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Abstract 

The need to make maximum use of renewable resources to the detriment of 

fossil fuels to achieve environmental goals with an increasing energy demand is 

driving research into the development of technologies to obtain energy from 

sources that are not currently being exploited, one of them being fusion energy. 

The aim of this report is to provide a general overview of fusion and to provide 

a critical opinion on whether fusion will become a commercial energy source in 

the future, and if so when. The followed methodology has been a literature 

review complemented by an interview to B Henric M Bergsåker, teacher and 

researcher at the KTH on fusion plasma physics and information person for the 

Swedish fusion research. 

In the results section the fusion physics and different technological approaches 

have been presented. Among the studied different projects, the ITER Tokamak 

magnetic reactor has been selected as the most promising of these projects, as a 

product of international collaboration, and it has been analyzed in more detail. 

The obtained results have been that fusion can be an inexhaustible, 

environmentally friendly and safe energy source. The first-generation fusion 

commercial reactors are expected to be part of the energy mix before 2100. 
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1 Introduction 

 
1.1 Background 

The need to make maximum use of renewable energy resources to the detriment of 

fossil fuels is driving research into the development of technologies to obtain energy 

from sources that are not currently being used and to improve the efficiencies and 

performance of conventional energy sources. The near exhaustion of fossil resources 

and global warming as a result of the carbon emissions from their combustion in 

recent years has increased this momentum. In December 2015 the Paris Agreement 

was signed by over 160 countries that agreed to take action in order to limit the world 

average temperature increase to 2 ºC compared to the pre-industrial global 

temperature level, and if possible limit it just to 1.5 ºC. However, the fulfillment of 

the agreement is still questionable as one of the top ten CO2 emitters (TTCE, 

responsible for the 68% of the global CO2 emissions), the USA, under the 

government of President Donald Trump ceased its participation in the Paris 

agreement [1]. 
 

FIGURE 1: TTCE: GEOGRAPHIC LOCATIONS AND PROPORTION [1]. 

In Figure 1 the TTCE countries are represented with their share of world CO2 

emissions. 
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Another aspect to be taken into account when considering the future energy scenario, 

is the increased need of energy. Most of the world’s population lives under what 

Western countries consider normal. And the poverty of “Third World “countries 

affects us all in a more direct or indirect way: costs of international aid, war-conflicts, 

world connections, ethical reasons…For the improvement of people’s living 

conditions economic growth is required, although not enough, and it will also convey 

an energy use increase as well as a CO2 emission increase. It is estimated that the 

world will need twice as much energy in 2050 as it did in 2000. So, in order to asses 

this need sustainably (economically, socially and environmentally) a major 

international collaboration will be required. For this purpose investments should be 

carried out in various fields: transportation, efficiency, CO2 storage, new energy 

sources, etc. [2]. 

When considering renewable energy sources, it is important to keep in mind that the 

green-house gas emissions effect should not be replaced by other problems. For 

instance, when analyzing an energy source’s cost and environmental impact, it must 

be taken into consideration the amount of energy, mineral, metal, water and other 

resources’ consumption for the construction of the building-installation or the 

exploitation of that energy-source, as energy is not the only scarce resource on earth. 

It is in this context that impact assessment tools should be implemented [3]. 

When analyzing different energy sources, there is much work to do in all of them. As 

fossil fuels supply around 86 % of the actual energy use, it will not be possible to get 

rid of them easily, even if they produce CO2 and are close to extinguishing. For this 

reason, much effort should be put into increasing their efficiency and reducing their 

emissions. When it comes to renewable energy sources, their major challenge is to 

become cost-competitive regarding to fossil fuels and designing energy storage 

systems as these energy sources are highly dependent on weather, geographically 

limited and cannot be produced as requested [4]. Hydropower is another cost 

competitive, clean and abundant energy source, but most of it is already being 

exploited. Finally, we find the nuclear energy, that even if it can produce huge 

amounts of energy from reduced amounts of fuel and it is considered to be a clean 

energy source, it still has major drawbacks: safety, nuclear wastes, nuclear weapon 

proliferation and social acceptance [5]. However, there is still another energy source 

to be exploited, and it is nuclear fusion energy, which will be the main focus of this 

paper. 
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1.2 Aims 

Nowadays, even if nuclear fusion is an up-to-date technology that is being researched 

and tested worldwide, there is still an extended lack of knowledge including the 

scientific community on its technical, safety and environmental aspects. Therefore, 

the aim of this report is to provide a general overview of fusion and to provide a 

critical opinion on whether fusion will become a commercial energy source in the 

future, and if so when. 

 
1.3 Layout of the thesis 

The thesis is divided in 4 main parts. This is the introduction that puts the thesis in 

context. The next Chapter 2 is the methodology where the followed procedure is 

presented. In Chapter 3, the results are divided in 10 sub-chapters: nuclear energy, 

fusion energy, fusion fuels, confinement, projects, ITER, European Fusion Roadmap 

and DEMO, safety, environment and economy. At the end of Chapter 3 a final section 

is added to include the discussion, where the answer to the research question is 

presented. Finally, in Chapter 4 the conclusions are presented. 



4 
 

 



5 
 

2 Methodology 

As fusion energy is a very global term that involves various aspects of physics and 

engineering (plasma physics, material science, nuclear reactions, magnetic fields, 

etc.), the first step was to define the research question: “Will fusion energy be a 

commercial energy source in the future? When?” 

Once the research question was set, the research approach was chosen. It was decided 

to do a literature review thesis to cover the following topics: 

• Describe fusion physics. 

• Analyze the actual status of fusion research and the ongoing projects. 

• Choose the most prosperous project and focusing on it study the main 

challenges to be overcome and the safety, environment and economic aspects 

of the project. 

• Deliver an answer to the research question based on the collected literature 

data. 

The literature review has been done by searching on different specialized data bases, 

them being: Academic Search Elite, Web of Science, Science Direct, Cambridge 

University Press and World Scientific. 

It should be noted that Academic Search Elite and Web of Science resulted very useful 

as they have the option to limit the search to peer reviewed articles. However, Science 

Direct was the most recurring database as it contains all the Elsevier publications that 

were found to offer a wider information range. 

As search parameters, the most used keywords were, amongst other: “fusion energy”, 

“reactions”, “physics”, “fuel”, “safety”, “magnetic confinement”, “ITER”, “prospects”, 

“economics” and “viability”. 

Another remarkable data source has been ITER’s official webpage, which offers 

reliable and up-to-date technical information about the reactor components. 

In addition to the literature review, it was decided to include an interview to a fusion 

related person in order to have an expert’s point of view on the issue. The interview 

was made to B Henric M Bergsåker, teacher and researcher at the KTH on fusion 

plasma physics and information person for the Swedish fusion research. The interview 

was carried out the 02/05/2018 at 14:00 at the TECHNIQUES 31 building in the 

KTH, Stockholm. 
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The followed interviewing strategy was semi-structured. A list of questions was 

prepared before the interview, but at the same time the interviewee had the option 

to extend and deepen freely in what he considered relevant. The interview was also 

complemented with a visit around the Fusion Plasma Physics Department in which 

brief chats were stablished with the workers and researchers. Finally, the EXTRAP 

T2R experimental device was visited. Due to technical issues the interview was not 

recorded in audio, and thus a summary transcription of the interview is added in 

Appendix A. It should be pointed out that the interview resulted to be extremely 

useful in terms of knowledge and thesis orientation. 
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3 Results and discussion 

 
3.1 Nuclear energy 

When talking about nuclear energy, everyone thinks about fission, but there is another 

kind of nuclear energy source which is known as fusion nuclear energy. Let’s study 

these energy sources. 

An atom consists of three different types of particles: neutrons, protons and electrons. 

The forces that bind nuclei together, nuclear forces, are much stronger than the 

electromagnetic energy bind of electrons. For this reason, the released energy per 

fuel mass is way larger in nuclear reactions compared to chemical reactions. This 

nuclear energy can be exploited in two different ways, by nuclear fission and nuclear 

fusion. The first one involves the fission of heavy nuclei by the radiation of neutrons. 

On the other side, nuclear fusion is just the opposite process. In fusion reactions, light 

nuclei are combined or fused together to generate a relatively heavier nucleus in which 

there is some mass deficiency that is released as energy, following Einstein’s famous 

law E=mc2 [6], [7]. 

In the case of fission, the fuel is most commonly uranium, a heavy mineral that 

although it could have been considered abundant a few years ago, at the rate at which 

it is being exploited it could run out in some 230 years, but its consumption is 

increasing and could even double. However, in countries such as France, the recycling 

of uranium after fission is being carried out, which could extend its lifespan to 30,000 

years. Another initiative being considered is uranium extraction from salt water, 

which could also increase its duration considerably [8]. 

As far as nuclear fusion is concerned, focusing on the deuterium-tritium reaction, the 

only one that is viable at the moment, (this will be analyzed with more detail in the 

fusion fuel subchapter), it could be considered inexhaustible as deuterium is found in 

all the hydrogen in the earth with a concentration of about 156 ppm, and hydrogen is 

naturally produced by the breakdown of organic matter and is a vast resource spread 

throughout the planet. The other resource, tritium is not found in nature but could 

be produced from lithium [9]. 

While nuclear fission has been used for years now as an industrial energy source, 

fusion is still on study phase for future power plants due to its various technical 

challenges. However, from a series of studies that have been carried out by the 

European fusion program from 1990 to 2000, the results showed that: (i) fusion 

power has well-attested and attractive inherent safety and environmental features to 

address global climate change and gain public acceptance, and (ii) the cost of fusion 

electricity is likely to be comparable with that from other environmentally responsible 

sources of electricity generation [10]. 
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3.2 Fusion energy 

Even if fusion energy is considered to be a new technology, it was actually discovered 

almost one century ago. The concept of quantum tunneling was first proposed by 

Friedrich Hund. Robert Atkinson and Fritz Houtermans in 1929 measured the masses 

of light elements to predict the considerable amount of energy that could be released 

during the fusion of light nuclei. Nuclear transmutation experiments were carried out 

earlier than this by Ernest Rutherford. Combing these concepts, the laboratory fusion 

of hydrogen isotopes was first achieved by Mark Oliphant in 1932. For nearly a 

decade, Hans Bethe worked out the cycle of nuclear fusion in stars. Essentially first 

nuclear fusion on a large scale was carried out on November 1st, 1952 in a hydrogen 

bomb test. This exercise is still continuing and various ways to contain the fusing 

nuclei in a specific volume are being attempted by various means even today [11]. 

When fusion reactors are concerned, the essential condition to be achieved is that the 

reacting species nuclei overcome their Coulomb electrostatic repulsion (both 

positively charged). In order to do so, the atoms have to be heated to very high 

temperatures (100 million degrees) and they create a plasma, where electrons are 

separated from their nuclei, creating a charged mass [4]. 

This process is naturally carried out in the stars thanks to their huge gravity. However, 

in earth a different approach is required. In the following lines the fusion fuel and 

configuration options that have been and are being considered will be discussed. 

 
3.3 Fusion fuels 

Fusion is the combination of atom nuclei, so the easiest way to achieve this process is 

by using light nuclei reactants: hydrogen and its isotopes deuterium (1 neutron) and 

tritium (2 neutrons); helium and its isotope helium-3 (1 neutron); and lithium’s 

isotope of 3 neutrons, Li-6. 

The considered reactions that are represented in the following lines can be classified 

in two different groups: neutronic, where one of the byproducts is a neutron, also 

considered first generation fusion fuels; and aneutronic, reducing the neutron induced 

radioactivity [12]. 

Neutronic fuels: 

2𝐷 + 3𝑇 →  4𝐻𝑒 + 1𝑛 + 17.6𝑀𝑒𝑉 (1) 
1 1 2 0 

2𝐷 + 2𝐷  →  3𝐻𝑒 + 1𝑛 + 3.27𝑀𝑒𝑉 (2) 
1 1 2 0 

2𝐷 + 2𝐷 → 3𝑇 + 1𝑝 + 4.03𝑀𝑒𝑉 
1 1 1 1 

3𝑇 + 3𝑇 →  4𝐻𝑒 + 21𝑛 + 11.33𝑀𝑒𝑉 (3) 
1 1 2 0 
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3𝑇 + 3𝐻𝑒  →  4𝐻𝑒 + 1𝑛 + 1𝑝 + 12.1𝑀𝑒𝑉 (4) 
1 2 2 0 1 

Aneutronic fuels: 

2𝐷 + 3𝐻𝑒 →  4𝐻𝑒 + 1𝑝 + 18.25𝑀𝑒𝑉 (5) 
1 2 2 1 

6𝐿𝑖 + 3𝐻𝑒  → 24𝐻𝑒 + 1𝑝 + 16.9𝑀𝑒𝑉 (6) 
3 2 2 1 

2𝐷 + 1𝑝 →  3𝐻𝑒 + 𝛾 + 5.49𝑀𝑒𝑉 (7) 
1 1 2 

3𝐻𝑒 + 3𝐻𝑒 →  4𝐻𝑒 + 21𝑝 + 12.86𝑀𝑒𝑉 (8) 
2 2 2 1 

When choosing a fusion fuel, different factors have to be taken into account: the 

physical demonstration of the fusion reaction, the capability to bring the required 

conditions for the reaction to happen, the availability of the fuel and the energy release 

[13]. One of these factors is the reaction possibility, characterized by the reaction 

cross section. The fusion reactivity is defined by <σν>, which is the Maxwellian 

average of the product of cross-section and relative velocity of the two interacting 

nuclei. This way the reaction rate is the probability of fusion reactions per time and 

density of target nuclei [12]. 

The <σν> is different for each fusion reaction and depends on the reaction 

temperature, giving the temperature regime at which the burn-up is feasible, so that 

the reaction is self-sustained by the produced energy exceeding the radiation losses 

[12]. 

In the following figures, the cross-section dependency on temperature is represented 

for the above mentioned fusion reactions. 
 

 
FIGURE 2: REACTIVITY OF DT REACTION [12]. 
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FIGURE 3: REACTIVITY OF DD REACTION [12]. 
 

 
FIGURE 4:REACTIVITY OF TT REACTION [12]. 
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FIGURE 5.REACTIVITY OF  THE3  REACTION [12]. 
 

FIGURE 6:REACTIVITY OF  DHE3 REACTION [12]. 
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FIGURE 7:REACTIVITY OF LI6HE3 REACTION [12]. 

 

 
FIGURE 8:REACTIVITY OF HE3HE3 REACTION [12]. 
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FIGURE 9:REACTIVITY OF DP REACTION [12]. 

From the above fusion reactions, it can be observed that the D-T (Figure 2) and the 

D-He-3(Figure 6) are the ones with the highest energy release and highest cross 

sections (highest reaction probability). It is the DT reaction that is considered to be 

the most readily reaction for first generation fusion reactors as it requires a lower 

temperature [11]. 

Still, the D-He-3 reaction remains interesting and worth of research. As an aneutronic 

reaction, the radioactivity induced in the material of the fusion core due to neutrons 

will be diminished. At the same time, a high fraction of the released energy will reside 

in the kinetic energy of the charged particles, protons, thus, enabling the direct energy 

conversion of charged particles into electricity with higher efficiency [13]. 

When it comes to the DT fusion reaction, where most current fusion research and 

development is being directed, the fuels will be deuterium and tritium. Deuterium 

can be found in all existing hydrogen on earth with a particle density ratio of 

d/(p+d)=1/6700.For this reason it could be considered an inexhaustible source as it 

is present in the water of the oceans, lakes and rivers. However, tritium is a 

radioactive beta emitter with a half-life of 12.3 years, so it cannot be obtained directly 

from nature. Tritium is expected to be bred in fusion reactors by capture of fusion 

neutrons in lithium-6 contained in a breeding blanket surrounding the plasma, 

allowing self-dependency with an additional generation for the start-up of future 

fusion plants. 
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Lithium is a vast resource and the estimated reserves of natural lithium are slightly 

below 29 million tons in ore deposits and brines and around 200 billion tons dissolved 

in sea water which at the actual world primary energy consumption of 18TWyear 

would last 1400 years [14]. 

Therefore, primary fusion fuels deuterium and lithium are vast and geographically 

distributed. 

 
3.4 Confinement 

As mentioned before, fusion takes place naturally in the stars by gravitational 

confinement, where a huge mass generates a gravitational pressure. This way the high 

density and temperature conditions required for fusion are provided, giving the burn 

of the fusile ions [15]. However, gravitational confinement is unfeasible in earth, thus, 

a different approach is required. 

From the various confinement approaches that have been considered only two of them 

prove to be feasible right now: magnetic confinement and inertial confinement. 

3.4.1 Inertial confinement 

The technique used in inertial confinement is the one used for the confinement of 

nuclear weapon fuel to allow the chain reaction to amplify sufficiently [15]. In the case 

of fusion reactors, a small fuel pellet (half deuterium and half tritium) , way smaller 

than the fuel for nuclear weapons, is compressed to high density and temperature 

using lasers or particle beams [12], [14], [15]. An inward momentum of the outer 

layers of the pellet is induced by the incident laser or ion beams, thereby yielding a 

high density of material which’s inertia confines the fusion fuel against the fusion 

reaction’s explosive effect of disassembly for long enough for the fusion reaction to 

occur [12]. Symmetry in the capsule compression is an essential requirement in order 

to achieve a significant energy multiplication factor, Q [15]. 

One of the main advantages of inertial confinement is the fact that most of the high 

technical value components such as large lasers or charged particle beam accelerators 

are located far away from the reactor chamber so they will be protected from the 

neutronic radiation and the repair and maintenance operations can be carried out 

more easily [15]. 

The main disadvantage of inertial confinement is that as the fuel input is limited to the 

pellet, it will not work in a continuous way, so an electrically efficient driver will be 

required, one that does not use most of the fusion energy. The driver may be high 

power lasers or ion beam drivers, which may offer a higher electrical efficiency for 

commercial fusion reactors [15]. 
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3.4.2 Magnetic confinement 

In magnetic confinement strong magnetic fields are used to confine the plasma and 

avoid it from touching the reactor walls. The principle of this confinement is to heat 

the hydrogen isotopes deuterium and tritium to high temperatures so that the fuel is 

ionized into charged atomic nuclei and the electrons that have been freed from them, 

which is known as plasma, the forth state of matter [15]. Electrically charged particles 

in the plasma follow a helical path around the magnetic field lines caused by the 

Lorentz force. This way the plasma is confined, with restricted particle movements 

perpendicular to the field and free movement along the field lines [14]. 

For magnetic confinement there are different configuration options that can be 

classified into two groups: closed and open. 

In open configurations a solenoidal field produced by a linear array of coils provides 

confinement across the magnetic field. To reduce the loss of plasma at the ends of the 

solenoid the magnetic field is strengthened in the ends, compressing the magnetic 

field lines, which reflects the charged particles. This type of configuration is known 

as ‘magnetic mirror’. Although this kind of confinement was studied during the early 

decades of fusion research, the confinement times were found to be too short due to 

the end losses [15]. 

Closed magnetic topologies occupy most of the world’s fusion research, with the 

magnetic field lines forming a torus enabling the charged particles to circulate 

continuously without end losses. The toroidal magnetic field is complemented by a 

poloidal magnetic field that adds a twist to the total magnetic field. There are mainly 

three different toroidal reactor types: Tokamaks, Stellators and Reverse Field Pinch 

reactors. 

3.4.2.1 Tokamaks 

This kind of reactors were first created in the beginning of the 1950s by the Soviet 

Union The toroidal field is created by a set of solenoid coils around the doughnut- 

shaped plasma chamber while the poloidal field in induced by an electric current 

flowing around the plasma. The highly conductive plasma would act as the secondary 

of a transformer and the coils in the central donut hole would be the primary. The 

combination of these two fields generates the helical magnetic field [15]. As the 

transformer that induces the current in the plasma needs a steadily increasing current, 

the Tokamak will only be capable to work in pulses [14]. 

For the continuous operation of the reactor non-inductive ways have been found to 

drive the current using energetic ion beams, electromagnetic waves or a dynamo 

effect called the bootstrap current which arises from strong gradients across the 

confining magnetic field [15]. 
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FIGURE 10: SCHEMATIC REPRESENTATION OF A TOKAMAK [14]. 

In Figure 10 there is a schematic representation of a Tokamak fusion reactor. The 

main components can be seen: 

I. Transformer (yokes and primary windings around the central column) to 

induce the plasma current. 

II. Set of coils around the plasma vessel for the toroidal magnetic field. 

III. Planar coils for the vertical field. 

The sum of toroidal and poloidal fields results on the helical field that provides the 

stability. The vertical field helps cope with hoop forces induced by the plasma current 

and energy stored in the plasma [14]. 

3.4.2.2 Stellators 

This scheme was also designed in the early 1950s and in the reactor the helically 

toroidal magnetic field is completely generated with magnetic coils, without the need 

to drive a current through the plasma, which enables the continuity of the plasma 

burn. The twist to the toroidal magnetic field is generated by extra specially-shaped 

helical coils around the toroidal plasma. These coils, however, complicate the 

construction, as it can be seen in Figure 11, and require careful design to ensure that 

closed magnetic surfaces are achieved throughout the confinement region [14], [15]. 
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FIGURE 11: THE COMPLEX COIL SYSTEM USED IN A MODERN OPTIMIZED STELLARATOR WITH 

THE TWISTED PLASMA SHAPE [14]. 

3.4.2.3 RFP 

It comes from the “magnetic mirror” open magnetic field design. In this reactor 

configuration there is an external coil array that generates a solenoidal field, inside of 

which a toroidal closed magnetic structure is produced by circulating electric currents 

[15]. The reverse field pinch confinement is still under active research study, and 

although not suitable for continuous performance, its results can be extrapolated to 

Tokamaks, as B Henric M Bergsåker stated in the interview. 

3.4.3 Other kinds of reactors 

Another kind of reactor that is under research is the hybrid fission-fusion reactor. 

Three options are being considered. One option is the use of DT reaction neutrons of 

14 MeV to produce fissile material by irradiation of uranium-238 or thorium-232. 

The fissile material could either be used in pure fission reactors or inside the fusion 

reactor’s blanket as an energy amplifier. The last option is to use the neutrons to 

irradiate and burn previous fission nuclear wastes. However, these options are not 

included in the European Fusion Program as they do involve the main disadvantages 

of fission energy: high radioactivity, production of nuclear wastes and risk of nuclear 

weapon proliferation [7]. 

Other reactor configurations that will not be studied in the present paper but are 

being considered in the world are: Lockheed CFR. (Compact Fusion Reactor), the 

Italian Ignitor, heavy ion fusion, the Polywell, HB11 reactor and General Fusion’s 

magnetized target fusion (MTF) [16]. 
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3.5 Projects 

Even if the challenges fusion nuclear energy faces are various and of extreme 

complexity, in the last decades remarkable progress has been made in magnetic fusion. 

In the last 40 years 3 generations of Tokamaks with doubling dimension characteristics 

at each step have led to a 10 000 times higher fusion triple product: density times 

temperature times confinement time. The first large-scale deuterium tritium 

experiments took place in the early 1990s in JET (Joint European Torus, Culham, 

UK) and in TFTR (Tokamak Fusion Test Reactor, Princeton, USA). A summary of 

the achieved DT experiments is shown in Figure 12. In the Japanese Tokamak reactor 

JT-60U of the Japan Atomic Energy Agency in Naka ion temperatures 30 times higher 

than the center of the sun have been achieved. With the aim to elongate the fusion 

pulses superconducting coils have been used in Tora Supra (CEA-Cadarache, France) 

achieving a pulse of 6 min and 30s in 2004 [14]. In china the Experimental Advanced 

Superconducting Tokamak (EAST) is running and a Chinese Fusion Engineering Test 

Reactor (CFETR) is projected for 2030 [16]. The most ambitious international fusion 

project is ITER (International Thermonuclear Experimental Reactor) currently under 

construction in Cadarache, France. The first plasma is expected for 2036 with 500 

MW of power in pulses of 400 s and longer and Q (energy multiplication factor) values 

between 10 and 30 [14]. The aim of ITER will be to demonstrate the technical and 

scientific feasibility of fusion power for the following phase of commercial fusion 

plants [17]. 

When it comes to Stellators, much research has been carried out as well. The Stellator 

Wendelstein 7-X (W7-X) built after the Wendelstein 7-AS at the Max Planck Institute 

for Plasmaphysik in Greifswald, Germany should keep plasma hot for 30 mins. In the 

LHD, Large Helical Device (National Institute for Fusion Science, Tokio, Japan) a 54 

min 28 s long pulse was achieved in 2007. In Spain the TJII Stellator is in operation 

and in Princeton the construction of the NCSX Stellator was abandoned as a result of 

economic problems [14], [16]. 

Research in inertial confinement is being carried out in the USA at the NIF (National 

Ignition facility) at the Lawrence Livermore National Laboratory (LLNL) and the 

Laser Megajoule (LMJ) in Bordeaux, France. Both research projects aim to support 

the nuclear weapon programs of their respective countries [16]. 

From these projects, ITER has been selected as the subject of deeper study because of 

its international collaboration nature and size. 
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FIGURE 12:FUSION POWER DEVELOPMENT IN THE DT REACTION IN THE JET AND 

TFTR EXPERIMENTAL REACTOR [14]. 
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3.6 ITER 
 

3.6.1 History 

ITER (International Thermonuclear Experimental Reactor), “the way” in Latin, is a 

scientific and technological challenge, as well as a social experiment. During the cold 

war magnetic fusion was a declassified activity until November 1985 when presidents 

Reagan and Gorbachev agreed to undertake a large joint experiment to which The 

European Union and Japan joined immediately. The USA temporarily withdrew of 

the agreement and the design evolved until 1998 when it was decided to redesign the 

reactor in order to reduce its cost to a half. In 2004, The USA rejoined the project 

accompanied by China and Korea, followed by India in 2005. For the achievement of 

the long and short-term purposes which are fusion energy and technology 

developments respectively, the project funding was arranged the following way: 15% 

of the total ITER budget was directed for the central team located in Cadarache 

(France) and the remaining 85% was in charge of seven smaller teams known as 

“domestic agencies” which will deliver in-kind components to the central team. The 

ITER agreement was signed in November 2006 by Ministers from the seven ITER 

Members, establishing a legal international entity to be responsible for the building, 

operating, and decommissioning of the Project. The construction was firstly 

estimated to las 9 years. However, its construction has been delayed due to the 

accumulation of various causes: extremely complex organization and distribution of 

roles and responsibilities, lack of finalized design, lack of manpower due to budget 

restrictions at the central team, delays in Japanese components due to the 2011 

earthquake, additional licensing requirements from the post-Fukushima revision of all 

nuclear procedures, etc. At the present, the first plasma is projected for 2036 and 

with most of the high-tech components having undergone final design, it seems highly 

likely that this time the milestone will be achieved in time [7], [18]. 

3.6.2 Design 

The main purpose of ITER is to provide a basis for the design of the first 

demonstration fusion power plant, demonstrating the electricity generation reliability 

before the commercial fusion plants. The envisaged performance specifications for 

ITER are the following [19]: 

For plasma performance: 

• Achievement of Q≥10 with an inductive burn duration between 300 and 500 

s, a 14 MeV average neutron wall load ≥0.5 MW/m2, and a fluence ≥0.3 

MWa/m2. 

• Demonstration of steady-state operation with non-inductive drive with Q≥5. 

For engineering performance: 
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• Demonstration of the availability and integration of technologies required for 

the fusion reactor. 

• Testing of tritium breeding module concepts that shall lead to a tritium self- 

sufficiency. 

The design of ITER was based in the extrapolation of the JET reactor. It is a 500 MW 

power deuterium-tritium Tokamak reactor and in Table 1 the main plasma 

parameters are summarized, with figures in brackets representing maximum values. 

Figure 13 is a cutaway of the ITER reactor that shows its main features: vacuum vessel, 

divertor, blanket, cryostat, central solenoid, Poloidal Field Coil, Toroidal Field Coil, 

etc. 
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TABLE 1: MAIN PLASMA PARAMETERS AND DIMENSIONS OF ITER FUSION REACTOR 

[19]. 

 
 

 
FIGURE 13:CUTAWAY OF ITER SHOWING ITS MAIN COMPONENTS [19]. 

3.6.3 Main components 

In the following lines, the main components and support systems of the ITER 

reactor will be described. 
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3.6.3.1 Magnets 

The magnetic fields that are responsible for the initiation, confinement, shaping and 

control of the plasma will be created by ten thousand tons of superconducting magnets 

that have the capacity to carry higher current and generate stronger magnetic fields 

than conventional magnets consuming less power. The magnets, build from niobium- 

tin (Nb3Sn) or niobium-titanium (Nb-Ti), will become superconducting when cooled 

to around 4 Kelvin with supercritical helium [18]. 

The world supply of niobium-tin (Nb3Sn) was increased from 15 metric tons/year to 

100 metric tons/year in order to provide the 500 metric tons of strand (more than 

100,000 km) required for ITER [18]. 

Here is the magnet system composition: 

• 18 toroidal field (TF) coils for the confinement and stabilization of the toroidal 

field. 

• 6 poloidal field (PF) coils for plasma positioning and shaping. 

• A central solenoid (CS) which induces the plasma current consists of six 

independent modules over its height that are held together by a vertical pre- 

compression structure. 

• Between the TF and the PF 18 superconducting correction coils are located. 

• The in-vessel coils (IVC) are a set of normal conducting vertical stability and 

ELM control coils are set inside the vacuum vessel [20]. 

3.6.3.2 Vacuum vessel 

The vacuum vessel is where the fusion reactions take place. It is a1,400 m³ doughnut 

shaped hermetically sealed steel container that provides several services: a high- 

vacuum environment for the plasma, radiation shielding and plasma stability, primary 

confinement barrier for radioactivity and support for in-vessel components such as 

the blanket and the divertor. The heat of the fusion reactions will be removed by 

circulating water through the vessel’s double steel walls. The vessel will count with 

forty-four openings or ports for remote handling operations, diagnostics, heating, and 

vacuum systems [18], [21]. 

The dimensions of the vacuum vessel will be: 19.4 m of outer diameter and 11.4 m 

height, with a weight of around 5,200 tons. Including the installation of the blanket 

and divertor it will reach 8,500 tons [18]. 
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3.6.3.3 Blanket 

The blanket is composed of 440 modules each being 45 cm thick that cover the 

vacuum vessels inner walls protecting the vessel and the toroidal field’s 

superconducting magnets. The high energy neutrons from the fusion reactions 

transfer their kinetic energy to the blanket in the form of heat that is collected by the 

cooling water. This heat is envisaged to be used as the energy input for a thermal cycle 

for electricity production in future fusion plats, but it will not be the case of ITER 

[18]. 

The 600 m² surface (1 m x 1.5 m modules) is one of the most challenging components 

of the reactor. Each module has a detachable first wall facing the plasma that removes 

the heat load, a main shield block for neutron shielding, divertor cassettes; and 

diagnostics sensors, as well as port plugs such as the limiter, heating antennae, and 

test blanket modules [18], [19]. 

The ITER’s first wall,15 cm thick, is being built from a first 1 cm beryllium layer 

followed by a 1 cm layer of Cu-Cr-Zr alloy and finally an around 10 cm layer of 

austenitic stainless steel (316 SS). These materials have been chosen for their 

technological maturity, compatibility with water for heat removal and resistance to 

modest neutron fluences. Although ITER will not have breeding blankets for tritium 

self-sufficiency, it will incorporate the option to substitute blanket modules by 

breeding blanket test modules [17]. 

In the following Figure 14 a cutaway of the reactor chamber is presented: the first 

wall facing the plasma, a blanket for heat removal (and tritium breeding in future 

reactors), and shield for radiation protection. Next, there is the vacuum vessel which 

also shields and separates plasma from the external environment. Finally, the magnets 

are located on the outside of the blanket and vacuum vessel for protection against 

radiation and easy maintenance [17]. 
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FIGURE 14:SCHEMA OF THE CUTAWAY OF THE REACTOR WALL (INCLUDING THE 

OPTION FOR A BREEDING BLANKET) [17]. 

3.6.3.4 Divertor 

The divertor extracts heat and removes exhaust products (the fusion ions, unburnt 

fuel, helium and impurities from the interaction of plasma with chamber wall 

materials), protecting the surrounding walls and minimizing plasma contamination 

[17], [18]. 

The divertor is composed of 54 cassettes (Cas) each having a Cassette Body (CB) and 

three plasma-facing components (PFCs): the dome and the inner and outer vertical 

targets (IVT and OVT) [22]. The vertical targets are located at high particle 

bombardment magnetic field line intersections, which makes the divertor a 

challenging component due to the harness working conditions requiring special 

armors of refractory metals and ceramics to minimize the wall erosion and tritium 

retention. The ITER divertor will consist on an austenitic stainless-steel structure 

with a tungsten and carbon-fiber armor for the mitigation of high ion fluxes [17], [18]. 

Both the blanket’s first wall and the divertor as plasma facing components require a 

complex material design as high amounts of energy will be deposited on them during 

milliseconds because of plasma disruptions, generating heat fluxes way higher than 

the steady-state fluxes. This will cause ablation, melting, and vaporization of surface 

materials, producing cracks and tritium-induced contamination of materials. It is for 

this reason that these components will require a more frequent replacement during 

the plants lifetime [17]. 
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3.6.3.5 Cryostat 

The ITER cryostat is a 16,000 m³ stainless steel enclosure that provides high vacuum 

and an ultra-cool environment for the vacuum vessel and the superconducting 

magnets inside of it. It is almost 30 m wide and high with an internal diameter of 28 

m and weights 3,850 tons. There will be several penetrations: 23 for maintenance and 

over 200 for cooling systems, magnet feeders, auxiliary heating, diagnostics, and the 

removal of blanket sections and parts of the divertor [18] 

3.6.3.6 Supporting systems 

Apart from these five main components, there will also be several supporting systems: 

• Tritium breeding: ITER will serve as a real fusion environment for the 

testing of Test Blanket Modules (MTB) for DEMO’s tritium breeding. 

• CODAC (Control, Data Access and Communication): it enables 

communication and integration of the different systems, and serves to the 

central supervision and orchestration, the Plasma control system and the 

central data archiving. 

• Cooling water: it will remove heat from the vacuum vessel and its 

components and auxiliary systems: the radio frequency heating and current 

drive systems, the chilled water system (CHWS), the cryogenic system, and 

the coil power supply and distribution system. 

• Cryogenics: used to generate the cooling power for the magnet, vacuum 

pumping and some diagnostics systems. 

• Diagnostics: the reactor will count with a large number of diagnostic 

instruments for the control, evaluation and optimization of plasma 

performance which will suppose a great challenge because of the harsh 

environment inside the vacuum vessel. Amongst the diagnosis systems there 

are: magnetic diagnostics, neutron diagnostics, optical systems, bolometric 

systems, spectroscopic instruments, microwave diagnostics, plasma-facing 

and operational diagnostics. 

• Fuel cycle: it is a complex cycle in which different operations will be carried 

out. Firstly, pumps will inject the gaseous fusion fuels into the vacuum 

chamber. A second fueling system will inject fuel pellets. Finally, the recycled 

unburnt fuel from the divertor mixed with fresh tritium and deuterium will 

be reinjected into the vacuum chamber. 
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• Hot Cell Complex: consisting of three buildings (the Hot Cell Building, the 

Radwaste and the Personnel Access Control Buildings) supports the 

operation, maintenance and decommissioning of the ITER Tokamak 

providing a secure environment for the processing, repair or refurbishment, 

testing, and disposal of ITER components that have become activated by 

neutron exposure. 

• Power supply: it is the 400 kV circuit that already supplies the nearby CEA 

Cadarache site. 

• Remote handling: it will enable to make changes, conduct inspections, or 

repair any of the Tokamak components in the activated areas without the 

requirement of direct personnel contact with the reactor. 

• Heating and current drive: the thermal power input of 50 MW required 

for the plasma to achieve its minimum 150 million ºC ignition temperature 

will come from three sources of external heating them being a neutral beam 

injection and two sources of high-frequency electromagnetic waves. 

• Vacuum system: In order to achieve the millionth of normal atmospheric 

pressure mechanical pumps and powerful cryogenic pumps will be used to 

evacuate the air out of the vessel and the cryostat [18]. 

Once having presented the different components of the reactor, it is evident that the 

ITER reactor is a very complex system that involves many high-technological 

components . 

 
3.7 European Fusion Roadmap and DEMO 

The European Research Area (ERA) was initiated in 2002 with the purpose of 

integrating the European growth, job and economy strategies. One of the biggest 

cooperation examples in ERA is the fusion research [23]. 

Within The European Fusion Program a European Fusion roadmap was developed for 

the establishment of milestones towards a fusion reactor. This long-term strategy has 

three main milestones [24]. 

The first one is demonstrating the feasibility of a fusion power plant offering at least 

one solution to each one of the different technological challenges, proving its safety 

and environmental advantages and setting a basis for economy assessment. This 

milestone is expected to be reached by ITER in 2036 with the first plasma burn [18], 

[24]. 
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The second milestone would be a fusion reactor that will deliver net electrical power 

to the grid with a tritium self-sufficiency. This will suppose the next step after ITER 

and is known as DEMO reactor. It is still not very clear whether DEMO will be a 

joint international project like ITER or if there would be several competing DEMO 

projects. 

Two main strategies are being followed worldwide towards DEMO reactors. USA, 

India and China are considering small scale experimental reactors. In the USA the 125 

MW fusion power FNSF-AT (Fusion Nuclear Science Facility-Advanced Tokamak) is 

being studied, with the option to increase the power to 250 MW and 400 MW. In 

China two options are being considered between 50 and 200 MW for the CFET 

(China Fusion Engineering Test Reactor). The SST-2 (Steady State Superconducting 

Tokamak-2) is planned to be commissioned in India by 2037 with an initial power of 

100 MW to be raised to 500 MW. 

The other strategy that is being followed by South Korea, EU and Japan is to directly 

build a reactor over 1500 MW. South Korea aims to build the K-DEMO reactor for 

2037, with two options: 1700 MW and 2400 MW. In Japan different options are 

being considered with the aim to start building a DEMO reactor in 2040s by a Joint 

Special Design Team. [25], [26]. 

The European Power Plant Conceptual Study (PPCS) for the DEMO reactor has been 

subject of study from 2001 to 2004 resulting on four different models: A, B, C and 

D. Models A and B are based on the extrapolation of ITER with a low-activation 

martensitic steel blanket. The design of the blanket model A is “water-cooled lithium- 

lead” with a water-cooled divertor and model B is “helium-cooled pebble bed” with a 

helium-cooled divertor. 

Models C and D implement more advanced technologies and materials, with 

improved thermal efficiencies due to higher operational temperatures. Model C is a 

“dual-coolant” blanket concept (helium and lithium–lead coolants with steel 

structures and silicon carbide insulators) and model D is a “self-cooled” blanket 

concept (lithium–lead coolant with a silicon carbide structure). The divertor in model 

C is the same concept as B and in D is cooled with lithium–lead like the blanket. 

As all the models assume a 1.5 GWe power delivery to the grid, the fusion power 

varies for each model: from 5 GW in model A to 2.5 GW in model D. The final 

DEMO model in envisaged to start operation by 2050 [17], [27]. 
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Finally, the third milestone would be the development of first generation commercial 

fusion power plants, which are not expected to differ much from the DEMO 

prototype, only in some details. However, research should keep going after this 

milestone towards more advanced second-generation reactors. Although Tokamak 

reactors are the main focus right now, Stellators should also be considered for future 

reactors because of their two main advantages: inherent steady-state configuration and 

lack of disruptions [7], [24]. 

 
3.8 Safety 

Safety is a critical aspect of new energy technologies, including both long term (waste 

disposal and plant decommissioning) and short-term aspects (worker and structure 

safety). One of the main advantages of nuclear fusion compared to fission is its 

inherent and passive safety: the amount of fuel in the reactor chamber will be scarce 

and any reactor malfunctioning will result on the stop of the reaction. Moreover, the 

operation of the reactor could be stopped immediately if required just by cutting the 

gas fuel supply. Even in a case similar to the Fukushima accident when the cooling 

system failed, there would be no risk of reactor melting due to the low residual 

heating [10], [14], [28], [29]. 

When it comes to radioactivity, the primary fuels (deuterium and lithium) and the 

products of fusion (helium) are non-radioactive. However, radioactivity will be an 

issue in the reactor chamber because of the tritium. created in the reactor that will 

also contaminate the structure, and the materials activated by the neutron radiation. 

For this reason, a proper confinement and control system will be required. The design 

of the reactor will be carried out so that the maximum radiological doses to the public 

in worst case scenarios would be below the evacuation level. This purpose can even 

be achieved without the need of active safety systems or operator actions [10], [14]. 

In the case of tritium, a multibarrier approach will be carried out (vacuum vessel, 

cryostat and building) and a detritiation system will also be required for the removal 

of tritium from water and gas fluxes. This way it can be stated that radioactivity will 

not be a major issue in the case of fusion energy when compared with fission energy 

[29]. 

The reactor will also be designed to withstand the most severe earthquake recorded 

in history increased by a safety margin and a large aircraft impact without the need of 

evacuation [10]. 

Finally, regarding the proliferation of nuclear weapons, in the case of magnetic fusion 

reactors it will not be an option unless fertile material blanket were installed for the 

production of fissile materials by neutron radiation. However, this will be evident in 

regular inspections [14]. 
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3.9 Environment 

When it comes to environmental aspects, it can be considered as a no polluting, no 

greenhouse contributor or ozone layer destructor. Moreover, fuel mining and 

transportation are safe as well. As wastes are concerned, unlike nuclear fission, the 

products will be harmless, and the only risk will be in the structure of the reactor that 

should be confined [14]. 

 
3.10 Economy 

The estimation of the cost and market place of fusion electricity is very challenging, 

requiring several assumptions of possible future energy scenarios. The internal costs 

of fusion technology (construction, fueling, operation and disposal of power station) 

can be extrapolated from ITER or DEMO through the PROCESS mathematical model 

and are predicted to be competitive with typical renewable sources without storage, 

about 50% greater than for fossil or fission plants. If energy storage was implemented 

in renewable energy sources their internal costs would become uncompetitive with 

fusion. The external costs are the ones that represent the environmental impact or 

harm to public and worker health. With the ExternE method the entire life, fuel cycle 

and death of power station external costs can be estimated in monetary terms. The 

safety and environmental aspects of fusion that have been presented in the previous 

chapters result on very low external costs for fusion, for instance 20 times lower than 

coal [30]. 

In Figure 15 a graphic representation of the cost distribution for the DEMO-2 

prototype is presented, a more advanced version of ITER. The cost of the magnets is 

found to be remarkably higher that the rest of the components. 
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FIGURE 15: STRUCTURE OF THE COSTS FOR DEMO2 [31]. 

A number of studies and methods have been applied in order to predict the position 

of fusion electricity in future energy markets, among which there are: MARKAL- 

EUROPE optimization model, GCAM (Global Change Assessment Model), 

PROCESS, the global energy model ETM and the LCOE (Levelized Cost of 

Electricity). All these studies count on the feasibility of fusion electricity and agree 

that it will have a share in the energy market by the end of the century. However, it’s 

share, cost and time of availability vary for each scenario depending on several 

variables: 

• The range of measures for carbon emission restriction. The stricter the future 

scenario will be the higher participation fusion will have. 

• The availability of competing carbon-neutral energy sources. If existing 

renewable technologies improve or if new technologies are developed the 

share of fusion may be diminished. The development of new fission plants 

should also be considered. 

• The discount rate: the lower the rate, the higher the penetration. 

• The year of availability of fusion energy. The later fusion is available the less 

value it will have. 

• The end cost of fusion. From the estimated assumptions the real fusion cost 

may vary. The incrementation of cost will have a strong negative effect on it 

[30], [31], [32], [33], [34]. 
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In the following Figures 16 and 17 it can be seen how fusion energy’s position in the 

market improves when the external costs are implemented. Fusion energy is expected 

to be cheaper than large solar energy and wind offshore, and when external costs are 

integrated, it also becomes cheaper than coal and natural gas. 
 
 

 
FIGURE 16: COMPARISON OF THE LEVELIZED COST OF ELECTRICITY FOR DIFFERENT 

ENERGY SOURCES [31]. 
 

 
FIGURE 17:COMPARISON OF THE LEVELIZED COST OF ELECTRICITY FOR DIFFERENT 

ENERGY SOURCES INCLUDING THE EXTERNAL COSTS [31]. 
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So, it can be concluded that the high internal costs of fusion will be compensated by 

its low external costs and benefits for the society and environment. Moreover, the 

cost of second generation reactors is expected to be reduced significantly comparing 

to the first-of-a-kind reactors because of the learning factor, as has happened with 

solar and wind energy sources [33]. 

 
3.11 Discussion 

Once having presented the most relevant aspects of fusion energy, the answer to the 

research question is presented: “Will fusion energy be a commercial energy source in 

the future? When?” 

From the analyzed literature review it can de concluded that fusion energy is already 

a developed technology that even if it will still require many R&D efforts in order to 

generate net electricity and compete with other energy sources, is worth the effort 

and investment. The money that is being invested in fusion does not only promote 

fusion technology, but it is also benefitting the society in other aspects. The results of 

the research provide knowledge in many fields (plasma physics, advanced materials, 

diagnostic systems, etc.) and can also be extrapolated to other fields, as has happened 

before with military research (GPS, the microwave, radars, internet, etc.). 

From the extrapolation of the results of ITER, where the first plasma burn is expected 

by 2036, other reactors will be built. The European DEMO model is therefore 

envisaged to conclude construction and start operation by 2050. Short after, the first- 

generation fusion nuclear reactors will come, and by 2100 fusion shall offer the 

baseload of the energy grid. 

It should be noted that the presented results are based on the research of fusion 

scientists, but still are predictions, so there is a slight probability that the milestones 

will not be achieved in time. However, because of the nature of fusion, there is no 

other way to make these estimations. 
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4 Conclusions 

In this final part of the report, the conclusions of the study results and perspectives 

are presented together because of the nature of the study. 

The world energy demand is expected to double by 2050, and in order to supply that 

new demand, existing energy sources will have to be exploited at higher levels and in 

more efficient ways. When considering the actual energy sources, it is found that none 

of them offers a suitable solution. On the one hand, fossil fuels generate Green House 

Gases such as CO2 which contribute to Climate Change, one of the major worldwide 

problems. Moreover, the conventional fossil fuel resources are due to be depleted 

and do not offer a sustainable energy option even if Carbon Capture and Storage was 

implemented. On the other hand, fission energy offers a huge amount of clean energy, 

but uranium resources will also be depleted (unless fuel recycling is implemented) 

and it has major drawbacks: risk of proliferation, difficulty to handle high radioactivity 

wastes and risk of accidents. Finally, there are the renewable energy sources like wind 

and solar which do not contribute to climate change or present any risk for the society 

and environment and are inexhaustible energy sources. However, they are not able 

to provide energy in the required amount and time and are not distributed evenly in 

the world. A possible solution that is being researched is the energy storage to 

guarantee the supply, but it will increase the cost of renewables in future markets. 

Due to everything that has been mentioned before it is essential to develop new energy 

sources and the most promising one is fusion energy. Fusion will deliver inexhaustible 

clean and safe energy. The fuel could be obtained from the deuterium and lithium that 

are found in water, hence, it will be available almost everywhere in the planet 

eliminating the dependency on world oligopolies. In the case of fusion, the only 

constraint will be the access to the technology. 

Nevertheless, there is a general mistrust in fusion because it has been delayed for 

several decades now and it is no longer a major point of interest for the society. 

Hence, more attention should be addressed to the great progress that has been carried 

out in fusion research in the last century. The public should be informed about what 

fusion reactors are and the social benefits they shall involve. When nuclear energy is 

mentioned nuclear accidents such as Chernobyl or Fukushima come to mind 

inevitably, and it is therefore important to make a clear distinction between fission 

and fusion reactors. 
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When the future of fusion is concerned, it is obvious that it is no longer an optimistic 

hypothesis for the future, it is a reality, fusion technology is happening. The most 

revealing evidence is ITER, the product of international collaboration for the 

development of a peaceful application of fusion for electricity production. In the last 

decade, a solution for most of the challenges was presented, and although there is still 

research to be done, the first plasma in envisaged for 2036, proving fusion feasibility. 

The next step for the demonstration of net power production with a tritium self- 

sufficient reactor will be DEMO, which shall start operation by 2050. The first- 

generation fusion reactors are expected to come short after DEMO and should be 

operating by 2100 the latest. 

Regarding the different types of reactors, it is considered that research efforts should 

be directed towards magnetic confinement. Among these kind of reactors, even if 

Tokamaks have gained a major attention, Stellators could prove to be a possible future 

reactor alternative, solving two of the issues Tokamaks are facing thanks to their 

inherent steady-state nature and lack of disruptions. When it comes to inertial 

confinement, the two major projects have military purposes, so it is unsure whether 

this technology will develop towards a fusion reactor for the production of electricity. 

Last, there are the hybrid fission-fusion reactors which involve fission’s main 

drawbacks that were mentioned in the beginning of this section added to fusion’s 

technological challenges. Hence, this kind of reactors do not prove to be a sustainable 

option for the future. 

It should be taken into account that fusion is a big technological challenge, but politics 

do have a great impact on its development as well, as do in all energy sources. The 

success of fusion as a future commercial energy source is highly dependent on the 

investments and political decisions. The faster fusion energy is available the bigger 

market it will gain and more competitive it will be. It is for this reason that 

governments have the responsibility to create the proper environment for fusion to 

be developed and integrated to the energy mix efficiently. In the path towards a 

sustainable future stricter carbon measures and the external costs of the electricity 

production need to be implemented. In this scenario both fusion and renewables 

would be benefitted in the detriment of fossil sources and fission. In this scenario, 

fusion would serve as a baseload energy source, and renewables would provide for 

the rest of the demand complemented by an energy storage system, generating a 

sustainable energy system: socially, environmentally and economically. 

Last of all, it should be mentioned that the investment in fusion research shall not be 

considered as a loss of money because the results generate knowledge in various areas: 

plasma physics, advanced materials, diagnostic systems, etc. Moreover, these results 

may be extrapolated to other fields of technology and engineering resulting on every- 

day-life improvements. 
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Appendix A: Interview 

Interview to B Henric M Bergsåker, teacher and researcher at the KTH on fusion 

plasma physics and information person for the Swedish fusion research. 

The interview was carried out the 02/05/2018 at 14:00 at the TECHNIQUES 31, 

KTH. 

-Why do we need fusion energy? 

First of all, there is the environment. Even if renewable energies offer a great prospect 

with solar energy reducing its cost and getting more cost competitive, they still have 

a long way to go, as they are dependent on weather conditions (solar, wind) and 

require high land extensions (biomass, solar). So, fusion will make a great energy 

source in a future energy scenario complementing the renewable energy sources as a 

base load source, instead of fossil fuels and even fission energy. 

The good thing about fusion, is that apart from no producing any GHG emissions, the 

fuel could be considered “infinit”. The fuel will be deuterium and tritium. Deuterium 

is present in all hydrogen and tritium can be obtained from lithium. 

-Between inertial and magnetic confinement, which one do you consider 

more promising? 

Well honestly, I have mainly worked on magnetic confinement, and so far in Europe 

all the projects are focused on the magnetic confinement, except for one in France, 

the Laser Megajoule. 

So when it comes to magnetic confinement the main configuration is the toroidal one, 

where the magnetic lines are curved around the plasma to create a close loop, avoiding 

the losses with two magnetic field: the poloidal and the toroidal. There are three 

different configuration options: the Tokamaks, the Stellators and the RFP (Reversed 

Field Pinch). 

In the Tokamaks, the toroidal field is created by a series of coils located along the 

torus and the poloidal field is created by a strong electrical current along the plasma. 

In the Stellators, the helicoidal force lines are created by helicoidal coils, without 

inducing a current in the plasma. 

Finally, in the RFP reactors, the configuration is similar to the Tokamak, but the 

magnetic fields are arranged in time so that the magnetic field direction inside the 

plasma is inverted. The inversion of the magnetic field limits the plasma confinement 

to pulses, so that it cannot work on a continuous mode. For this reason, this 

configuration is not being studied for ITER, although it can be useful for study and 

research purposes, since its results can be applied to Tokamaks at certain points. 
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-Among the different ongoing fusion projects which one would you 

consider the most promising? 

Well, although there are several ongoing big projects I think right now ITER is the 

most promising one, as big international effort is being put into it. The first Plasma is 

supposed to be achieved by 2025, and even if that might take slightly longer, by 2030 

DEMO shall start to be built. 

-Are any other fusion reactions being considered apart from the D-T? 

Well a promising reaction will be the one from deuterium and helium-3. It has a high 

Q value and does not produce any neutrons, instead it produces a proton, which could 

be used for the direct production of electricity. However, it requires a higher 

temperature, so, for now the D-T reaction is the main focus. 

-When it comes to safety of fusion, what’s your opinion? 

If compared to fission energy, fusion is safer, as there is no risk of reactor melting. 

The actual problem with fusion is to keep the reaction going for long enough periods, 

without in cooling down. Another big issue of fission reactors is the production 

nuclear wastes: there is a mis of various species of different radioactivities and 

lifespans, while in fusion plants the wastes will be of no radioactivity (helium) and will 

be known. Although the structure materials might get activated due to neutron 

radiation, with proper containment the risks will be minimum, and there will be no 

long-lived nuclear wastes. 

Finally, with fusion energy there will be no risk of nuclear weapon proliferation, 

which is another of the dangers of fission breeder reactors. It is for this reason, that in 

Europe the study of Hybrid fusion-fission reactors has been left aside. 

-With fission energy, the public opinion is a problem, do you think 

fusion energy will have the same public rejection? 

That could be the case, although it shouldn’t as it is safer and offers a great alternative 

to fossil plants. 

-Which ones do you think are the main challenges fusion is facing right 

now? 

Well, the challenges are various and from different engineering fields: plasma physics, 

plasma diagnosis, materials, magnets, tritium breeding, etc. 

In the plasma-surface interactions, my working area, the atoms from the plasma- 

facing components get ejected because of plasma disruptions. It is common for atoms 

to accumulate in other parts of the wall. This also produces plasma impurities, that 

need to be handled. 
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Neutron radiation is another issue. Although the neutron radiation is handlesd in 

fission reactors, the neutron energy will be significantly higher in fusion reactors as 

there will be no moderato. 

-When it comes to money, do you believe fusion energy will get to be cost 

competitive in the future energy market? 

Well, that is difficult to estimate because it depends on many factors. Some studies 

show that fusion energy will become cost competitive, as it’s costs will decrease once 

it goes commercial, as has happened with all technologies, for example solar energy. 

Another aspect to be taken into account is that fossil fuels’ depletion will rise their 

costs and moreover, in order to reduce the CO2 emissions, carbon dioxide capture 

will also involve additional costs. When it comes to renewable energy sources, the 

need of storage medias and grid connection will also rise their cost. 

-Some say that investment in fusion is a big cost and a waste of resources, 

what’s your opinion on that? 

First, I do not believe that the investment in fusion is so high, as it only takes 1/1000 

times the investment in energy research, so it is more than reasonable. Moreover, I 

do not believe that it can actually be called a cost, as it provides knowledge and 

benefits the society. Even the results of fusion research could be applied to other fields 

of the engineering, as has happened with military research. 


