximum is found in the oil consumption as part of the primary energy mix. The total
use of fossil fuels will decrease after 2025 despite a steady 2.2% growth in primary
energy use after this period. The growth in energy use will have to be sustained by other
energy sources.

Figure 4.4: (a) Proven reserves expressed in R/P (Reserve in 1997/production in 1997)
projected in more realistic 2.2 % growth/year scenario. The 41 year in R/P is reduced to
29 years reserve. (b) It is assumed that 50% more reserves will be found. Furthermore,
the exponential increase is transformed in a more bell shaped curve. (Curves by Kouffeld
“Energievoorziening en no-regret beleid”)
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Figure 4.5: Shell “sustainable growth” scenario. The role of fossil fuels will have a peak
around 2025, after which the use of fossil fuels will slowly decay. A big role is given to
non-CO2 emitting energy sources.
However, this typical way of presenting fossil fuels running out should be put into
perspective by the fact that the R/P ratio has hardly decreased over the past 2 decades.
Figure 4.6 shows the world and regional R/P ratio for the last 25 years, as given by BP.
Despite the fact that the energy consumption has gone up, the R/P ratio has stayed the
same or even increased. This can be explained by the fact that new oil wells have been
found and still continue to be found. A similar picture can be drawn for natural gas.
Furthermore, oil can also be found in tar sands in the form of shale oil. Currently it is too
expensive to get oil out of these resources. However, technology is improving. In Canada
oil is retrieved from tar sands since 1978. The DOE estimates that another 550 billion
barrels of oil will be available commercially from tar sands, at a oil price of $30,-/barrel.
This would increase the reserves by a factor of 50%.
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Figure 4.6: Ratio of global oil reserves over global oil production (R/P ratio) for the past
25 years.

4.4 Climate change versus fossil fuel reserves
Fossil fuel reserves will certainly run out at some stage in the future. However,
continuing to burn all the fossil fuels reserves we have may lead to dramatic climate
changes. Figure 4.7 shows the accumulated CO2 emissions of burning the known
reserves and resources of fossil fuels. These values are compared to the allowed
‘’budget’’ of CO2 emission to achieve stabilization concentrations. It is clear that the
target value of 550 ppm will be greatly exceeded if all reserves were to be used up. As a
comparison the accumulated CO2 emissions of the 6 IPCC scenarios are shown. Only
scenario B1 and A1T approach the 550 ppm stabilization level in 2100. From this
comparison it is clear that the climate change issues are more pressing than the issues of
fossil fuel reserves.
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Figure 4.7: Accumulated CO2 emissions of fossil fuel reserves and resources. The
already accumulated CO2 emissions over the period 1880-1998 is also indicated. The
budgets of CO2 emission to achieve stabilization levels of 350 ppm to 1000ppm are given
on the right. Clearly, burning all the known reserves and resources would lead to much
higher CO2 concentrations. The IPCC SRES scenario emissions are given in the middle.
Only the B1 and the A1T scenario stabilize at 550 ppm.
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5 Alternatives to fossil fuels
Fossil fuels take up about 80% of the total primary energy production. Taking the
arguments of the previous section on security of supply and climate change into account
new energy technologies should be developed. Both renewable energy sources and
nuclear fission are non-CO2 emitting energy sources. In this section some of these
sources are discussed. At the end of the paragraph nuclear fusion is discussed as a future
energy source. Before the detailed discussion is started, Fig. 5.1 shows an indicative
overview that shows the status of development and market perspective of currently
available and future energy sources. Fossil fuels energy systems are technologically well
developed and are commercially competitive. Two other mature energy sources are
nuclear fission and large hydro power – both taking up about 7% of the total primary
energy supply. Of the new renewables, wind energy is the most developed energy source,
followed by solar PV.
Private funding
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Government R&D funding

Energy subsidy
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Hydro Fission
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Offshore wind
Biomass/biofuels
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CO2 sequestration
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Hydrogen
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Research -
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Technology development phase

Figure 5.1: S-curve development phase of several energy technologies.

5.1 Nuclear fission
Nuclear fission is the process in which Uranium-235 is cleaved. At the moment there is
enough Uranium-235 for about 100 years of energy production at the current rate of
production. It is a very clean energy source that during production does not pollute.
Furthermore it is the only energy source that currently can produce sufficient greenhouse
gas free electricity that can satisfy the global electricity consumption requirements.
Currently, it supplies 6-7% of the world’s primary energy consumption. In the public
debate however, fission is currently not seen as an acceptable option because of security
issues, the long-lasting nuclear waste, and the weapon proliferation problem. Especially
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in the western world new initiatives for nuclear power station are being stalled. The only
world regions were new reactors are being planned are the developing countries India and
China.
Nuclear fission suffers from the fact that the danger is perceived very differently in
respect to the actual possibility of an accident. The events at Three Mile Island and
Chernobyl have shown that accidents are possible. Even though new types of reactors are
much safer than the Chernobyl type, the perception of a possibility of an accident is
sufficient to turn the public opinion against fission. New safer reactors are being designed
and developed. BNFL has designed a passively save design (AP1000) of a pressurised
water reactor that could compete with combined cycle gas turbines. Other inherently safe
developments are under way with pebble bed nuclear reactors; in these high temperature
reactors the possibility of a nuclear meltdown accident has been excluded.
However, even in these new safe nuclear plants, the waste problem is still an issue. A
system is imaginable where a chain of different types of reactors would be in operation,
in which one type of reactor would produce electricity and another type would burn the
nuclear waste. A gas-cooled fast reactor is able to burn the waste products of other
reactors and to make the use of Uranium far more efficient. These type of reactors form a
new concept and have therefore not been tested on safety. Further research is required.
Finally, even if the waste problem can be solved with new technology, the proliferation
problem of materials that can be used in the production of nuclear weapons remains. A
strong international control system (like the IAEA weapon inspections) will have to be in
tact to avoid a wide spread availability of nuclear weapons.
In conclusions, nuclear energy developments point in a direction of small scale inherently
safe and commercially competitive reactors like the high temperature pebble bed reactor.
A prototype of such a device is under construction in South Africa. The nuclear waste
and the weapon proliferation issues, for the moment, remain unsolved. It does seem
however that closing down existing nuclear power stations will endanger the Kyoto
targets for many developed countries.

5.2 CO2 sequestration
Fossil fuels are responsible for 80% of the global primary energy production (Table 2.1).
This number is not expected to go down substantially in the decades to come. On the
other hand large amounts of CO2 emission reduction are required under conditions of
increasing energy demand. An option to sustain a fossil fuel based economy without
dramatic climate change effects is to sequestrate the CO2 emission. Technologies are
being suggested to store CO2 underground or to inject it in deep ocean beds. To avoid
heavy taxes, underground storage in saline reservoirs of CO2 removed from natural gas is
already being applied in Norway. Seismic activity and migration of the gas must be
carefully analyzed for each case because they may affect the storage lifetime. The
sustainability of ocean storage is highly debatable. Natural turnover times of oceans are
in the order of hundred of years, thus limiting the storage life-time. Other methods of
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sequestration are to permanently neutralize the Carbonic acid to form carbonates. The
cheapest way of doing this would be to inject the CO2 in alkaline mineral strata. The
CO2 would slowly dissolve in the ground water after which the acidic substance will be
neutralized by the mineral base from the rock.
Since CO2 sequestration is not yet widely applied it is difficult to make a cost prediction.
However 30 Euro per ton of CO2 (equivalent to Euro 13 per barrel of oil) seems
achievable on the long run. It is argued that the urgent need to reduce CO2 emission can
be satisfied more cheaply by menu of sequestration than by an immediate transition to
nuclear, wind or solar energy. However, the limited storage capacity together with the
uncertainty of the sequestration lifetime requires development of non-CO2 emitting
energy source for the long run. (source: Science, Vol 30, 13 June 2003, p1677)

5.3 Hydro power
The energy in falling water can be converted into electrical energy. Like nuclear fission
hydro power currently provides 6-7% of the total primary energy supply. The amount of
energy that can be captured is a function of the vertical distance the water drops (the
head) and the volume of the water. One hundred cubic metres of water falling 10 metres
(a low head application) represents the same energy potential as 10 cubic metres of water
falling 100 metres (a high head application).
In the past, hydropower stations were often built as a part of large dam projects. Due to
the size, cost, and environmental impacts of these dams (and the reservoirs they create),
hydro developments today are increasingly focused on smaller-scale projects. Although
the definition of small-scale varies, only projects that have less than 10 megawatts (MW)
of generating capacity are considered here. This definition also includes mini-hydro (<1
MW), micro-hydro (<100 kilowatts, or kW), and pico-hydro (<1 kW).
Although significant potential exists for further development, the availability of suitable
new sites is limited, particularly if dams or other structures must be built and where local
land use and planning laws may limit such development. The typical price for hydro
power is 5-15€cents/kWh, depending on site location.

5.4 Traditional fuels
Traditional fuels make up about 6% of the global primary energy consumption. They
mainly include burning of wood on woodfires for cooking and for light production.
Although inherently a renewable source of energy, they are consumed in a highly
inefficient way, and therefore emit too much cabon per unit useful energy consumed.
Therefore it is important to improve ways of burning traditional fuels or to replace the
use of them with less carbon intensive technologies of producing the required heat or
light.

5.5 Biomass
Bioenergy is derived from biomass - a term that generally refers to any plant or animal
matter. Bioenergy in the form of heat or electricity can be produced by using biomass
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directly as a fuel or by converting it to biogas or liquid biofuels. The main sources of
biomass include:
• Industrial and agricultural wastes and residues, such as sugar cane waste (bagasse),
wood waste from forestry operations, and residues from other short rotation crops
such as straw and husks.
• Organic wastes from animal husbandry.
• Energy crops, such as sugar cane, corn and trees grown in short-rotation plantations.
The main processes for utilizing these biomass sources.
• Direct combustion, usually of solids, in boilers or furnaces.
• Gasification via a physical or chemical conversion process to a secondary gaseous
fuel, followed by combustion in an engine, boiler or turbine.
• Biological conversion, via bacterial anaerobic digestion to methane-rich biogas for
use as a gaseous fuel.
• Chemical or biochemical conversion to produce methanol, ethanol or other liquid
fuels.
The electricity price from direct combustion is 6-10 €cents/kWh (World energy
assessment and IEA).

5.6 Wind energy
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Currently wind energy is the most competitive source of renewable energy. This is
reflected in the annual growth of installed capacity as is shown in Fig. 5.2. In total 32
GW has been installed worldwide with an average annual growth of 33% during the past
5 years. The European Union clearly plays a leading role in the wind energy market; 75%
of the globally total wind power capacity is installed in the EU. Within Europe again the
lead is taken by a few countries being Germany, Spain and Denmark. In Denmark as
much as 18.5% of the total electricity production is covered by windenergy. Table 5.1
shows an overview of the growth and total installed capacity for the major players in the
market.
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Figure 5.2: Annual and cumulative wind power installation in the world. (Source: BTM
consult, World Market Update 2002)
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Table 5.1: Installed capacity and expected electricity production-share of wind energy.
(Source: BTM consult, World Market Update 2002)
Country or
region

Installed
2001
(MW)

Installed
2002
(MW)

Cumul.
installed
(MW)
2002

Expected
electricity
by wind
2003 (TWh)

Total
electr.
consumpt.
(TWh)

share of
electricity
by wind

Germany

2,627

3,247

11,968

23

550

4%

Spain

1,050

1,493

5,043

11.6

210

5.5%

Denmark

115

530

2,880

6.5

35

18.5%

EU

4,527

6,163

23,832

48

2,500

2%

US

1,635

429

4,674

9.4

3,400

0.3%

Total World

6,824

7,227

32,037

65

14,000

0.45%

Most of the existing world’s windmills are installed onshore. Electricity is generated by
two or three bladed windmills ranging from 50 kW to 3 MW of maximum output power .
Most common wind turbines in commercial operation average 600 kW in power capacity.
A typical 600 kW turbine has a blade diameter of 35 m and is mounted on a 50 m
concrete or steel tower. Since limited capacity for growth is foreseen for onshore wind
energy new project have been developed for near-shore and offshore wind parks. The
most impressive example of offshore wind energy exploration is the Hornsrev offshore
wind park in Denmark. Here a 160 MW park (80 windmills of 2MW) has been
constructed in 2002 (Figure 5.3). The blades of these mills cover a surface area of 80 m
cross-section, i.e. as much as the surface-area of a football pitch. The total height of a
mill is 110 m.

Figure 5.3: photograph of the Horns Rev offshore windmill park in Denmark as seen
from the coast on a clear day. (source: www.HornsRev.dk)
Wind energy is inherently an intermittent but predictable source of energy. Good wind
speed data is critical to determining the economic feasibility of a wind project. Regional,
day-to-day and seasonal fluctuations in wind speed influence the final energy production
and the choice of location of a new windmill park. Commercial windmill sites start to
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operate at locations where the win speed is greater than 6m/s. Prime windmill sites have
average wind speeds greater than 7.5 metres/sec. The power contained by wind is:

1
⋅ ρ ⋅ν 3 ⋅ A
2
Where ρ is the mass density of air (1.225 kg/m3 at 15 oC and standard pressure), ν the
wind speed, and A the covered surface area perpendicular to the wind. Figure 5.4 (a)
shows the power output characteristic of the windmills applied at Horns Rev. The curve
shows a close to ν 3 relation, but saturates at a certain rated wind speed vrated = 13 m/s. At
this speed the blades of the windmill will be pitched, i.e. the blades turn away from the
wind to avoid overpowering the turbines. This means that the maximum ouput power is
reached at the rated wind speed. Finally the windmill is shut off at the cut-out windspeed
vout= 25 m/s.
Pw =

For the Horns Rev, the wind speed distribution function is given in Fig. 5.4 (b). With an
average wind speed of 9.7 m/s Horns Rev is an excellent windmill site. The average
power production can be calculated from combining Fig. 5.4 (a) and (b). The annual
average power is 68MW (0.85 MW per mill), i.e. the load factor is 43%. (On a yearly
basis this windmill park will produce 600 GWh of electricity.) This load-factor is very
high compared to that on onshore sites in Europe. In comparison, the European average
load factor in 2002 was 23%.

vrated
vout

vin
(a)

(b)

Figure 5.4: (a) Wind power output curve. At vin the mill start producing power, At vrated
the maximum power is delivered, and at vout the mill is shut off to avoid overpowering
(b) wind speed distribution for the Horns Rev offshore windmill park with an average
wind speed of 9.7 m/s. (source: www.hornsrev.dk)
With onshore wind being commercially operated at wind speeds above 6m/s and offshore
at wind speeds above 9m/s, wind energy is becoming a serious alternative to conventional
ways of producing electricity. The European Wind Energy Association (EWEA) has
compared the production price per kWh (Fig 5.5) for wind energy at different investment
costs compared to electricity from coal, gas and nuclear sources. Currently the investment
costs are €1000-1200/kW for onshore and €1500-2000/kW for offshore. Since wind
energy development is not fully at the top of the S-curve (Fig. 5.1) the investment cost
are expected to further decrease to €600,- to €700,- for onshore wind in about 15 years
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time and for offshore to about €1200/kW in 20-30 years time (EWEA, ECN-C--02-001,
Enron).
Although, wind energy will be highly competitive at these investment prices the capacity
is finite. Wind speed is very predictable and the electricity net can be adapted in advance
to the expected wind speed. It has been found that wind energy as an intermittent source
can be reliably integrated in existing power networks to an extend of 20% of the total
installed capacity. Quickly dispatched capacity such as hydro can allow a larger
percentage of the overall capacity to come from wind plants. If larger amounts of wind
energy are desired than energy storage systems will need to be employed. However, these
will affect the competitiveness of renewable energy sources such as wind energy. On the
long run, wind energy may play a role in the production of hydrogen as fuel for a
hydrogen economy.

(onshore)

Figure 5.5: Cost of electricity in US$ per kWh as calculated by the EWEA. The price
includes investment costs of equipment of the project and the maintenance of the mills,
and assumes a 90-95% reliability. (Source: Wind force 12.5, EWEA)

5.7 Photovoltaic Solar Energy
Photovoltaic energy is a technology with which electricity is won directly out of sun
light. The solar cell is an essential part of these systems. In these cells sunlight is used to
create free electrons in semi-conducting material. The free electrons are used to generate
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electricity. The average power in sunlight that radiates the earth would be sufficient to
provide 1500 times the global electricity supply. However, the production of so much
solar power is technically and economically not feasible. At the moment, whereas wind
energy is steadily approaching competitiveness with fossil energy sources, photovoltaic
energy is still expensive. Globally, 1.5GWp of photovoltaic cells have been installed, of
which 70% has been connected to the grid and 30% has been installed as stand-alone
systems in rural areas.
Generally, the power density is 1000W/m2 on a surface perpendicular to the rays of light,
and is the same everywhere on earth. Over a 24-hour day per square meter this would
mean 8760 kWh/m2. The actual obtainable annual energy production varies from 800
kWh/m2 in Northern Europe to 2500 kWh/m2 around the equator (Fig. 5.6). These
numbers have to be multiplied with the efficiency of the solar cell as is indicated in table
5.2. This means that around the equator production of 125-400 kWh/m2 and in Northern
Europe 50-130 kWh/m2. In the Netherlands the average energy consumption is
300kWh/household. This means that per household 25-66 m2 of solar cells is required.

Figure 5.6 Energy potential for solar energy.
Table 5.2: Efficiency of commercially available photovoltaic cells
Technology

Efficiency

Single Crystalline silicone

10-16%

Multi crystalline silicone

8-14%

Amorphous silicone

5-10%

The cost of solar PV is currently 5500Euro/kWp (Figure 5.7). This is expected to go
down in time to about 1000 Euro/kWp in 2035. At this price solar PV starts being
competitive on the consumers market. As soon as this level is achieved, large scale
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production of solar PV electricity can be undertaken Table 5.3 shows the potential for
solar energy towards 2100 by IIASA. Solar PV will first start being competitive in sunny
countries. In Europe this will be limited to the Mediterranean countries, e.g. southern
Spain. It should be taken into account however that solar PV is an intermittent source. As
with wind energy the output is predictable and can be anticipated if required in the case
of grid connected systems. IIASA foresees that an annual global energy production of
20,880 TWh is achievable. This would represent a for renewables high potential of 2030% of the then total required electricity production. Intermittency of solar energy does
not allow higher contributions from solar PV, unless efficient ways of storing the energy
are being found.

Figure 5.7: Investment cost of solar energy PV.
Table 5.3: Estimated potential of solar PV
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5.8 Nuclear fusion
Nuclear fusion offers the promise of a clean, safe way of producing electricity with fuels
widely available. It is based on the process of fusion of two light nuclei; the isotopes of
hydrogen, Tritium (T) and Deuterium (D). In the fusion process a light element, Helium
(He) is produced together with a neutron and an incredible amount of.
In the thermonuclear fusion process a mixture of deuterium and tritium is heated up to
150,000,000oC, which is 10 times hotter than the core of the sun. Under these conditions
the hot particles are stripped into separate ions and electrons forming a so-called plasma.
Due to the fact that the plasma contains electrically charged particles it can be confined
by a magnetic field. The best configuration so far for this confinement has been achieved
in a tokamak, a Russian acronym meaning toroidal magnetic chamber.
(500 MW)
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Figure 5.8: Progress in fusion power production.
The progress of producing fusion power in the tokamak machines has been very steady
over the years that fusion research has been carried out. Figure 5.8 shows that with JET
near Oxford in the UK, the largest nuclear fusion experiment in the world, 16 MW of
fusion power has been achieved. Unfortunately for the energy balance, 25 MW of input
power were require to get the fusion plasma in the right condition for this power
production. JET was never designed to produce net-energy out put. In fact with this near
break-even (power out/power in = 1) JET has met its specification; production of large
amounts of fusion power at conditions that approach break-even. The magnetic field
shape and configuration of JET has been optimised by researchers to such extend that
much better confinement of the fusion plasma than has been achieved thus far is not
possible in this machine.
A very simple solution to reach better confinement and thus to achieve net power output
is to increase the size of the machine. In doing so the volume/surface ratio of the fusion
plasma increases and therefore the heat confinement improves. In fact, the heat
confinement improves with the square of the linear dimension of the machine. Figure 5.9
shows a comparison of JET and the next step fusion reactor, ITER. This new machine
will be twice as big as JET in linear dimensions, and therefore have a 8 times larger
volume. ITER will produce 500 MW of fusion power whereas only 50 MW of input
power are required, i.e. and energy gain factor of 10. With ITER, for the first time net
energy production by means of nuclear fusion will be shown. The costs to built ITER are
5 Billion Euro, spread over a period of 10 years.
After ITER a DEMO/PROTO fusion device will have to be constructed that will be
equipped with breeders to produce electricity from the by the fusion reaction released
energy. The time frame to first electricity production by means of fusion envelopes a time
span of 35 years from the day that the ITER-built will be started. This time frame is
projected in Fig. 5.10.
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Figure 5.9: JET (left) and ITER (right). ITER is twice as big as JET in linear dimensions.

Figure 5.10: Fusion fast track
Fusion fuels occur widely spread in nature. Of the two isotopes of hydrogen required for
the fusion fuel, Deuterium occurs naturally as 0.015% of all the hydrogen on earth;
sufficient for billions of years of the current energy demand. Tritium is a radioactive
isotope with a half life time of 12.3 year, and therefore does not occur naturally. Tritium
can be easily produced from Lithium, using neutrons from the D-T fusion reaction.
Lithium is a widely available in salt mines, minerals and in seawater.
A tokamak based nuclear fusion reactor is an inherently safe electricity plant. The fusion
relevant conditions with temperatures of 100,000,000 oC will immediately vanish when
the fragile magnetic equilibrium is disturbed. The plasma will cool down and no fusion
reactions will take place anymore. Therefore no chain reactions or meltdown conditions
that could occur in fission plants can take place in a fusion reactor. The Tritium fuel is
radioactive and should therefore be handled with care. If all the Tritium present at any
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one time in a fusion plant would suddenly be released out of the plant, an evacuation of
the public area surrounding the plant would not be necessary. Finally, the structure that
contains the fusion plasma becomes radioactive because of fission reactions induced by
the neutrons released in the fusion reaction. Therefore it is important to choose the
reactor material with care. Fig 5.11 shows the amount of radiotoxicity as a function of
time for different fusion reactor materials compared to the radiotoxicity of a typical
nuclear fission plant. After 100 years the nuclear waste of fusion reactor has decayed to
the level of radiotoxicity of all the ashes gathered during a lifetime of a 1 GWe
conventional coal fired station.

Figure 5.11: radiotoxicity curves
One consequence of the minimum size required (Fig. 5.9) for a fusion power plant is that
there is a minimum power output of a fusion reactor of about 1GWe. Therefore the
construction of a fusion power station will be cost intensive. The investment costs for a
1GWe reactor will be several billions of Euro. In fact the investment costs for the first
working fusion reactor DEMO/PROTO will be as high as 10,000 €/kW, and the price of
electricity will be 0.165€/kW [Hamacher/Lako]. Like with all new energy technologies,
from the first electricity generating fusion power plant a learning process can be started.
Figure 5.12 shows the learning curve for fusion, assuming 32 GWe To be installed by
2070, with a progress ratio of 0.8 for fusion core technology. The investment cost for a
1GWe reactor would decrease as function of time and reach a value of €5000/kW in
2070, with a price for fusion electricity in the ball park of 7-9€cent/kWh. [Lako]
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Figure 5.12: Learning curve for nuclear fusion power plant, with fusion core, Balance of
plant, and projected installed capacity curve. [LAKO ECN-C-98—98-095]
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6 Fusion and the energy mix
One hundred years from now the energy mix and usage will be quite different from the
current ones. It is likely that a strong population together with strong economical growth
in developing countries will make the energy demand increase by a factor by as much as
a factor five (section 2.3). This growth in principle can be sustained with oil, gas and
later, when these run out, with coal. This would sustain our energy need for hundred
years to come. One of the principle problems with fossil fuels is their geographically very
localized position, which can lead to power discrepancies and global political tension.
Especially oil and gas resources will more and more be found in very limited number of
locations (Fig. 4.2). With coal and other unconventional resources of oil (e.g. tar sands)
and gas (Methyl hydrates) this will be less of a problem.
Yet another problem related to fossil fuels is the threat of a climate change. Greenhouse
gas emission from burning fossil fuels in the shape of carbon dioxides is thought to
contribute to a global warming, i.e. rise in global temperature. Human induced
greenhouse gas emissions are for over 75% caused by energy production by means of
fossil fuels. There is increasingly stronger proof , as is stated in the latest assessment
report of the Intergovernmental Panel for Climate Change (IPCC) , that “climate change
is real and that greenhouse gas emission from human activity have contributed
substantially to the observed global warming over the last 50 years” . Moreover, the
report states that dramatic consequences of global warming such as regionally increased
or reduced precipitation, floods, extreme storms, etc. can not be excluded from climate
models, with a more than two out of three certainty. Therefore, following the IPCC
conclusions it seems wise to reduce human induces CO2 emissions from our energy
production.
The current atmospheric CO2 concentration is 370 ppm (parts per million), compared to
280 ppm before the industrial revolution. It now seems that this increase might already
have its effect on climate change. If the above stated increase in energy consumption is
going to be satisfied by burning fossil fuels than the CO2 concentration will increase to
levels above 1000ppm (Fig. 3.3) Maintaining the current level of 370 ppm is not realistic
since, despite efforts with respect to Kyoto, the global CO2 emission will increase over
the next decade or so. Figure 3.3 shows that if we give ourselves some time and aim to
have a (global!) turning point in CO2 emissions towards 2025 a stabilization level of
550ppm seems achievable. Climatologists agree that this level of 550 ppm is ambitious
but achievable. IPCC states in its latest assessment report, that at this concentration
already a global temperature rise is expected that is of the level of 1.5 –3 oC. So it seems
that we have to take a temperature increase for granted.
Figure 3.3 also shows that two of the six energy scenarios closely follow the emission
curve that leads to a stabilization level of 550 ppm. These two scenarios are encrypted as
A1T and B1 scenario. The A1T scenario represents a world with strong economical
growth, more equality and increased collaboration induced by strongly developed
globalization. In this scenario a strong development towards a carbon free energy mix
should reduce total carbon emissions at a level of energy consumption compatible with a
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strong material economic growth. A strong cost reduction of carbon free energy sources
like renewable technologies and safe nuclear is assumed. In the B1 scenario also a larger
global equality and strong interregional collaboration is assumed by means of further
globalization. A more modest economical growth is achieved by a dematerialization of
trade by a stronger focus on a service economy. Neither of the IPCC scenarios includes
governmental intervention such as tax measures or subsidy policies. It is the choice of
society and global politics to choose which way to go.
Section 5 has discussed alternatives to ‘’dirty’’ fossil fuels consumption. These
alternatives were: renewable energy sources, carbon sequestration, nuclear fission and
nuclear fusion. Besides these technologies other ways of emission reductions are: energy
saving, fuel switch, economic reform and policy measures. None of these measures or
technologies is going to give a single solution to the energy problem. E.g., renewable
energy sources are intermittent and have a strong dependence on weather conditions.
They will have to be installed together with fast switchable back up capacity such as gas
turbines or diesel aggregates. The combination would be expensive and still be emitting
CO2. Nuclear fission struggles with nuclear waste and weapon proliferation problems,
and therefore it experiences a bad public opinion, which is in its way towards widespread
application. Carbon sequestration is still expensive and is also becoming unpopular.
Furthermore this method is generally seen as an intermediate solution since capacity for
(cheap) sequestration, like the fossil fuel reserves is limited. Finally nuclear fusion is an
unproven technology that possible will provide carbon free energy beyond 2050.
Energy saving is an important option to reduce carbon emission. Electricity production
and transport are sectors that are undergoing a high efficiency improvement. Figure 2.2
shows that direct usage of fossil fuels in industry and other sectors takes up 50% of the
primary energy consumption. This sector could experience a huge improvement in energy
efficiency. However, as fig 2.7 expresses, the main increase in energy consumption will
take place in the developing countries. Economical growth in these areas will firstly mean
increased energy usage. In a later phase of economical development saturation will take
place that results in improved energy efficiency. At the moment it is unclear at which
level of GDP this saturation will take place, as it is very different for different regions of
the industrialized world (Figures 2.8 and 2.9). However, there is evidence that saturation
will take place a lower level than in the current industrialized world. Although improved
energy efficiency in the western world will not have a big effect on global CO2 emission
reduction, pushing energy efficiency technology will make technologies for energy
saving available to developing countries. This way economic growth could go hand in
hand with slowed down growth of energy consumption.
Economically, new technologies or measures will not be implemented if they cannot
compete with existing means. Therefore, new technologies should be able to offer energy
for a price that is competitive with the price of energy from conventional methods. Figure
6.1 shows an estimation of the price per kWh of electricity of existing and new
technologies of electricity production for the year 2100. This figure stems from an ECN
study to the role of nuclear fusion in a future energy mix (ECN-C-98-085). The price of
electricity production is currently of the order of 3-4 €cents/kWh from conventional
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sources such as gas and coal. For these future price estimates highly uncertain
assumptions will have to be made on future investment climates, fuel prices, tax and
subsidy measures, etc. The figure basically shows that new technologies will be able to
offer electricity at a price that approaches the price from conventional sources, being 075% more expensive. Nuclear fusion electricity is of the order of 7 €cents/kWh.
Important for these considerations is to include external costs of future energy systems.
Policy measures like taxing and subsidy should stimulate carbon free technologies and
the “real” price of electricity including external cost should be included. An attempt to
envisage these external costs is made in Fig. 6.2. This study stems from (…….). It shows
that inclusive the external costs the costs of new technologies come much closer to the
costs of conventional technologies. Especially wind and nuclear fusion show very low
external costs. These price differences should be included in the final price calculation.
m€/kWh

Figure 6.1: Price of electricity according to the ECN study ECN-C-98-085 (market
driven scenario with an 8% discount rate). Note that the renewable sources do not
include cost of back-up capacity or energy storage.

.
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Figure 6.2: external costs of different energy systems. The cost estimate of global
warming is very inaccurate, but tries to include costs incentives caused by e.g. increased
floods, rain, draught, required infrastructural change like new dikes etc. Other costs
include occupational accidents and diseases, transport of fuel, death, etc.
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