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Fig. 12: From the left: Gunnar Randers, HM King
Olav V, Odd Dahl and Major Arne Haugli. Photo:
IFE

Halden: After a decision in 1954,
IFA began the construction of a new
reactor in Halden, the Halden Boil-
ing Water Reactor (HBWR) in 1955
[24]. It was built inside the moun-
tain next to the river Tista and was
operational in 1959. At the time
only natural uranium was commer-
cially available, so heavy water had
to be used as moderator. The heavy
water was produced by Norsk Hydro
at Rjukan. In 1958 IFA and OEEC
(the precursor of OECD) signed an
agreement for international research
at Halden - The Halden project.

The HBWR has a maximum out-
put of a 25 MWth and uses 14 tons
of heavy water for both coolant and
moderator. The operational tem-
perature is 240◦C. The core has be-
tween 110 and 120 fuel assemblies
and is versatile when it comes to fuel
and materials. The main focus of
the HBWR research reactor is ad-
vanced studies on fuel and core ma-
terials and reactor safety[27].
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B Carbon and Radioactive Waste Storage

B.1 Radioactive Waste Storage and CO2 Storage

When comparing radioactive waste and CO2 several similarities are apparent. Both origi-
nate in the crust of the earth and have since been processed such that they are undesirable
and harmful at surface level. The plan is in both cases to put the waste back in the ground.
It is then natural to explore how one can learn from the other. We will also see that lessons
from thermal power generation are useful in this respect.

B.2 Generalist Models

A model of a physical system implies some simplifications of the processes involved to make
the whole process understandable and possible to simulate. Since radioactive waste and
CO2 storage have a high degree of similarity one may, however, leave enough parameters
open in a model to make it applicable for both problems.

B.3 Open Systems and Fluid Loss

Experiments for developing Hot Dry Rock, HDR, systems started in the 1970’s in Los
Alamos National Laboratory (LANL). Numerous tests have since been performed in the
US, Japan, Germany, France and England. Notably a German-French project at Soulz,
France which started in 1986, achieved 8MW of thermal power production in 1994-1995
and 11MW of thermal power over a four month testing period in 1996 at 3876m depth. A
German project at Urach (Germany) which started in 1975 reached a depth of 4445m in
1997 [28].

There have, however, not yet been any commercially successful attempts with this
method. One recurring problem is the loss of working fluid (water) due to the porosity of
the crust. In practice, a continuous flow of water has to be supplied from external sources
to counteract this loss.

B.4 CO2 as an Alternative Working Fluid

A recent simulation by Karsten Pruess at Lawrence Berkeley National Laboratory [29]
indicates that CO2 may work just as well as water, and even have a number of advantages
as working fluid in geothermal energy production.

B.5 Carbon Storage and Geothermal Energy

Carbon storage could become a bi-product of geothermal energy production. Further, one
could combine it with fossil powered plants, thus creating a CO2 neutral source of energy
where both the production and disposal of CO2 are profitable segments.
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B.6 Modelling, Simulation and Experimentation

It is clearly important to assess the durability, capacity and stability of such storage. This
must, in the first instance, be done via models and simulations.

B.7 Two Birds With one Stone

From a general model one can develop a general simulator that allows arbitrary material
properties to be input for each simulation run. Two problems may then be solved via the
same effort: 1) CO2 neutral energy and 2) safe disposal of radioactive waste.
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C Nuclear Energy Perspectives in the Baltic States

Although the three Baltic States have quite different energy profiles, they share a common
historical interdependence along with extremely high degree of dependence on Russian
energy supplies that will be further aggravated by the closure of the Ignalina NPP, the
mainstay of the region’s electricity supply, by 2010. A number of studies show that re-
gionally integrated energy policies and investments are the most efficient and cost-effective
approach meeting the Baltic region’s future energy needs, enhanced supply security and
diversification. In a broader extent, to meet these goals the connection of the Baltic region
to the Nordic and Polish energy grids became an urgent and indispensible ”must”.

Commissioning of the 350 MW electricity grind line (jointly financed by the three
Baltic States) and a firm decision to build a new one of the same capacity between Estonia
and Finland (2006) opens the 1st opportunity window for future integration of Baltic and
EU/Nordic energy markets. Recently, a long awaited political agreement has been reached
to interconnect Lithuania and Sweden with a new 1000 MW capacity line, again commonly
supported by the Baltics and co-financed by the EU. Finally, the interconnector between
Lithuania and Poland is equally in the EU high priority strategy plan with a very strong
political support of both countries, will most probably be operational in 2012-2013. This
shows that after many years of visible stagnation of construction of transport capacities
the new period of renovation and modernization has come.

Natural gas will continue to be one of the primary energy sources in the nearest future,
and the Baltic countries are investigating various possibilities to reduce risks of entire re-
liance on a single supplier, namely Russian Federation. The same is valid for the provision
of the nuclear fuel at Ignalina NPP, the closure of which by the end of 2009 obliges the
three Baltic States and Lithuania in particular to promote utilization of renewable en-
ergy sources in combination with full liberalization of the energy markets. This situation
equally pushes for a strongly diversified energy imports for building up a new environment
for future developments, so the present single-supplier situation will remain an historical
lesson, learned although with some delay.

Indeed, the governments of the three Baltic States decided jointly to start the prepa-
ration for construction of a new NPP with completion in 2018-2019. In 2008 Poland has
joint the common initiative, resulting in the final targeted capacity of 3000MW electric.
The environmental impact assessment has been finalized confirming feasibility of such a
future plant. Recently, a creation of the Ministry of Energy by the government of Lithuania
hopefully will place this extremely important project into the priority ”must do” list both
in the context of national and regional strategies.

The future needs and place for nuclear power in the Baltic/Nordic region countries, in-
cluding Poland, where their geographical positions and the diversity of the existing energy
systems retain a remarkable potential for enhanced cooperation in that part of Europe.
Successful cooperation, stimulated by geographical base and old historical traditions, must
comprise the involvement not only of economical but also political, research and develop-
ment actors. The Baltic Sea region is the region of very high concentration of research and
development institutions and facilities for energy applications, and time has come to use
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this remarkable potential in energy sector, where nuclear energy will certainly preserve, if
not increase, its respectful place in the years to come.[30] [31]
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D Our Civilization’s Dependence on Nuclear Energy

D.1 Energy Sources and Connections to Nuclear Reactions

Solar Power

The electromagnetic energy radiated from the Sun provides light and heat, but is also used
widely for electricity generation. This is usually done via photovoltaic solar panels, or via
solar thermal collectors7, but can also be done in a multitude of other ways.

The solar radiation has its origin in nuclear reactions occurring in the Sun. More
specifically: from the fusion of hydrogen into helium. This energy, released from nuclear
interactions, is several orders of magnitude greater than energy from any chemical reaction.

Geothermal Energy

Geothermal energy is in practice the heat energy in the crust of the Earth, which in present
time is utilized for heating and electricity generation in geologically suitable areas. This
is replenished by the decay of radioactive elements in the crust and deeper down towards
the core of the Earth; so-called natural radioactivity which stems from the star dust from
which the Earth was formed. This is not a chain reaction like the fusion in stars or the
fission in nuclear power plants. But nevertheless it is a form of nuclear energy. Exactly
how much of the heat is currently replenished by radioactivity is not known though. The
ratio of radioactive energy output to total energy output of the planet is called the Urey
ratio and estimates vary from 0.4 - 0.85 [32]. As time passes, less radioactive elements
remain, so the Urey ratio is not as high now as it was when the Earth was younger.

Weather Driven Sources

We tap into the weather systems on Earth and use it to generate energy in a multitude of
ways. Wind turbines are used to generate electricity. Rain or melting water is collected
in dams on mountains and used for hydroelectric power generation. There are examples
of converting the motion of ocean waves into electric energy (with varying degrees of
success). Not yet realized possibilities of using osmotic pressure at large river mouths
also exist. Three things underpin the weather system on Earth: Tidal forces, geothermal
energy, and electromagnetic radiation from the Sun. Tidal forces are not nuclear in origin
but only accounts for a tiny fraction of the total. Solar radiation and geothermal energy,
however, are as we have seen nuclear in origin. So except from the small fraction that
comes from tidal energy, the weather system on Earth, and thus the energy we get from
it, is a consequence of nuclear reactions occurring inside the Earth and inside the Sun.

7 Solar thermal collectors intensify the solar radiation with focusing mirrors in order to heat a medium,
which again is used to drive a steam turbine.
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Biofuels and Fossil Fuels

As the weather system on Earth is driven by the Sun, so is almost all biological life we know
of. Plants use the energy from the Sun directly for photosynthesis and animals use the
chemical energy contained in the plants. Fossil fuels and biofuels both originate in plant
life. The difference between the two is that for fossil fuels the biological matter has been
naturally converted into hydrocarbons over long time and under high pressure, whereas for
the biofuels we actively process biological material into hydrocarbon based fuel. But they
are both, as the weather driven sources, ultimately dependent on the nuclear reactions in
the Sun.

Nuclear Power Plants

The relation to nuclear reactions is here fairly obvious, both in the sense that the relation is
very direct, and in the sense that this type of power generation became possible as a result
of our understanding of the nucleus, and the discovery of fission (1939). A nuclear reactor
is together with geothermal energy the most direct utilization of nuclear reactions for
energy production. Reactor produced energy has a high degree of similarity to geothermal
energy. In both cases the nuclear reaction creates heat, which in turn is used to run a
steam turbine to generate electricity.8 What makes nuclear power plants special is that
the nuclear reactions which generate the heat energy are artificially created and controlled
chain reactions.

D.2 Categorizing Sources of Energy

Renewable

The Sun may be considered as an infinite energy source, something which is not strictly
correct, but for now the energy it contains is so vast that it might as well be considered
infinite. If we now define a renewable energy source as an energy source which is renewed
at the same rate as we consume it, then it is clear that solar power and weather driven
systems fall under the category of renewable energy. Biofuels are also in this category if
the agriculture they are based on is also renewable (i.e. that is does not use any resources
which are not renewed at the same rate as they are consumed). Geothermal energy is a
special case. If we consider the total energy, both in form of heat and in form of nuclear
potential which is stored in planet Earth, it is very large. Though, not near the same
magnitude as for the Sun, we might consider it infinite if compared to our current needs.
However, as we only have access to a small volume in the order of several kilometers of
depth we are limited by the thermal conductivity of the crust. If heat is tapped from a
small area faster than heat can be conducted from elsewhere the heat will eventually be
depleted. This is largely the case for geothermal energy today. So geothermal energy is
not renewable at present time, but it has the potential to become renewable.

8 In the geothermal case the heat might be directly used (locally) if energy in form of heat is desired.
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CO2 Producing (fossil)

CO2 producing energy is energy stored in geological deposits which release CO2 to the
atmosphere when burned. That is, fossil fuels like coal, oil and gas. From now on this will
simply be referred to as fossil fuels. Other types of energy production might also indirectly
contribute to CO2 emissions, for example in production and transportation. But that is a
matter of choice, if one has the capability to produce CO2 neutral energy one can choose
to use this for the entire process. There are also energy sources that emit CO2 but do
not contribute to a net increase in CO2 levels because an equal amount is consumed in
production (e.g. biofuels).

Alternate

The category of alternate energy contains energy which is not renewable, but which is CO2

neutral. Of the different kinds of energy production already mentioned, nuclear power
plants are dependent on fissile material which exist in a limited amount, so in their present
mode of operation they fall into this category. Breeder reactors would however extend the
fuel supply by several orders of magnitude as they do not rely only on fissile material but can
also utilize fertile material like thorium-232 and uranium-238. Also, if fusion power plants
become a reality they will not fall into the alternate category because the fuel (deuterium
and tritium) exists (or may be produced) in such amounts that it might be considered
infinite. But since one has not yet been able to generate any usable surplus of energy
from artificial fusion, present day nuclear power plants are non-renewable. Traditional
geothermal energy production is dependent on a reservoir of heat or groundwater, so it too
falls into the alternate category.

D.3 Historical Development

To make predictions about future development it can be useful to take a look at the past.
The following graphs (Fig.13) show the ratios of renewable, alternate and fossil fuels, and
how they have changed, from 1965 to 2007.9

Fig. 13 shows that the fraction of fossil fuels has decreased slowly between 1970 and
2000 followed by a slight increase until 2007. Interestingly, the fraction of fossil fuels seems
to be more correlated to the alternate sources than to the renewable sources.

We can describe correlations in more detail by calculating the correlation coefficient.10

The calculation yields the following results

9 Historical data used to produce the graphs are from [33].
10 The correlation coefficient, ρ, is a dimensionless quantity constructed from two datasets, ranging from
−1 to 1. |ρ| is the strength of the correlation, and the sign is the direction of the correlation. If |ρ| = 1 it
indicates that the two datasets are proportional, whereas ρ = 0 indicates that there is no mutual influence
between the two datasets.
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Energy Fractions from 1965 to 2007

Fig. 13: The graphs show the fraction of the respective categories compared to total.
Though the categories of alternate and renewable include a broader variety of production
they have been up to present time completely dominated by nuclear and hydroelectric
energy, as indicated by the labels. The rise in total consumption is also given.

Categories correlation
Fossil-renewable ρf,r = −0.909175
Fossil-alternate ρf,a = −0.973842
Renewable-alternate ρr,a = 0.882347

Not surprisingly we find that all the fractions are strongly correlated, as they all nec-
essarily must sum up to 100%. However, as indicated by visual inspection of the graphs in
Fig.13, the correlation between fossil fuels and alternate sources is particularly strong. In
fact, it is almost linear.

Fig.14, which gives the increase of the three categories up to 2007, clearly shows that
even though the fraction of fossil fuels relative to the other categories has decreased, the
consumption of all the categories has increased because of the increased total consumption.
It is also interesting to observe that though the consumption of renewable sources has
increased more rapidly the last years, the consumption of fossil fuels also has a sharp
increase which can only be explained by the correlated decrease of alternate fuels. It is
clear that the reduced fraction of nuclear power from 2000 to 2007 has come at the expense
of increased CO2 emissions.

D.4 Future Projections

If it is assumed that the current level of CO2 emissions lead to undesirable climate changes,
we must be more interested in the total volume than in the fraction of fossil fuels to other
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Energy Increase from 1965 to 2007

Fig. 14: The graphs show the consumption of the respective categories compared to 2007
level.

sources. So to prevent or reduce the climate change we wish to reduce the amount of fossil
fuels compared to the present unacceptable level.

In addition, as a safeguard from depletion of our energy resources, we would also like
to have a certain percentage of the total consumption come from renewable sources. This
percentage should be high enough, so that if the non-renewable sources run dry, we will
have something to fall back on. Ideally the increase in renewable sources should replace the
decrease of fossil fuels consumption. But because the total need for energy in all likelihood
will increase, and limitations on how much we can increase renewable energy sources the
alternate category must be increased as well. Below we will look at example scenarios
before presenting our analysis more precisely in mathematical terms.

Scenario I Using the 2007 consumption level and distribution as reference, let us consider
decreasing the amount of fossil fuel consumption by 30%. Furthermore, we increase the
renewable energy sources so that it contributes 49% of our new total energy consumption.
Now we can examine how the need for alternate sources increases with the increase of total
energy consumption.

Fig. 15 shows that at a total consumption increase below 21% no alternate sources
would be needed if the scenario conditions were to be met. If the total consumption
increases beyond 32% however, the alternate sources will also have to be increased to
compensate.

Scenario II In all likelihood it will be impossible to increase the renewable energy ratio
to an arbitrary level. If we consider a 30% reduction of the fossil fuels most important, we
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Alternate Energy vs. Total

Fig. 15: The percentage of alternate increase is relative to 2007 level.

can then examine how an increase in alternate sources can compensate for a lower increase
ratio of renewable sources.

Alternate Energy vs. Renewable

Fig. 16: Ratio of alternate and fossil fuels versus ratio of renewable sources. The red
gradients are fossil fuels, and the blue gradients are the alternate sources. The darkest
graphs assume no change in total energy consumption and the brightest assume 100%
increase in total consumption.
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Fig. 16 shows that the renewable sources could completely replace the alternate sources
if increased from today’s 6.4% to between 38% and 66% of total depending on the increase
of total consumption. However, if we could get in the position where a decrease of alternate
fuels was possible, it might make more sense to further decrease the fossil fuels instead.
This would make sense from a climate perspective as well as lowering our dependence on
non renewable sources (as fossil fuels also are non-renewable). Of course alternate sources
might also contribute to pollution. For example in the form of nuclear waste, either from
accidents or improper disposal. So this risk must be weighed against the risks of climate
change.

Mathematical Relations The above graphs are made from the simple principle that
the energy from all the categories must sum up to the total consumption. From the
mathematical point of view, we can set up a few relations which will clearly show how the
three sources relate to each other. We name the current consumption T0, F0, R0 and A0

(total, fossil, renewable and alternate), and the future consumption T1, F1, R1 and A1.
The volume quantities in the future and now can be expressed in terms of each other by
the following relations

T1 = T0(1 + pT )

F1 = F0(1 + pF )

R1 = R0(1 + pR)

A1 = A0(1 + pA)

(3)

Here pT , pF , pR and pA give the increase of total, fossil, renewable and alternate respectively.
That is, if we would have a 30% decrease of fossil fuels, for example, then pF = −0.3. The
parts must all sum up to the total, i.e.

T0 = F0 +R0 + A0

T1 = F1 +R1 + A1

(4)

We are interested in the relations between increase/decrease of the various categories, so
we rewrite the equations in the following manner

T1 = F0(1 + pF ) +R0(1 + pR) + A0(1 + pA)

T1 = T0 + pFF0 + pRR0 + pAA0 = T0(1 + pT )

T0

T0

+ pF
F0

T0

+ pR
R0

T0

+ pA
A0

T0

=
T0

T0

(1 + pT )

This results in the following equation

pT = pF
F0

T0

+ pR
R0

T0

+ pA
A0

T0

(5)
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The fractions are simply the start ratios to the total consumption in the various categories.
If we use global 2007 numbers [33] we have11

F0

T0

=
9768.0Mtoe

11099.3Mtoe
≈ 0.880 (88%)

R0

T0

=
709.2Mtoe

11099.3Mtoe
≈ 0.064 (6.4%)

A0

T0

=
622.0Mtoe

11099.3Mtoe
≈ 0.056 (5.6%)

Putting these numbers in the above equation gives

pT = 0.88pF + 0.064pR + 0.056pA (6)

We see that the coefficient in front of pF is more than 10 times greater than those of pR
and pA. The consequences of these numbers are as follows: If one wish to reduce CO2

emitting fossil fuel consumption this has to be coupled with much higher rates of increase
of alternate or renewable sources. Making the change as quickly as possible can be more
easily achieved by an increase of both alternate and renewable sources because that requires
less increase in each category.

As discussed earlier, for the renewable sources we might be more interested in how
much it will contribute to our total supply instead of how much we have to increase it. So
we might decide that a certain fraction, call it r1, of our total energy consumption in the
future shall come from renewable sources. What will then the increase, pR, be?

r1 =
R1

T1

=
R0(1 + pR)

T0(1 + pT )
(7)

Solving this for pR we get

pR = r1
1 + pT
R0/T0

− 1 = r1
1 + pT
0.064

− 1 (8)

From Eq.(8) we can determine if the desired ratio of renewables is realistically achievable
within a given time frame. Putting Eq.(8) into Eq.(6) gives us a single equation which
defines our possibilities for both a given reduction of fossil fuels and a desired ratio of
renewable sources.

pT = 0.88pF + 0.064(r1
1 + pT
0.064

− 1) + 0.056pA

or, equivalently

pT = 0.88pF + 0.056pA + r1(1 + pT )− 0.064

(9)

In this equation, pT can be estimated based on the time frame (i.e. consumption
prognoses). pF is determined based on how much CO2 emissions have to be reduced. r1
is more of a political decision, but a goal may be that it should be as high as we can
reasonably make it. pA is then determined implicitly by the above equation.

11 1toe, or 1 tonne of oil equivalent is equal to 41.868× 109Joule
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Swedish Case Study One might say that if we divide the energy production/consumption
into the aforementioned three categories then, obviously, the contribution from all cate-
gories must sum up to the total. And when you are aware of it, then sure, it is obvious.
But as we will soon see, this can be ”forgotten”.

The Swedish government has set ambitious plans for reducing the total energy con-
sumption by 5%. Second, they intend to reduce the usage, by volume, of fossil fuels by
30%. Third, they wished to have 49% of their total energy supply come from renewable
sources. As we discussed, Eq.(9) has four variables, we have now been given three, and
the fourth is implicitly determined. What was said about the third category is not so clear
though, but a general political consensus was that nuclear energy has its problems and
therefore should not be increased, but rather decreased. In its most general form, Eq.(9)
looks as follows

pT = f0pF + a0pA + r1(1 + pT )− r0 (10)

where the fractions are given by

f0 =
F0

T0

=
175TWh

420TWh
≈ 41.7%

r0 =
R0

T0

=
180TWh

420TWh
≈ 42.9%

a0 =
A0

T0

=
65TWh

420TWh
≈ 15.5%

(11)

We then set pT = −0.05, pF = −0.3 and r1 = 0.49 in accordance with the mentioned plans.
Solving Eq.(10) for pA gives

pA =
pT + r0 − r1(1 + pT )− f0pF

a0

≈ 24.6% (12)

Using Eq.(7) we obtain the increase of renewable sources

pR = r1
1 + pT
r0

− 1 ≈ 8.6% (13)

This is hardly a reduction of nuclear power. In fact, according to these plans, nuclear
power has to increase nearly three times as much as renewable energy. Granted, the
alternate category could encompass more than nuclear energy. In any case, the full plan,
including its implications looks as follows: (i) 5% reduction of total energy consumption,
(ii) 30% reduction of fossile fuels consumption, (iii) 8.6% increase of renewable energy
consumption and (iv) 24.6% increased consumption from alternate sources. Alternate here
being either something not yet revealed, or nuclear power [34].
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