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Abstract 
Nuclear fusion is seen as a possible future electricity source with much potential. However, the 
developments still have a long way to go and there are many uncertainties on the path towards 
realizing this potential. This study performed a qualitative analysis of uncertainties for fusion 
development as a first step in addressing the uncertainties. The study was performed in the context of 
the European research roadmap to the realization of fusion energy, focusing on the development of 
tokamaks. Eighteen uncertainties were identified by means of a literature study. A layered 
classification framework from the context of product development was used and adapted to 
systematically classify these uncertainties. The result can serve as a basis for developing approaches 
to address the uncertainties.  
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1 Introduction 
Nuclear fusion is seen as a source for electricity production with almost limitless potential. To produce 
energy small atomic nuclei are fused together. In this way, large amounts of energy can be produced 
with small amounts of fuel. There is no emission of greenhouse gases during this process and the fuels 
are abundant. Therefore, fusion looks like a prime candidate for the future electricity market, where 
demand is expected to increase significantly and where fossil fuels will be replaced by clean energy 
sources. Because of this, there are many attempts to realize the potential of fusion. 
 
One of the most prominent fusion development paths is laid out by EUROfusion in the European 
Research Roadmap to the Realization of Fusion Energy (European roadmap or roadmap for short) 
(Donné, et al., 2018). The roadmap aims to realize fusion electricity in tokamaks and eventually in 
stellarators. These are large reactor types where the fusion plasma is confined magnetically. Tokamaks 
are currently the most developed magnetic confinement system and at the heart of the roadmap. 
  
However, fusion energy is currently far from reality. The technological feasibility of fusion energy has 
already proved to be difficult and much R&D must still be conducted (Donné, et al., 2018). Moreover, 
a close collaboration with the industry is needed for further manufacturing and commercial 
deployment of fusion technology (Donné, et al., 2018). In addition, the large international cooperation 
and funding of research mean that fusion development also depends on society (Ingelstam, 1999). 
Meanwhile, competing energy sources are also evolving and preparing themselves for the future 
market, which is expected to be significantly different from the market we see today (IEA, 2018a). 
Therefore, there are many sources of uncertainty  that can affect the long-term development of fusion.  
 
No comprehensive study has yet been conducted to systematically analyze these uncertainties. 
However, the value of such an analysis is widely recognized in contexts like product development, 
construction projects and political decision making. Therefore, many studies have researched the 
decision making process or developed frameworks and models to support decision makers (see for 
example (Uusitalo, Lehikoinen, Helle, & Myrberg, 2015)). This has resulted in a large portfolio of 
frameworks and models, ranging from taxonomies and risk calculations to wide strategic processes 
(see for example (Miller & Lessard, 2001b)). 
 
The goal of this study is to provide a qualitative understanding of the uncertainties around nuclear 
fusion and their possible consequences. The study is performed within the scope of the development 
of fusion energy in tokamaks along the lines of the European roadmap. This is done through a literature 
study and the results are presented in a classification framework. The work is meant as a first step 
towards addressing the uncertainties in practice. 
 
This report starts with the relevant background. A definition of uncertainty and the importance of its 
consideration, the perspective of the European roadmap and the classification framework from the 
literature are discussed in chapter 2. Subsequently, chapter 3 explains how the research topic is 
approached. Then, chapter 4 presents the identified uncertainties. Here, the uncertainties are 
described based on their origin and their possible consequences for further developments are 
illustrated. In chapter 5 a proposal is made on how future work can lead to approaches to the 
uncertainties in practice. Lastly, in chapter 6 the results are discussed and placed in perspective.  
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2 Background 
In this chapter, the background of this study is described. In section 2.1 a definition of uncertainty and 
its importance for technological developments are described. Section 2.2 discusses the plan of 
EUROfusion and the key elements in this plan. In addition, section 2.3 discusses the framework that 
forms the basis for the categorization of uncertainties in this study. 
 

2.1 Uncertainty 
McManus and Hastings define uncertainties as ‘things that are not known, or known only imprecisely’ 
(McManus & Hastings, 2006). In this respect, uncertainties can come from all dimensions, ranging from 
natural characteristics to design processes. The researchers further explain that uncertainties can be 
both measurable and value neutral. In addition, they state that uncertainties can lead to risks and 
opportunities, negative and positive consequences with a quantitative probability of occurring.  
 
According to De Weck et al., not addressing uncertainties during development has led to (market) 
failure several times, even if the developed product met all performance targets (De Weck, Eckert, & 
Clarkson, 2007).  Therefore, it is important to timely understand the uncertainties that can affect the 
success of developed technologies. Such an understanding is needed before decisions can be made 
that mitigate the risks and exploit the opportunities coming from the uncertainty. Since fusion is 
currently at the stage of development, understanding uncertainties now can play an important role in 
developing strategies to realize fusion energy. 
 

2.2 EUROfusion roadmap 
This study focuses on the development of fusion in the perspective of EUROfusion. EUROfusion, or the 
European Consortium for Development of Fusion Energy, is a consortium of fusion research bodies 
from European Union member states and Switzerland (EUROfusion, 2019a). It works on behalf of the 
European Atomic Energy Community, Euratom, to allocate support and funds for fusion research 
activities. The goal of the consortium is realization of fusion energy in tokamak and eventually 
stellarators reactors. Tokamaks are currently the most developed reactor type and the only reactor 
type considered in this research. 
 
The goal of tokamak reactors is to exploit a fusion reaction between deuterium and tritium for energy 
production. In a tokamak, the fusion plasma is heated to a temperature of over a hundred million 
Kelvin (McCracken & Stott, 2005) to fulfil the Lawson criteria for fusion (Lawson, 1957). Any earthly 
material would immediately evaporate at these temperatures. Therefore, the plasma is confined 
magnetically in a torus-shaped vacuum chamber.  
 
EUROfusion has provided the European roadmap, a development plan for tokamak reactors (Donné, 
et al., 2018). There are two tokamak facilities at the heart of the roadmap, namely the International 
Thermonuclear Experimental Reactor (ITER) and the Demonstration power plant (DEMO). ITER is a 
collaborative experiment between the Europe, China, India, Japan, Korea, Russia and the USA, 
currently under construction in France. Its goal is to show the scientific and technological feasibility of 
fusion as an energy source through producing a high power burning plasma. After the ITER project, the 
collaborating nations will follow different plans to build Demonstration Power Plants (IAEA, 2018d). 
This study focuses on the DEMO from the European roadmap, which will be developed by the EU and 
Japan. DEMO will provide the basis for commercial power plants and deliver several hundred 
Megawatt of electricity to the grid. 
 
The development plan of EUROfusion is divided into three periods, corresponding to the years before 
2030, between 2030 and 2040, and after 2040. In the first period the focus is on ITER. Construction 
will be finished in collaboration with the industry and preparations for experiments are scheduled to 
lead to the first plasma in the year 2025. Meanwhile, conceptual designs for DEMO will be made, based 
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on inputs from ITER and results from deuterium-tritium (DT) experiments at the Joint European Torus 
(JET) (EUROfusion, 2018). In addition, the International Fusion Materials Irradiation facility - DEMO 
Oriented Neutron Source (IFMIF-DONES) is scheduled to start operation. In this facility, materials that 
will have to withstand the neutron spectrum of a tokamak will be tested. The opening of the facility is 
expected in the year 2029 (StR-ESFRI project, 2018). 
 
In the second period experiments at ITER will keep optimizing. This should lead to full performance, 
where DT experiments can be conducted leading to the achievement of a burning plasma. Meanwhile, 
lessons from ITER and IFMIF-DONES will be used for detailed engineering design of DEMO and the 
preparations of its construction, including the start of the licensing process. In addition, the 
development of power plant relevant materials will become more targeted as more knowledge is 
obtained. 
 
In the third period ITER will be used for further developments for DEMO and commercial power plants. 
In addition, the IFMIF-DONES facility will be upgraded to the IFMIF facility to develop materials for long 
life operation in DEMO and commercial plants. Meanwhile, the construction of DEMO is scheduled to 
start in the year 2040, with operations planned in the years 2051-2060. 
 
A simple overview of this plan is shown in Figure 1. The figure shows two additional considerations: 
the input of lessons learned in stellarators and their possible future development for fusion power 
plants, and a program of innovation and cost reduction. This research does not consider stellarators 
or the cost reduction program. Moreover, the roadmap does not look beyond the DEMO facility, 
because the commercial/industrial interplay during transition to large-scale deployment of fusion 
cannot be predicted now. However, projections along the lines of the roadmap show that fusion may 
have a 1% share of the electricity market around the year 2070 (Lopes Cardozo, Lange, & Kramer, 
2016). Therefore, this research does look at uncertainties for commercial reactors as well, but without 
considering the transition. The period after the fusion roadmap will be referred to as the commercial 
stage. For simplicity, this is assumed to start in the year 2060 because this is the last point considered 
in the roadmap. 

 

Figure 1: a simple view of the European roadmap (Donné, et al., 2018). 
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In short, this research discusses the development of tokamaks as laid out in the European roadmap. 
However, stellarators and the cost reduction program are not considered, while commercial reactors 
are considered in a limited extent.  
 

2.3 Classification framework 
The goal of this study is to provide a systematic analysis of uncertainties in the development of nuclear 
fusion. To this end, the uncertainties are organized by using a classification framework that is adopted 
from the context of product development. 
 
The categorization used in this study is based on the work of De Weck et al. (De Weck, Eckert, & 
Clarkson, 2007). These researchers make a first distinction between endogenous and exogenous 
uncertainties. They use these terms to indicate ‘whether the source of uncertainty is within or outside 
the system boundary of influence’. The further categorization is based on their layered uncertainty 
framework, shown in Figure 2. The researchers based this framework on the work of Miller and 
Lessard, who conducted research in large engineering projects (Miller & Lessard, 2001a). In this 
framework, uncertainties are placed in a layer corresponding to its source. The order of the layers is 
based on the degree of influence a production/project manager has on the mitigation of risks or 
exploitation of opportunities that follow from the uncertainty. 
 
The framework distinguishes five layers. The innermost and first layer is the technical/project layer. 
This layer contains uncertainties that are inherent to the development of the product or project. The 
second layer is the industry/competitive layer. This layer contains uncertainties that come from the 
industry and competition around the product or project. The third layer is the country/fiscal layer. This 
layer contains uncertainties that come from governments, the economy and the public around the 
product or project. The fourth layer is the market layer. This layer contains uncertainties that come 
from different markets where goods are exchanged. The last layer is the natural layer and contains 
natural events. 
 
This layered framework is used as a basis for the categorization of uncertainties around the 
development of nuclear fusion. However, this development cannot be considered as a product or a 
single engineering project. Therefore, alterations are made to suit the perspective of fusion 
development. These alterations are described in chapter 4, where the results of this study are 
presented.  

Figure 2: the framework used as a basis for the classification of uncertainties (De Weck, Eckert, & Clarkson, 
2007). 
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3 Method 
This research identified and analyzed uncertainties through a literature study. Therefore, all analyses 
were done qualitatively. The research can be divided in three stages, namely knowledge-acquisition, 
identification and analysis, and the categorization of the uncertainties.  
 
Knowledge-acquisition can generally be considered as the first step of risk identification (Chapman R. 
J., 2001). In this phase, general information was gathered about the development of fusion energy. 
Several documents played a key role in this stage. First, the European roadmap (Donné, et al., 2018) 
was used to understand the objectives and projected development path of fusion energy. In addition, 
the book ‘Fusion: the energy of the universe’ (McCracken & Stott, 2005) was used to gain a better 
understanding of fusion and tokamaks. Lastly, the Power Plant Conceptual Study (PPCS) (Maisonnier, 
et al., 2005) was used to explore the perspective of fusion energy. 
 
In the second stage, uncertainties were identified and analyzed. This was done by considering four 
topics, namely science and engineering, plant economics, the electricity market and the political and 
social environment. This means that the topic is approached through a context analysis (Spacey, 2017). 
In addition, lessons from the developments of nuclear fission and the ITER project were analyzed, 
which is a form of reference forecasting (Spacey, 2016). Moreover, comparisons of papers and critical 
reviews were made. At last, information from people experienced in relevant fields was used for 
inspiration. 
 
In the last stage, the uncertainties were categorized based on the framework discussed in section 2.3. 
First, adaptations to this framework were made to better reflect the context of nuclear fusion. Then, 
the uncertainties were placed in the framework to provide a clear overview of the uncertainties based 
on their characteristics. 
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4  The layered framework for fusion 
This chapter present the results from this study. In section 4.1 the framework for categorization is 
described. Consequently, sections 4.2-4.5 describe the uncertainties in each layer. At last, in section 
4.6 a simple overview of the results is given. 
 

4.1 Layout 
As described in section 2.3, a layered framework is used in this study to classify uncertainties around 
nuclear fusion according to their source. Figure 3 shows this framework. Since fusion is currently a 
broad, scientific research topic rather than an engineering project (like an individual power plant) or a 
product for production (like a mobile phone), the framework must be adapted to fit the findings of this 
study. The perspective taken in this research is from the research bodies that form EUROfusion, which 
can be found through (EUROfusion, 2019c). The following paragraphs discuss the resulting framework 
for this study. 
 
The center layer requires modification. In the framework from De Weck et al. (De Weck, Eckert, & 
Clarkson, 2007) this layer contains the inherent uncertainties from the product of project. This means 
this layer includes specific uncertainties from both a technical and managerial point of view. For fusion, 
however, this layer changed in a ‘technical’ layer. This is done because the present study does not look 
at a single fusion project (like ITER), but at the long-term development of fusion energy and its facilities. 
Therefore, this layer contains uncertainties that come with the development of new technologies. 
 
The second layer is modified as well. The competitive part of this layer is currently far away, since 
fusion is not expected to become a part of the energy mix in the first half of this century (Lopes 
Cardozo, Lange, & Kramer, 2016). Therefore, this part is placed further outside in the framework, since 
there is currently little influence to address the risks and opportunities that follow from uncertainties 
from this part. The second layer thus becomes the industrial layer, which contains uncertainties that 
come with the manufacturing of technologies.  
 
The industry is, according to the roadmap (Donné, et al., 2018), closely involved with fusion 
development. Therefore, the technical and industrial layers contain the endogenous uncertainties of 
fusion development. 
 
The third layer is the ‘political and social’ layer here. In the original model, this layer contains 
uncertainties that come from the country in which the engineering project or product development 
takes place. However, fusion development can be considered a social-technical system (Ingelstam, 
1999). This means that the topic is so large-scale and elaborate, that the development cannot be fully 
separated from society. Therefore, this layer contains uncertainties that come from the public and 
government on all levels. 
 
The fourth layer is still the ‘market’ layer. Markets can be generally seen as ‘places where buyers and 
sellers meet to exchange goods, services and other relevant information’ (Kenton, 2019). This layer 
contains uncertainties that come from all markets. This includes the electricity market. The risks and 
opportunities of the energy market can currently not be influenced, because fusion is not expected to 
enter the energy mix in the first half of this century. Therefore, it is appropriate to place these 
uncertainties at the same level as uncertainties from other markets. 
 
The last layer, natural uncertainties, is left out of this study altogether. Natural uncertainties, like 
earthquakes and the weather, can have a large impact on individual projects. Since this study does not 
look at individual reactors, such occurrences are left out. Therefore, the ‘political and social’ and 
‘market’ layers together include the exogenous uncertainties in this study. These uncertainties are not 
directly related to the developments laid out in the roadmap. 
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Figure 3 gives a visual representation of this framework. The following sections address the 
uncertainties identified in this research. In addition, their possible impact on fusion development is 
illustrated. 
 

4.2 The first layer: technical uncertainties 
The center layer of the framework contains uncertainties that come from a technical perspective. 
These uncertainties are related to the development of new technologies. The uncertainties identified 
in this layer are neutron hard materials, the control of turbulence and instabilities, tritium breeding 
and handling, remote handling, magnets and technological improvements. 
 

4.2.1  Neutron hard material 

The development of neutron hard materials is an important topic in the European roadmap (Donné, 
et al., 2018). This section discusses the importance and plan for this development, as well as problems 
that may be encountered in this plan. 
 
The fusion reaction between deuterium and tritium creates neutrons with an energy of 14 MeV and 
lower because of scattering (McCracken & Stott, 2005). These neutrons can cause damage to structural 
materials, especially the first wall, in several ways (McCracken & Stott, 2005). Collisions between 
neutrons and other atoms can knock the other atoms out of position, reducing the strength of 
materials. The neutrons can also react with the atoms. This can lead to the ejection of protons and 
alpha particles. These can, in turn, pick up electrons and form hydrogen or helium. These gases may 
then cause embrittlement of the material. Moreover, nuclear reactions can also create unstable atoms. 
This leads to radioactivity in the material. 
 
The consequences of this damage can be found in repairments and environmental impact. Once 
materials have lost their strength, they will have to be replaced. If the neutron damage is large, 
replacements need to take place more often. This leads to extra downtime of the plant. Meanwhile, 

1. Technical 
uncertainties

2. Industrial 
uncertainties

3. Political and 
social 
uncertainties

4. Market 
uncertainties

Figure 3: the layered uncertainty framework for uncertainties around nuclear fusion. The technical and industrial 
layers contain endogenous uncertainties (blue), the political and social and market layers contain exogenous 
uncertainties (green). 
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the radioactivity of waste can be dangerous for humans and the environment. Thus, materials need to 
be developed that mitigate the effects of neutron radiation. 
 
Research in this field has led to the selection of reduced activation ferritic martensitic (RAFM) steels 
for further development as structural material (Stork, et al., 2014). There is, however, a problem with 
the further research possibilities: there is currently no neutron source that can imitate the spectrum 
and intensity of fusion plasmas (Chapman, Morris, & collaborators, 2017). This means that full tests of 
the materials are not possible, so research depends on modeling methods or other radiation sources. 
The first full scale testing facility will be the IFMIF-DONES facility (see section 2.2). Before these tests 
are completed, there will remain uncertainty on the behavior of materials under fusion-related 
radiation, meaning the decision on the precise composition of the material cannot be made yet. 
 
Problems with neutron hard materials must be identified during operation of the IFMIF-DONES or 
IFMIF facility, likely in the second or third period of the European roadmap. Negative results in the 
facility would mean that new research must be conducted. This can lead to delays and extra costs in 
the development of fusion technologies, because the results of the facility are used as an input for 
DEMO. The research may then lead to the choice for another structural material, but also favor the 
choice for entirely different concepts, like a liquid breeding blanket as some conceptual designs have 
(Sorbom, et al., 2015). 
 
Altogether, the development of neutron hard materials is a very important topic in fusion research. It 
is needed to mitigate the effects of neutron radiation and has already led to the choice of RAFM steels 
as a construction material. More research is still needed while full tests can only be run in the IFMIF-
DONES facility. The test results will, however, direct further developments and the planned roadmap 
of fusion energy. 
 

4.2.2 The control of turbulence and instabilities 

Controlling turbulence and instabilities is an important consideration in the European roadmap 
(Donné, et al., 2018). However, as will be discussed in this section, this topic still has open questions 
that may lead to delays in fusion development.  
 
A fusion plasma typically contains instabilities. Small-scale instabilities can lead to a loss of energy, 
while larger instabilities can lead to a disruption of the plasma (McCracken & Stott, 2005). Moreover, 
turbulent structures in the plasma edge lead to a loss of heat and particles (Kirk, 2016). This limits the 
confinement of the plasma and the exhaust can damage plasma facing components.  
 
It is possible to reduce this turbulence by raising the input power above a critical level (Wagner, 2007). 
By doing this, a flow shear develops at the edge of the plasma. This breaks up the eddies and acts as a 
barrier around the plasma. This process is called the transition from the low confinement mode (L-
mode) to the high confinement mode (H-mode). The result is a transport barrier with a steep pressure 
gradient that doubles the overall plasma confinement. Operation in this mode is a requirement in the 
European roadmap (Donné, et al., 2018). 
 
However, the steep pressure gradient leads to electric currents and current gradients in the plasma 
edge (Connor, 1998). As a result, the transport barrier can periodically break down, leading to an 
exhaust of plasma particles and energy. This is an explosive event called an edge localized mode (ELM) 
comparable to a solar flare. ELMs can damage plasma facing components, what can lead to plasma 
contamination and reduces the lifetime of PFCs (Loarte, et al., 2014). Therefore, mitigation or even 
suppression of ELMs is needed. 
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For ITER, several approaches have been proposed, including modification of the plasma and triggering 
ELM instabilities to reduce their severity (Lang, et al., 2013). It is not sure, however, whether these 
techniques will be successful (Lang, et al., 2013). Since the underlying physics of the H-mode is not yet 
fully understood (see also (Wagner, 2007)), it is unsure whether the results from present day machines 
like JET can be scaled to ITER. Moreover, no design has yet been able to control the peak energy flux 
well enough to mitigate the effects on the divertor. Therefore, this uncertainty is likely to present itself 
during plasma preparations or operations in ITER, in the first or second period of the fusion roadmap. 
This means that it can delay the entire development of fusion energy. 
 
Altogether, controlling turbulence and uncertainties in fusion plasmas is an important research topic. 
Turbulence in the L-mode as well as ELMs are undesirable. However, it is currently unknown whether 
the H-mode can be controlled in reactors the scale of ITER. Research for the underlying physics and 
engineering developments have to produce a viable solution before competitive electricity production 
from fusion can be realized.  
 

4.2.3 Tritium breeding and handling 

This section discusses the problems with tritium as a fuel. The necessity to produce tritium in fusion 
plants and exhaust from the fusion plasma are addressed. Technologies in these fields are still under 
development, with important research planned in ITER and DEMO (Donné, et al., 2018).  
 
Since tritium is radioactive and has a half-life of 12.3 years, it is not found in nature (McCracken & 
Stott, 2005). This means that it must come from man-made sources. Projections for the availability of 
tritium for DEMO in the year 2055 indicate a maximum supply of 30 kg (Philipps, Wienhold, Kirschner, 
& Ruberl, 2002). Since fusion power plants will use more than 100 kg of tritium per year (ITER, 2019a) 
and need to produce enough tritium for the start of a new plant, large increases in production are 
required. Otherwise, large scale deployment of fusion energy will not be possible. 
 
Because of this, the aim is to produce tritium in the fusion reactor. This will be done in a breeding 
blanket (Rubel, 2018). Here, the neutrons from the fusion reactions between deuterium and tritium 
are used. These neutrons first react with a neutron multiplier, 9Be or 208Pb, to compensate losses from 
neutrons in the first wall. From there, the neutrons go on to react with lithium to produce tritium. 
 
To achieve a self-sustaining supply, a minimum breeding ratio (the ratio between tritium produced and 
used as fuel) of 1.1 is required (Rubel, 2018). Otherwise, processes like radioactive decay and 
deposition in the wall components will lead to a net loss of tritium. If this happens, the plant may run 
out of fuel, meaning operation has to stop until new tritium is obtained elsewhere. Moreover, there 
will not be enough reserves to start new fusion plants.  
 
In ITER, six different breeding concepts will be tested (ITER, 2019d). The experiments will start between 
the years 2030-2032 (Donné, et al., 2018). The results will lead the design for a breeding blanket in 
DEMO, where tritium self-sufficiency is one of the goals (Donné, et al., 2018). Therefore, problems 
with tritium breeding can present itself during the second and third period of the roadmap. This means 
that it can delay the entire development of fusion energy. Moreover, it turns out to be unfeasible, 
fusion energy may not be achieved along the lines of the European roadmap. 
 
In addition, tritium will be deposited onto PFCs during operation (Philipps, Wienhold, Kirschner, & 
Ruberl, 2002). This can lead to an accumulation of tritium on the wall, resulting in both a loss of fuel 
inventory and radio activation of the wall components. Licensing at ITER already showed that the 
presence of tritium on waste leads to problems (see also section 4.4.3): this waste is not allowed in 
disposal facilities (Izquierdo, et al., 2008). Thus, minimizing tritium losses is highly desirable.  
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One way to reduce tritium loss from the plasma may be exhaust pumping in the fuel cycle (Baylor & 
Meitner, 2017). This can be used to inject the lost tritium back in the plasma. However, significant 
developments are still required in this technology and not all tritium particles can be captured. 
Therefore, detritiation of PFCs is a necessary step. Important research for the tritium cycle and 
detritiation is expected to take place in the Hydrogen-3 Advanced Technology (H3AT) that opens in the 
year 2021 (Chapman, Morris, & collaborators, 2017). Therefore, the first problems can arise during the 
licensing of DEMO, starting in the second period of the roadmap (see section 2.2). 
 
Altogether, the use of tritium as a fuel for the fusion reaction leads to problems with fuel inventory 
and radioactive waste. As discussed, tritium breeding is needed to provide fusion plants with fuel and 
tritium exhaust from the plasma should be mitigated. However, important steps are still needed to 
resolve these problems. Problems encountered with tritium can delay or stop the entire fusion 
development. Meanwhile, the mitigation of tritium loss is needed to increase plant efficiency and 
resolve issues with waste disposal. 
 

4.2.4 Remote maintenance 

In a fusion reactor, human exposure to radiation must be limited. Therefore, maintenance must 
happen remotely (Donné, et al., 2018). This section discusses the difficulty and problems of designing 
a remote handling system. 
 
During operation of a fusion plant, plasma facing components become radioactive (McCracken & Stott, 
2005). Therefore, humans cannot perform maintenance in the vacuum vessel. This means that a 
remote maintenance system must be developed as was done at the Joint European Tokamak (JET) 
(Raimondi, 1989). 
 
There are, however, important differences between JET and future plants that pose new difficulties 
for the remote maintenance system (Buckingham & Loving, 2016). An example arises from the 
introduction of lithium breeding blankets. When a blanket segment needs replacement, the cooling 
pipes have to be disconnected. This means that they have to be rewelded when the new segment is 
inserted. This requires, however, the development of new remote welding techniques in the first place. 
 
Another issue is the handling of heavy loads (Chapman, Morris, & collaborators, 2017). The 
maintenance system may need to move groups of blanket modules with a total mass of nearly 100 
tons. Since it is not possible to make the ‘crane’ in a fusion plant many times heavier than a blanket 
module (as is done with most crane systems), new approaches have to be found. A concept for this is 
the Hybrid Kinematic Mechanism (Keep, Wood, Gupta, Coleman, & Loving, 2017). 
 
These examples show that there are significant challenges for a remote handling system. These 
challenges require additional developments before commercial use is possible. These challenges will 
be addressed by facilities like the Remote Applications in Challenging Environments (RACE) center and 
a new Fusion Technologies Facility (FTF) (Chapman, Morris, & collaborators, 2017). 
 
The final design of the remote handling system can also affect several aspects of a power plant. This 
leads to additional considerations for the design of the system. Examples are the downtime of the 
plant during maintenance and the designs of other systems.  
 
Crofts and Harman found large differences in downtime of the plant for different remote maintenance 
designs (Crofts & Harman, 2014). Their study for a DEMO concept shows that the replacement of all 
plasma facing components takes about 22 months is it is done by one remote handling system. 
Meanwhile, they found that the same task could be performed in about 6 months if four systems are 
used. Thus, the final design of the remote handling system can indeed significantly impact the 
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downtime of a plant. However, the choice for this design will depend on the benefits of a faster system 
compared to the extra costs. 
 
Another consequence of the implementation of a remote handling system is a more complex 
integration of different reactor systems. The system needs to be integrated in a power plant with 
systems like the magnets, blanket, divertor, fueling systems and measurement systems (Chapman, 
Morris, & collaborators, 2017). Therefore, requirements of one system can affect the design of 
another. 
 
Problems with the design of the remote maintenance system can be encountered in every tokamak. 
For ITER, the system is still being tested (ITER, 2018). For DEMO, conceptual design is planned in the 
first period of the European roadmap and further design and construction in the second (see section 
2.2). Thus, problems with the remote maintenance system can be encountered in the first and second 
period of the roadmap, possibly leading to delays in research. However, problems encountered in the 
commercial stage will delay the schedule for one project.  
 
Altogether, the development of a remote handling system for a fusion plant is a difficult task. Several 
developments are needed before a full system can be designed and implemented. From there, the 
design must be adapted to minimize costs and fit with other plant systems. This results in an economic 
tradeoff and increases the design complexity. 
 

4.2.5 Magnets 

There is a notion that the development of high temperature superconductors (HTS) can lead to benefits 
for fusion plants: the PPCS assumed that advances in superconducting technology leads to magnets 
that produce the same magnetic field as conventional technology, but at half the cost (Maisonnier, et 
al., 2005). This section discusses the prospect of HTS magnets for fusion development. 
 
The development of HTS magnets has become an important topic for fusion plants. This is because 
they have several benefits over LTS magnets, including a stronger magnetic field and operation at a 
higher temperature (Bruzzone, et al., 2018). Improvements in the magnetic field lead to a better 
plasma confinement and the high temperature means the cryogenic system can be simplified. This 
means that the tokamak can be simplified and reduced in size. In turn, the costs of a reactor may be 
reduced significantly. 
 
A conceptual design of such a reactor is the affordable, robust, compact (ARC) reactor (Sorbom, et al., 
2015). Here, the use of the HTS tape REBCO allows an on-axis magnetic field of 9.2 T at a temperature 
of 20 K. Compared with ITER, where a field of 5.3 T is reached at 4 K (ITER, 2019c), this reactor has 
several benefits, as discussed by the designers. The size and complexity of the reactor can be reduced, 
especially since the toroidal field coils are demountable. However, this requires the use of a liquid 
blanket. The simplification also leads to significant cost reductions: the grand total cost is estimated to 
be $5.5-5.6B, one fifth of ITER estimates of ~$24B.  
 
Thus, successful development of HTS magnets can significantly affect the design and costs of fusion 
plants. However, important steps need to be taken before application becomes possible (Bruzzone, et 
al., 2018). For example, prototypes must still be developed and tested under fusion relevant 
conditions. Also, prototypes built so far are short in length. Therefore, the industry must develop a 
manufacturing process for long length conductors. Moreover, a new protection system against 
damage from quenches must be developed. 
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Even if these developments are achieved, there is still a question for the commercial application of HTS 
magnets. The magnet structure in the ARC accounts for about 83% of the total reactor cost (Bruzzone, 
et al., 2018). In the PPCS, the magnet structure accounts for a maximum of 42% of the capital cost and 
30% of the COE (Maisonnier, et al., 2005). The difference comes from the fact that the REBCO tape is 
5-10 times as expensive as the Nb3Sn wire used in ITER (Bruzzone, et al., 2018). This means that the 
COE for an ARC-based commercial reactor is likely to be more sensitive to the magnet system. 
 
The European roadmap notes that the development of HTS technology may contribute to the DEMO 
design and cost reductions (Donné, et al., 2018). Application of the HTS magnet technology may 
become possible in the order of a decade, if enough funding is available (Bruzzone, et al., 2018), which 
means it may indeed be available in the second period of the roadmap. In that case it may influence 
the direction of development and design for fusion power plants, including DEMO. This may provide 
the knowledge and experience necessary to increase the economic competitiveness in an early stage.  
 
Altogether, the development of HTS magnets leads to different questions for fusion energy. Several 
issues must first be resolved begore application in fusion reactors is possible. Successful developments 
may then lead to simplifications in reactor designs and significant cost reductions, but at the cost of an 
increased sensitivity of the COE to the magnets. However, it is not sure at what point the application 
of HTS magnets in fusion reactors will be viable. To profit from the advantages as soon as possible, 
R&D should be funded. 
 

4.2.6 Technological improvements 

As a technology is deployed, more experience is obtained, leading to improvements in the technology. 
This process is referred to as technological learning (Simpson, Seidel, Byrne, & Woods, 2001). This 
section discusses the prospect of learning for fusion technologies by looking at projections of plant 
costs as well as experiences from fission. 
 
In the PPCS (Maisonnier, et al., 2005) researchers used a learning factor to estimate the effect of 
technological learning on the costs of future fusion power plants of different generations. In that way, 
cost reductions resulting from experience with fusion technologies could be estimated. The result was 
that the COE could be reduced by almost 45% between the 10th and 1000th plant. This shows that 
experience can possibly lead to very large cost reductions. However, the researchers already stressed 
that this should be considered a broad variation between early implementation and a mature fusion 
economy rather than an accurate prediction. 
 
There have been several studies which aim to analyze technological learning based on past experiences 
(see for example (Dutton & Thomas, 1984)). However, the use of such projections often leads to 
criticism (see for example (Nordhaus, 2009)), because they are based on historic data and assumptions. 
This means that projections carry intrinsic uncertainty. 
 
Experiences from fission show several factors that can affect the learning process and cost reductions 
(Neij, 2008). Generally, large-scale plants have an individual design and need to be built according to 
local conditions. This means that not all experience gained in one power plant is relevant for the next. 
This limits the learning process. In addition, long time scales are involved with plant projects. This 
means that a new project may already start when the previous is not finished. As a result, not all 
experience gained form one project can be applied in the following. An unforeseen factor that likely 
increased costs was the requirement of safety improvements. A driver for cost reductions was 
international competitiveness. Thus, lessons from nuclear fission show that there are uncertain factors 
that influenced the learning process and cost developments. 
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The European roadmap has laid out the path of fusion research and development. The close 
collaboration with the industry can stimulate the learning process in all three periods. However, the 
results of the learning process will become mostly evident in the commercial stage, when the principle 
of fusion energy is applied and improved. The actual rate of learning will then determine the pace of 
cost reductions and therefore the competitiveness of fusion on the electricity market. 
 
Altogether, improving technology can reduce the COE for a fusion plant significantly. At this point, 
however, it is hard to make accurate predictions for the learning rate of fusion, since these carry 
intrinsic uncertainty, as illustrated by experiences from fission. Therefore, it is not possible to 
determine the future development of the COE for power plants accurately. The future COE is 
important, however, since it influences the competitiveness of fusion on the energy market. Fast 
learning can increase the competitiveness of a technology quickly, while slow learning means that it 
takes long to achieve significant results.  
 

4.3 The second layer: uncertainties from the industry 
The second layer contains uncertainties that come from the industry. These uncertainties are related 
to the manufacturing of technologies. The uncertainties identified here are the supply chain, quality 
control and depletion of raw materials. 
 

4.3.1 Supply chain 

The development of fusion energy is accompanied by the development of several new technologies 
(see also sections 4.2.1 and 4.2.3). The European roadmap emphasizes a strong collaboration with the 
industry to provide the necessary knowledge of these technologies (Donné, et al., 2018). This section 
discusses problems identified in the current manufacturing for these technologies. 
 
The requirements of a fusion reactor ask for the development of new technologies (Stork, et al., 2014; 
Suri, Krishnamurthy, & Batra, 2010). For example, in DEMO and subsequent facilities, structural 
materials will have to withstand extreme conditions, like high neutron radiation. Therefore, new steels 
are being developed, like RAFM steels. Another example is the development of oxide dispersion 
strengthened (ODS) steel, a technique that may improve the RAFM steels. 
 
Several issues with the supply chain have already been identified for these materials (Surrey, 2019). 
There is, for example, no industrial supply chain for RAFM steel. Also, arc welding is difficult with RAFM 
and ODS steels. Therefore, designers have focused on different processes to join metals. These are, 
however, not yet licensed for nuclear applications. Also, for tungsten a specific manufacturing process 
had to be developed, even though it is widely available.  
 
Other identified issues come from tritium breeding (Surrey, 2019). The breeding blanket concepts 
come with first of a kind designs, which lead to complex manufacturing problems. The largest problem, 
however, comes with the enrichment of lithium. The isotope 6Li reacts better with neutrons that lose 
energy in the walls and blanket than 7Li. However, natural lithium contains roughly 7.59% 6Li (De 
Laefter, et al., 2003), which means enrichment is necessary. The problem is that there is no industrial 
process available for lithium enrichment, meaning there is no supply chain for enriched lithium.  
 
These examples show that the industry lacks several important technologies to deliver fusion 
materials. Developments are thus necessary to prepare industrial technologies. 
 
Currently, most facilities focus on the developments of materials and technologies for fusion facilities 
rather than their large scale production. Several are based in the United Kingdom (Chapman, Morris, 
& collaborators, 2017). Two research examples are the UKAEA Materials Research Facility (MRF) and 
the Remote Applications in Challenging Environments (RACE) center. Another research facility, the 
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Hydrogen-3 Advanced Technology (H3AT) facility, is scheduled to start operation in the year 2021. 
There, research will be conducted on tritium related topics. The research nature of such facilities 
means that they do not contribute to a solution for the problems in the industry. Other facilities will 
thus have to develop industrial technologies. 
 
A first step towards industrial scale production and testing of fusion relevant materials is the Fusion 
Technologies Facility (FTF) (Chapman, Morris, & collaborators, 2017), which is also planned to open in 
the year 2021. The FTF will consist of three sub-facilities. One facility will focus on small sampling 
techniques. Another will develop material joining and manufacturing technologies. will be developed. 
The last facility will provide a fusion-relevant environment for testing meter-scale components 
mechanically. These facilities can be a starting point to solve some issues in the industry. 
 
Problems with the inexperience of the supply chain already caused delays at the construction of ITER 
(European Commission, 2017). Problems may arise again with the construction of DEMO at the start 
of the third period of the European roadmap when the lessons from ITER and the IFMIF-DONES facility 
have been used for the development of new materials. This could delay vital research and therefore 
the development of fusion. On the other hand, if developments in the industry fall behind the 
developments in DEMO, the results from this facility cannot be deployed on a large scale for some time 
(Surrey, 2019). This leads to a delay of the commercial stage of fusion technology.  

 
A less severe consequence comes from the costs involved with production. If the industry has little 
experience with the production of fusion technologies, prices of components will be high until 
production processes become more efficient. This the learning process, an uncertainty described in 
section 4.2.6, applied to the industry. 
 
Altogether, the industry currently lacks capability when it comes to the production of fusion 
technologies. Planned facilities may provide a starting point to resolve some of the issues. However, 
not all problems have envisioned solutions. Moreover, it remains to be seen if and when the facilities 
succeed in the development of new technologies. If so, these technologies must still be adopted and 
licensed in the industry. This means that preparing an efficient industry can take a long time and should 
not be underestimated (Surrey, 2019). To prevent delays, future strategies should also include the 
development of industrial technologies rather than the development of fusion technologies. 
 

4.3.2 Quality control 

Due to the great complexity of a fusion power plant, many parties are involved with the production of 
components and construction. For ITER alone, over 2,800 contracts have been awarded for design and 
fabrication (ITER, 2019b). This section discusses the problem of controlling the quality of delivered 
components. 
 
A first issue arises from the research of first wall materials. The fact that there is no supply chain for 
RAFM steels (see section 4.3.1) means that there are no established quality control processes either. 
Developing control protocols suitable for fusion is not even fully possible yet since research on the 
effect of radiation must still be conducted on the large scale before a material is chosen, as discussed 
in section 4.2.1. This will start in the IFMIF-DONES facility, which is scheduled to open in the year 2029 
(see section 2.2). 
 
A more concrete example comes from the divertor tiles for DEMO (Surrey, 2019). These components 
consist of a tungsten mono-block that is mounted on a copper cooling pipe. To minimize stress in the 
copper, a layer between the tungsten and copper is required. The manufacturing then leads to a 
hidden joint which is hard to inspect. Since approximately 800,000 mono-blocks will be required, this 
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leads to a problem with efficient quality control. A similar issue is likely to emerge at the first wall 
(Surrey, 2019). 
 
The problems discussed above are identified for components for the DEMO reactor. Lessons from ITER 
show that quality is an important consideration during the licensing process of a fusion plant 
(Rodriguez-Rodrigo, Elbez-Uzan, & Alejadre, 2009). This means that problems with quality control can 
lead to problems of licensing for DEMO, scheduled in the second period of the roadmap. This can lead 
to delays in the DEMO project and thus the development of fusion. The same problem can arise in the 
commercial stage of fusion plants.  
 
In addition, insufficient quality control may lead to the use of components that break down earlier 
than anticipated. This leads to increasing downtime and costs for the plant, meaning the COE will 
increase, thereby decreasing the plant’s competitiveness.  A more severe consequence may be the 
failure of safety systems. This may then lead to the release of radioactive dust and tritium into work 
spaces or even the environment (Taylor, et al., 2012). In the long term, this can have different 
consequences. If plants consistently face the problem of breakdowns, fusion energy may become 
commercially unattractive. Moreover, if the public loses faith in the technology because of consistent 
problems, fusion may come to face a situation similar to fission (see section 4.4.1). 
 
A recent example of the dependence on contractors is the partial collapse of a parking garage at 
Eindhoven Airport on May 27, 2017, a month before opening. In this case, the contractor decided to 
rotate plates in the floor by a quarter turn compared to conventional design (OVV, 2018). This was 
done without looking at the consequences. One of the results of the collapse was a financial setback 
for both companies due to direct damage (Burg, 2019). 
 
Altogether, quality control is an important consideration. Sources of potential problems have already 
been identified. Quality control is important, however, since it influences the licensing process and can 
prevent unanticipated breakdowns.  
 
To minimize the chances that inadequate work is delivered, the owners of fusion plants must provide 
supplying parties with clear requirements for components. Moreover, the suppliers can be analyzed 
before they receive a contract. This can be done by using a business process maturity model. A review 
of such models is the work of (Röglinger, Pöppelbuß, & Becker, 2012). 
 

4.3.3 Depletion of raw materials 

Many publications about fusion energy are very optimistic about its fuels: the fuels are so abundant 
that depletion cannot be foreseen in the long run (see for example (Nutall, 2008)). However, the 
technologies used in fusion plants will use different raw materials. This section discusses the possibility 
of depletion of raw materials that form the basis of envisioned fusion technologies. 
 
The EU Roadmap Materials Assessment Group recommended several baseline materials for a DEMO 
reactor based on R&D activities (Stork, et al., 2014). These included reduced activation ferritic 
martensitic (RAFM) steels as a structural material (EUROFER in the EU), tungsten as a plasma facing 
material and copper as a high heat flux material. Important substances for EUROFER will be iron, 
chromium, tungsten, vanadium, manganese, tantalum and carbon (Suri, Krishnamurthy, & Batra, 
2010). Other important materials come from the breeding blanket and include beryllium and/or lead 
for neutron multiplication (Suri, Krishnamurthy, & Batra, 2010). If the development of these materials 
turns out to be successful, they can be adopted in future fusion plants. 
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A study by Bestwick et al. from the first stage of the PPCS made projections of the availability of 
materials that may be used in fusion reactors (Bestwick, Riley, & Moscrop, 2000). The research 
compared projected reserves and demands of raw materials in the year 2050 with the demand from 
1,000 fusion power plants of three different plant models. Several issues were identified in this work, 
for example with tantalum and lead. Depending on factors like current use, the growth of use and 
recycling rates, depletion could be reached within 50-100 years but also take long (over 400 years). 
Similar results were found for materials that may be used in other components of the reactor. 
 
The study by Bestwick et al. also challenged the idea that fusion fuels are almost inexhaustible. For a 
plant model without neutron multiplier, larger quantities of lithium must be used: between 3 and 10 
times as much as for models with a neutron multiplier. According to the research, depletion may then 
become a threat if lithium use would drastically increase due to the use in batteries. Developments in 
the past decade show that this has indeed happened, leading to questions about the long-term growth 
and limitations of lithium use and the accompanied price developments (Kavanagh, Keohane, Garcia 
Cabellos, Loyd, & Cleary, 2018). 
 
Since there is no prospect of even nearly 1,000 fusion power plants in the three periods of the 
European roadmap, depletion is not likely to pose a threat before the commercial stage. However, the 
prospect of depletion can direct the developments of fusion technologies described in sections 4.2.1 
and 4.2.3 (Bestwick, Riley, & Moscrop, 2000). For example, prospective depletion of lead would favor 
the development of a breeding blanket with beryllium as a neutron multiplier. Such developments may 
take place in the second period of the roadmap, where results from ITER are expected to guide the 
decision of a breeding blanket for DEMO (Donné, et al., 2018). This may lead to delays and additional 
costs for research if the favored solution turns out to not be viable.  
 
If a material is depleted in the commercial stage, plant components can only be produced from 
recycled materials. This limits the number of new reactors that can be built. Therefore, new R&D 
activities will be required to develop components from different materials. This means, however, that 
plant designs will have to be altered as well.  
 
Depletion may also affect the market price of a material. Research shows that prospective scarcity of 
minerals does not affect the market price (Heckens, Van Ierland, Driessen, & Worrell, 2016). However, 
they also expect significant increases in extraction costs when extraction is forced to shift from ores to 
common rock and seawater. The costs are expected to stabilize at a high level, meaning the materials 
would become more expensive. This would ultimately increase the COE of a fusion power plant. 
 
Altogether, depletion of raw materials for fusion components like the breeding blanket or first wall 
may become a problem for future fusion plants. However, the rate of depletion cannot be predicted 
precisely because it depends on factors like the growth of use of a material and future recycling rates. 
Consequently, the future manufacturing and development of components for plants as well as the COE 
may be affected at different stages in the development of fusion energy. 
 

4.4 The third layer: political and social uncertainties 
The third layer contains uncertainties that come from the public and all levels of governmental 
organizations. The uncertainties identified in this layer are the public opinion, the allocation of public 
funds, unprepared regulation and the security of supply. 
 

4.4.1 Public opinion 

This section discusses the role of public opinion in the development of fusion energy based on 
experiences from nuclear fission and ITER, as well as the role ITER can play in the formation of this 
opinion. 
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After accidents with nuclear reactors, many people started protesting the construction and operation 
of these reactors. Political parties even took initiatives to start such protests (NOS, 2011). The safety 
concerns were cause to close nuclear power plants in several countries (see for example (Breidthardt, 
2011; Kanter, 2011). Moreover, during debates for the Dutch elections for the European parliament in 
the year 2019, only one political party was in favor of nuclear energy (NOS, 2019). According to data 
from the World Nuclear Association (World Nuclear Association, 2019) the global electricity generation 
from nuclear energy dropped in the years 2011 (when the accident in Fukushima happened) and 2012. 
The total drop was over 10% of the capacity generated in the year 2010. In the year 2018, the 
generated capacity was still below that generated in the year 2010. Thus, the public opinion has led to 
caution in the long term when deploying the nuclear technologies.  
 
This situation is not favorable for fusion: research shows that people evaluate nuclear fusion more 
negatively when there is a semantic (verbal) connection with nuclear fission (Koster, 2008). Research 
in an optional location for ITER, namely Porto Torres in Italy showed the experiences with nuclear 
fission can indeed affect the deployment of fusion technologies (Borelli, et al., 2001). The researchers 
initially encountered strong resistance in the local community for the coming of the project. This was 
the result of the abandonment of nuclear power as an option for energy after the accident in 
Chernobyl. However, after an extensive awareness process, people were open to the coming of ITER.  
 
Currently, fusion development is generally favored because of its large promises (Ingelstam, 1999). 
However, Kay explained that public and political support for scientific developments with a large time-
scale and much interest can quickly diminish in case of setbacks (Kay, 1994). This means that setbacks 
in the ITER project, where the feasibility of fusion energy must be demonstrated, may lead to a 
decrease in support for fusion energy. The same holds for DEMO, where the commercial viability must 
be demonstrated. Possible causes for setbacks in ITER and DEMO were discussed in sections 4.2.1, 
4.2.2, 4.2.3 and 4.2.4.  As discussed above, experiences from nuclear fission show that such a decrease 
in support can inhibit the deployment of nuclear technologies. Since the results from ITER are obtained 
in the second period of the fusion roadmap and those for DEMO in the third period, this might hinder 
or prevent the realization of fusion energy along the European roadmap.  
 
In addition, research in the cost developments of fission power plants state that improvements in 
safety have inhibited cost reductions through technological learning (Neij, 2008). Therefore, safety 
concerns amongst the public may also become a cause for additional costs for fusion plants, which will 
be a concern mostly in the commercial stage. 
 
Altogether, the public opinion can play an important role in the development of fusion energy. Past 
experiences show that the public opinion can hinder the deployment of nuclear technologies or lead 
to increasing costs. For fusion development, this may hinder development of technology following the 
second period of the roadmap or decrease deployment and competitiveness in the commercial stage. 
 

4.4.2 Allocation of public funds 

The budget for EUROfusion comes from the European Commission (EUROfusion, 2019a). This means 
that it depends on decisions made by the involved politicians. This section discusses how 
developments at ITER have affected the opinion of politicians and how events in the future can 
influence their support.  

 
A report on the EU’s contribution to the reformed ITER project shows the results of 5 years delay in 
construction (European Commission, 2017). Additional costs for Europe are a total of €5.7 billion after 
the year 2020. On April 12, 2018 the Council of the European Union mandated the European 
Commission to approve the new ITER baseline (EU Council, 2018). This did not go without a notice of 



20 
 

the past budget and regrets about the delays and cost overruns. Moreover, during a vote on a budget 
proposal for ITER on January 15, 2019, some Members of the European Parliament expressed their 
displeasure for the ITER project (Morgan, 2019). One member stated that they should “get out of this 
Promethean dream” and that “energy control and the development of renewable energies should be 
the priority”. This shows that the delays and budget overruns are indeed cause for opposition. 
 
Following the observations of Kay again (Kay, 1994) (as in section 4.4.1), ITER can play a decisive role 
in the opinions of politicians. If politicians decide to stop funding fusion R&D following setbacks in the 
ITER project, no funding will be available following the second period on the roadmap. Therefore, 
further development of fusion energy may become impossible, meaning it will not be realized along 
the path of the roadmap. 
 
There are many cases where funding and development stops because results or costs are 
disappointing. An example is an ICT project from the Dutch authority on food and goods (NVWA) 
(Rutten, 2019). Here, severe cost overruns were reasons to stop the project. Another example is the 
choice of Nintendo to stop with the development of games for the Wii U because sales were 
disappointing (Radar, 2017).  
 
Altogether, the budgets for future fusion research facilities are not secure. If ITER does not yield 
satisfactory results, more politicians may come to share the view that fusion is a dream or a sinkhole 
for money. This may lead to an abandonment of further fusion research. 
 

4.4.3 Unprepared regulation 

This section addresses problems that may come from unprepared nuclear regulation. This is based on 
experiences from the licensing process of ITER and political decisions.  
 
Lessons learned during the licensing process of ITER show that there are several shortcomings in 
current regulations (Izquierdo, et al., 2008). The main issues were identified in the classification of the 
Vacuum Vessel, the technical codes for buildings and the storage of radioactive waste. First of all, 
additions and specificities had to be made to an existing nuclear pressurized vessel code. Otherwise, 
the Vacuum Vessel could not be incorporated, meaning there would not have been a clear regulatory 
and technical basis for it. Secondly, a specific ITER technical code for buildings had to be made to 
account for the configurations and loads of a fusion nuclear plant. At last, problems arose because not 
all nuclear waste from ITER is currently allowed in surface disposal facilities. Therefore, tritiated waste 
must be stored on the ITER site. Some of this waste will not be removed before the dismantling phase. 
The report emphasizes that every country will have to make changes in their radwaste process and 
acceptance criteria to enable disposal of waste from fusion plants. 
 
The three examples show that current regulations are not adequate to deal with fusion power plants. 
This means that changes must be made so licensing processes can become more efficient and nuclear 
waste can be disposed in time. Developments in the U.S. show, however, that there is little motivation 
amongst politicians to introduce the necessary changes in the short term. On April 20, 2009 the U.S. 
Nuclear Regulatory Commission (NRC) received a policy issue on this topic (U.S. NRC, 2009b). The goal 
of the issue was to convince the Commissioners to exercise regulatory jurisdiction over fusion devices.  
The Commissioners’ response was to postpone the recommended actions (U.S. NRC, 2009a). They 
acknowledged that changes in regulation are necessary to accommodate for fusion technologies. They 
believed, however, that actions should be postponed until the commercial deployment of fusion 
becomes predictable.  
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More recently, the U.S. Senate Committee on Environment and Public Works presented the Nuclear 
Energy Innovation and Modernization Act. This became a public law in January 2019 (U.S. Congress, 
2019). One of the goals of the act is “to provide a program to develop the expertise and regulatory 
processes necessary to allow innovation and the commercialization of advanced nuclear reactors”. 
While the act gives a little attention to fusion reactors, it does not cover any of the problems already 
encountered during the construction of ITER. These examples show that although there is concern for 
regulatory issues, the matters are not perceived as pressing and therefore postponed. 
 
A basis for regulatory improvements may come from the IAEA. The IAEA provides basic safety 
standards for nuclear activities (IAEA, 2014) and guides for the development of regulations (IAEA, 
2018c). These include radiation dose limits, transport of radioactive materials and the prevention of 
accidents. So far, however, they have not provided documents that address standards for fusion power 
plants.  
 
For fission plants, such documents are readily accessible. An example is Safety of Nuclear Powerplants: 
Design (IAEA, 2012). This series provides safety standards for designs of fission plants, which can be 
used by authorities as a base for their regulatory frameworks. If the IAEA can develop such documents 
for fusion plants, these may stimulate improvements in regulation. 
 
Problems with regulatory frameworks can be encountered at the start of any fusion project. This is 
most likely to occur at the first plants, including DEMO in the second period of the roadmap and 
reactors in the beginning of the commercial stage of fusion. Encountered problems may lead to delays 
and extra costs if plants have to make late adaptations (Izquierdo, et al., 2008). In the case of DEMO 
this may lead to a delay in the overall development of fusion energy. Therefore, project owners should 
timely initiate discussions with the nuclear authorities of their host country, as suggested by (Izquierdo, 
et al., 2008). In that way, key issues in regulations can be identified at an early stage. When more 
experience with fusion plants is obtained, documents from the IAEA may provide a basis for regulatory 
frameworks. 
 
Altogether, current regulatory frameworks are insufficient to deal with the construction of fusion 
plants. Because of this, changes in French regulations had to be made during ITER licensing. In other 
countries there is, however, little initiative to make alterations. This may lead to problems for future 
plants, because they may face issues like the ones encountered in France if regulations are not updated 
in time. The consequences can then be delays in the licensing process or construction, accompanied 
by extra costs. If this happens in the DEMO project, the developments of fusion technologies may be 
delayed.  
 

4.4.4 Security of supply 

Section 4.3.3 discussed that fusion energy may face the risk of material depletion. There is, however, 
another way that access to materials for fusion plants can be restricted. This section discusses 
problems that may arise in the supply of materials when the majority of a raw material is located in 
one or a few countries. 
 
The work of Bestwick et al., used in section 4.3.3, also looked into the geographical restriction of 
materials relevant for fusion (Bestwick, Riley, & Moscrop, 2000). The researchers found that the 
majority of production and reserves of several materials are found in a small number of countries. 
Their results include the following: more than 75% of production and reserves of niobium is located in 
Brazil; the U.S. produces more than 75% of the total helium and beryllium supply; China produces more 
than 75% of the total tungsten supply; more than 75% of lithium reserves is found in Bolivia and Chile; 
and more than 75% of Chromium reserves is found in South Africa and Zimbabwe.  
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These materials are all options for technologies of future fusion plants (Suri, Krishnamurthy, & Batra, 
2010): niobium for the magnets, helium for cooling and extracting tritium from the breeder, beryllium 
as a neutron multiplier and tungsten on plasma facing components. This means that multiple 
important materials for fusion technology are controlled by a small number of countries. 
 
There are several situations in which the government a country may want to impose limits on the 
export of the material (Gandolfo, 2014). This is most likely to happen when the material faces 
depletion. In that case, the government can take measures to protect domestic markets from foreign 
competition. This is known as a policy of protectionism. Another reason to regulate export is to put 
pressure on other countries to obtain political benefits. 
 
There are different measures authorities can take in these situations (Gandolfo, 2014). The most 
straightforward one is to impose taxes on export, which increases the price foreign companies pay for 
the material. Another example is the limitation of the amount of allowed import or export of a 
commodity, called a quota. Imposing quotas limits the supply, meaning the material becomes more 
difficult to obtain.  This becomes an embargo when no export of the material is allowed. 
 
An example of protectionism can be found at the start of the ‘banana war’ (Shah, 2010). Around 1975, 
the EU wanted to support banana farms in former colonies. Therefore, trade agreements were made 
to guarantee access to the European market. This hurt other companies like Chiquita, which was U.S.-
based. This situation led to tension between the EU and the U.S., resulting in a tax war. This example 
shows that the use of protective measures is an easily used tool that can have serious consequences.  
 
Security of supply is not likely to become a significant problem within the three periods of the European 
roadmap, since only two fusion plants will be built in this time. The materials for these plants may still 
be obtained elsewhere or bought more expensively. However, in the commercial stage, the problem 
may become more significant. As was the case with the prospect of depletion (see section 4.3.3), the 
prospect of issues with the security of supply may steer the development path of fusion technologies 
or require new developments in the commercial stage. However, limited supply of the material may 
also limit the possibility to construct fusion plants. Meanwhile, increasing prices may decrease the 
competitiveness of fusion on the electricity market. 
 
Altogether, the supply of materials for fusion technologies may not be secure if a country has much 
power over the material. Important materials here are niobium, helium, beryllium and tungsten. The 
authorities of the country may increase the prices of the material or limit the supply. This can decrease 
the competitiveness of fusion plants or hinder their construction, respectively.  
 

4.5 The fourth layer: market uncertainties 
The fourth layer contains uncertainties that come from markets. These uncertainties come from both 
developments in the electricity market and from other markets. The uncertainties identified in this 
layer are electricity demand, competition, the replacement of fossil fuels, market prices and investors. 
 

4.5.1 Electricity demand 

The goal of fusion developments is to generate electricity in a sustainable way. Therefore, its future 
also depends on the demand for electricity. This section discusses factors that will shape the future 
electricity demand. 
 
Electricity is part of the energy mix. Therefore, the total energy demand is a first basis for electricity 
demand. Overall, the energy market is expected to grow (IEA, 2018a). However, the extent of this 
growth depends on multiple factors that cannot be predicted with certainty. As discussed below, 
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population growth and the developments in countries are uncertain factors in the growth of energy 
demand.  
 
Figure 4 shows projections of the worldwide population growth in different scenarios (United Nations, 
2019). Evidently, population growth is expected until the year 2050. From there, different scenarios 
can take place. It is most likely that the growth will gradually stagnate, maybe leading to a decline in 
population. However, there are also chances that either the growth will accelerate, or that a decline 
starts early. This leads to a 95% chance that the world population in 2100 lies between approximately 
9.8 and 13.2 billion people, which is a large difference (almost 35% of the lower limit). Population 
growth is expected to increase energy demand (IEA, 2018a). However, the extent of this effect is 
evidently uncertain.  
 

Meanwhile, research has shown that energy consumption has a positive effect on economic growth 
(Gozgor, Lau, & Lu, 2018). This means that in developing countries (like China and Brazil), energy 
demand is likely to rise in the foreseeable future. Moreover, undeveloped countries (mainly in Africa) 
may have potential growth for the energy market in the long run. Thus, energy demand is likely to 
grow in these countries. 
 
At the same time, however, developments in countries that are further developed start leading to 
decreases in energy demand (IEA, 2018a). For example, more stringent energy performance standards 
in developed have led to increases in energy efficiency. As a result, electricity use declined in eighteen 
of thirty IEA member economies since 2010.  
 
However, other developments may again lead to an increase in electricity demand. These include a 
shift to lighter industrial sectors and the development of new technologies to reduce the use of fossil 
fuels (IEA, 2018a). If economies replace heavy industry with light industry, services or digital 
technologies, electricity becomes an increasingly important resource for operation. Therefore, 
electricity demand is likely to grow during such developments. 

Figure 4: projections of the world population in different scenarios (United Nations, 2019). 
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An example of technologies in transition is the development of electric cars. A briefing from the 
European Environment Agency (EEA) illustrates the effects of large-scale use of electric cars in 2050 
(EEA, 2017). The assessment shows that electric cars can account for 9.5% of total electricity demand 
if 80% of the EU driven cars are electric by 2050. This would lead to an additional 150 GW of needed 
electrical capacity compared with 2014, when electric cars only accounted for about 0.03% of 
electricity use1. Thus, electricity demand will grow if electricity has to replace other energy sources. 
 
The level of electricity demand is most important in the commercial stage of fusion development. At 
the start of this stage, a large market may facilitate market entry, but a small market may make entry 
difficult. After the market entry of fusion, electricity demand can affect the growth of the deployment 
of fusion technologies in a similar way. 
 
Altogether, the development of electricity demand is unpredictable. There are strong indicators that 
the electricity demand will increase in the future. There are, however, also developments that inhibit 
the growth of demand. Moreover, the extent of increase still has to be sufficient to allow fusion in the 
energy mix. If fusion can become a commercial player when growth in electricity supply is most 
necessary, it may obtain a significant market share. However, if it is not ready in time, the market may 
become saturated before fusion has the chance to enter.  
 

4.5.2 Competition 

Currently, fossil fuel based power plants are the dominant players in the electricity market: Figure 5 
shows the composition of worldwide electricity production in 2016 according to the IEA (IEA, 2018b). 
However, renewable power sources are increasingly present. This means that there will be many 
competitors on the market at the start of the commercial stage of fusion. The developments of the 
competition will determine the level of competitiveness and future market share for fusion energy. 
This section looks at some well-known energy technologies for the future. 
 
The Levelized Cost of Electricity (LCOE) for different energy technologies depends on different factors. 
A 2015 collaborative document from the International Energy Agency (IEA) and Nuclear Energy 
Associations (NEA) looks into the LCOE for plants that start operation in 2020 (IEA & NEA, 2015). The 
researchers performed a sensitivity study to test their results. This was done by adjusting parameter 

                                                           
1 For these results it should be noted that a reference projection from the European Commission assumed only 
8% of the cars would be electric, in which case electric cars would account for 1.3% of the electricity demand 
(EEA, 2017). 

Figure 5: fractional contributions to electricity 
production in the year 2016 (IEA, 2018b). 
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by ±50%. They found different key drivers for natural gas, coal, nuclear, solar PV and onshore wind 
energy plants. 
 
For gas and coal, the largest impact on LCOE came from fuels costs. Large variations in these prices are 
not uncommon (IEA, 2019) but leave little room for influence through developments. However, 
changing the carbon costs for coal leads to a ~15% change in LCOE. The carbon costs are subjected to 
mainly regulation, but emission can be reduced by using carbon capture and storage (CCS). However, 
this can increase the overnight costs by up to 40% (U.S. EIA, 2016). Varying the capital costs for a coal 
plant leads to changes in the LCOE of up to ~10% (IEA & NEA, 2015), so this will lead to a tradeoff based 
on the reduced emission and extra costs involved. (Section 4.5.3 addresses the fact that these sources 
will eventually be removed from the electricity market.) 
 
For solar PV and onshore wind plants, the COE was the most sensitive to the capacity factor. It can 
decrease the LCOE by ~30% and increase it by up to ~100% for both. However, the capacity factor 
depends mainly on the weather. A report from the U.S. Energy Information Administration (EIA) shows 
the fluctuations in these factors (U.S. EIA, 2019). Depending on the time of year, the capacity factor 
for wind varied between 21.8% and 44.8%. For solar PV, the limits are 12.7% and 35.9%. There are 
ideas to reduce these variations by using a so-called SuperGrid (Blarke & Jenkins, 2013). This allows 
energy production in remote areas where capacity factors can be maximized (see section 4.5.3). In 
addition, the sensitivity analysis shows that changes in the overnight cost and lifetime of these 
technologies leads to changes in the LCOE of 40% and 60%, respectively. Therefore, technological 
developments can lead to significant cost reductions. 
 
Another renewable energy source is hydropower. In the year 2014, plans for and construction of new 
hydropower plants were estimated to increase the production of hydroelectricity by 73% within 2 
decades (Zarfl, Lumsdon, Berlekamp, Tydecks, & Tockner, 2015). Figure 6 shows that hydropower 
already accounted for 16.3% of the global electricity production in the year 2016. This means that 
hydropower is already a strong player on the electricity market.  It does, however, have several 
disadvantages (Okot, 2013). For example, hydropower may lead to resettlement of communities and 
affect ecosystems. Moreover, hydropower faces a geographical limitation, since water flows are 
required for electricity production. The construction of planned dams would lead to an exploitation of 
39% of all technically feasible hydropower potential (Zarfl, Lumsdon, Berlekamp, Tydecks, & Tockner, 
2015). These factors may limit the expansion of hydropower in the future. 
 
At last, biomass may also become a significant player on the energy market. Research shows its 
potential, advantages and disadvantages (Demirbas, Balat, & Balat, 2009). In the year 2009, biomass 
10-15% of the world’s energy demand and market shares of 10-50% are expected until the year 2050. 
Applications outside electricity (like heat) may also reduce the need to develop technologies that use 
electricity instead of other energy sources (which was discussed in section 4.5.1). Thus, the potential 
for biomass is great, especially since the fuels are abundantly available. However, biomass also has 
disadvantages. It may lead to deforestation and there can be no net gas emission for a renewable 
energy source. This poses limits on the application of several techniques that use biomass to produce 
energy. 
 
For the development of fusion, the competition is important in the commercial stage. The capacity of 
electricity generated by competitors determines whether an additional electricity source is necessary 
at the start of this stage. Moreover, the COE of the competition influences the competitiveness of 
fusion electricity. If fusion turns out to be expensive, it will be unattractive. In turn, the market share 
may remain small  if any is obtained. 
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Altogether, competitors on the electricity market can still increase their cost competitiveness and 
market share. However, they also face issues that can limit cost reductions or application. Therefore, 
there is much uncertainty in the composition of the future electricity market. As a result, the possible 
role and competitiveness of fusion on the electricity market are uncertain. 
 

4.5.3 The replacement of fossil fuels 

Currently, fossil fuels have a very large share in the energy market. However, these fuels emit 
greenhouse gases and face depletion. Therefore, they will be removed from the market, which may be 
an opportunity for the deployment of fusion. This section discusses how governmental policies and 
depletion may affect the market share of fossil fuels and how this share may be filled by other sources. 
 
Figure 5 shows that fossil fuels delivered about 65% of the global electricity supply in the year 2016. 
However, these fuels face depletion and contribute to climate change. The rate at which this will 
happen depends on governmental policies and the rate of depletion.  
 
Governmental policies that influence the transition of energy sources are based on climate change. 
This should be achieved by limiting the CO2 emissions and concentrations in the atmosphere (see, for 
example, the Paris Agreement (United Nations, 2018). However, scenario analysis show that different 
limits will lead to different market shares for fusion on the electricity market (Cabal, et al., 2012). For 
example, fusion would not enter the energy mix if no limits are imposed, but a market share of 36% 
may be reached by the year 2100 when the limit is set at 450 ppm.  
 
Meanwhile, it is unsure when fossil fuels will be depleted. Some researchers say that the world may 
run out of oil and gas nearing the year 2045 and out of coal nearing the year 2115 (Shafiee & Topal, 
2009). However, the researchers note that differences in consumption patterns can extend this by at 
least several decades. Moreover, the discovery of additional reserves may increase supplies as well. 
 
It is evidently uncertain when fossil fuels will leave the energy mix. Nonetheless, fossil fuels will have 
to be replaced sometime. When this happens, a large part of the market opens up in the form of 
baseload electricity production. Fusion is one of the candidates to fulfill this role, since fusion power 
plants can operate in a (quasi-)steady state. However, there is disagreement about the need for a new 
baseload electricity source. In addition, there are other sources that could fulfill this role as well. 
 
The need for a baseload electricity source is disputed. Opposers state that baseload electricity is myth 
with the goal of protecting the fossil fuel industry (Parkinson, 2016). They state that fossil fuels can be 
replaced by intermittent electricity sources, like solar and wind. This can be done by implementing a 
SuperGrid, SmartGrid, or maybe even a SuperSmartGrid (Blarke & Jenkins, 2013). With a SuperGrid, 
large scale electricity production can take place in remote areas and be stored and transported to 
urban areas. A smart grid, on the other hand, would use active communication to distribute electricity 
from places with excesses to places with shortages. However, these grids face high development costs 
(Blarke & Jenkins, 2013) and a limited storage capacity (Sinn, 2017). 
 
Competition for baseload electricity production may also come from other sources. An important 
competitor is then hydropower. Section 4.5.2 discussed that hydropower has a large prospect for 
growth on the energy market, but also has drawbacks and limitations. 
 
Altogether, the departure of fossil fuels from the electricity market is an important uncertainty in the 
development of fusion. It is currently uncertain when exactly this part of the market will open. 
However, in the projection of (Shafiee & Topal, 2009), this will still be an ongoing process in the 
commercial stage of fusion energy. In addition, there will be competition from both intermittent and 
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baseload renewable energy sources. Therefore, the gap in the market may be a nice opportunity for 
fusion if the timing is right, but it may also be filled by other electricity sources. 
 

4.5.4 Market prices 

The prices in markets are known to change over time. This section discusses the effect of changing 
market prices on the development of fusion energy.  
 
Market prices can be rather unpredictable, especially in the long run: Figure 6 shows price 
developments for tungsten and tantalum. The Roadmap Materials assessment group recommends 
tungsten as a plasma facing material and EUROFER as a structural material (Stork, et al., 2014). 
EUROFER is composed for almost 90% of iron, but also contains much more expensive elements like 
tantalum (Suri, Krishnamurthy, & Batra, 2010). 
 
Figure 6 shows price increases of more than 500% for iron and price decreases of over 50%. This means 
that the price developments can be very large. This will, however, influence the costs for a fusion 
power plant and therefore its economic competitiveness. To get a sense of the impact market prices 
can have, one can look at the projected COE of a power plant. An illustration can be made by looking 
at Annex 11 of the PPCS (Maisonnier, et al., 2005). Figure 7 shows the breakdown of the COE and 
capital cost. Large contributions come from the capital costs (~70%) and the repairments (~ 15% in 
total). Important contributions to the capital cost are the magnet with cryostat and the buildings with 
construction site. 
 
A more specific illustration can be made by looking at the construction material EUROFER, which is 
found in the first wall and breeding blanket (Suri, Krishnamurthy, & Batra, 2010). The blanket/first wall 
contributes about 4% to the capital cost and roughly 4% to the COE due to repairments. That means 
they contribute ~6.8% to the final COE. 
 
However, capital costs also include costs like construction and interest costs and repairment costs also 
need to consider similar costs. Moreover, the prices for these components also depend on the 
manufacturing costs. This means that the 6.8% is not representative of the contribution of raw 
materials to the COE. Therefore, the material contributions will likely be much lower. However, large 
price fluctuations as in Figure 6 can then still have a significant impact on the COE.  
 
The same line of reasoning can be applied to other cost components. This includes the materials for 
the magnets and divertor, but also for non-fusion materials like concrete. Moreover, the market prices 
for land can also significantly affect the COE: the PPCS shows that the costs for the building/site 
contribute between 18 and 32% to the capital cost. The contributions to the COE of these cost 
components are, in the PPCS, larger than that of the blanket and first wall, meaning fluctuations in 
these markets will have a larger impact. Changing market prices can affect all fusion plants that will be 
built. Price changes in the three periods from the European roadmap can affect ITER and DEMO. This 
is not relevant for the competitiveness but might lead to additional budget overruns and their 
consequences (see section 4.4.2). Changing market prices in the commercial stage can affect the COE 
and therefore competitiveness of a power plant. 
 
Altogether, price developments in several markets are an important uncertainty for fusion plants. Price 
fluctuations can be very large and can therefore have a significant influence on the costs for a plant. 
This can affect both experimental as commercial reactors. 
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Figure 6: a historic overview of the commodity prices of tungsten (top) and tantalum (bottom) per metric ton (Metalry, 
2019). The real price is colored yellow, the price adjusted for inflation is colored blue. 
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4.5.5 Investors 

When fusion electricity becomes commercial, investors have to be found for power plants. However, 
the first generation of commercial plants will carry a lot of uncertainty for investors. This section 
discusses how this can affect fusion power plants. 
 
According to the PPCS, the COE of a fusion plant is sensitive to the discount rate used in calculations, 
because the capital costs are high (Maisonnier, et al., 2005). The discount rate is the rate at which cash 
flows are discounted to determine the value of a cash flow at different points in time (Berk, DeMarzo, 
& Harford, 2015). This means that it can be used to estimate the costs and value of a long-term project.  
 
The real discount rate depends largely on the return asked by investors, who base the decision on 
which project to invest in and the return they ask on the risk of losses and term of the investment 
(Berk, DeMarzo, & Harford, 2015). This is where the problem for fusion lies.  
 
 

Figure 7: the breakdown of the COE (top) and the capital cost 
(bottom) into fractional contributions  in the PPCS (Maisonnier, 
et al., 2005). 
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Currently, fusion energy is still in a stage of development. Therefore, proof of profitability of a 
commercial reactor does not exist yet. Even if ITER and DEMO succeed, there is no guarantee that a 
first generation power plant will live up to expectations. An example of the risk of losses comes from 
the early breakdown of components, described in section 4.3.2. Because of such risks, investors will 
likely ask for high return rates or choose for a safer investment at the start of the commercial stage.  
 
The term of the investment is based on the payback period of the investment (Berk, DeMarzo, & 
Harford, 2015). This period depends on the size of the investment and the profits of the power plant. 
For fusion plants with a lifetime of over 40 years, the overnight costs are responsible for most of the 
COE (Entler, Horacek, Dlouhy, & Dostal, 2018; Maisonnier, et al., 2005). This requires high upfront 
investments, leading to a long payback period. In turn, this leads to a high return asked by the investors 
or the choice for a different project. However, as discussed in sections 4.2.5, 4.2.6, 4.3.3, 4.4.4 and 
4.5.4, the actual overnight costs of fusion plants are uncertain, which means the returns asked by 
investors cannot be predicted either. 
 
An additional issue comes from the subjectivity involved. Investors may perceive the risks of a project 
differently. In turn, the return rates they ask can be significantly different. This is illustrated by a survey 
from economic consultancy agency Grant Thornton (Grant Thornton, 2018). The agency asked 
investors from different countries what discount rate they expected for different renewable energy 
sources. Here, national differences, like governmental policies, lead to different expectations. Table 1 
summarizes the results. Evidently, there are large variations in expectations for the same technology. 
 
Table 1: discount rates investors in different countries expect for different renewable energy technologies in percentages 
(Grant Thornton, 2018). 

Country/technology Hydro Ground mount solar PV Onshore wind Offshore wind Biomass 

Australia 8 5.75 7 X X 

Brazil X X 9 X X 

Canada 4.75 5.25 6 7.5 X 

France X 5 5.5 9 X 

Germany 3.75 4.25 4.5 6 6 

India 9.5 9 X X X 

Ireland 5.00 5.50 6.00 6.50 9.00 

Italy X 6.25 6.25 X X 

Japan X 4.00 X X X 

Nordics X 5.00 5.50 6.75 X 

Spain X 5.50 6.75 X X 

UK 6.25 5.75 6.50 7.25 9.00 

USA 5.25 6.50 6.50 7.00 X 

 
The sensitivity of the COE to the discount rate can be further illustrated by looking at the report from 
the IEA and NEA, as in section 4.5.2 (IEA & NEA, 2015). This work looked at the sensitivity of the LCOE 
for nuclear fission power plants as well. Here, the investment costs also have a large contribution to 
the LCOE, but smaller than for fusion plants. This means that the sensitivity for fusion plants to the 
discount rate is likely to be higher. 
 
The sensitivity analyses showed that varying the discount rate by 50% can significantly alter the LCOE. 
Starting at a rate of 3%, varying the discount rate can lead to changes of almost 20% in the LCOE, from 
the median of 55 $/MWh. Starting at 7%, the largest change in LCOE is a little over 40% from a median 
of 85 $/MWh and starting at 10%, this is over 50%, from a median of 115 $/MWh. This means that 
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changes in the discount rate can have a large impact on the LCOE, and therefore the competitiveness, 
of fusion power plants.  
 
Altogether, investors are an important uncertainty for commercial fusion power plants. Lessons drawn 
from fission plants show that the discount rate can significantly affect the LCOE of a power plant. For 
the first commercial fusion plants, investors will want to see high rates of return. This increases the 
discount rates, meaning the LCOE will be higher as well. This, in turn, decreases the competitivity on 
the energy market. In a worse case, the investors may prefer to invest their money in a different 
project, making it harder to finance a fusion project. 
 

4.6 Final overview 
In the previous sections, the uncertainties identified in this study have been described. A total of 
eighteen uncertainties has been discussed. Table 2 gives an overview of these uncertainties and their 
place in the classification framework. The next chapter describes a proposal for developing approaches 
to the uncertainties in practice. 
 
Table 2: the uncertainties identified in this study, placed in their categories. 

Endogenous / Exogenous Layer Uncertainty 

Endogenous Technical Neutron hard materials 

The control of turbulence and instabilities 

Tritium breeding and handling 

Remote maintenance 

Magnets 

Technological improvements 

Industrial Supply chain 

Quality control 

Depletion of raw materials 

Exogenous Political and social Public opinion 

The allocation of public funds 

Unprepared regulation 

Security of supply 

Market Electricity demand 

Competition 

The replacement of fossil fuels 

Market prices 

Investors 
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5 Addressing the uncertainties 
In the previous chapter, characteristics of eighteen uncertainties that can affect fusion were described, 
together with their possible consequences. This information can serve as a basis for addressing the 
uncertainties in practice. Therefore, this chapter gives a proposal for how future work can lead to 
strategies to address the uncertainties. 
 
The suggestion is to deal with uncertainties from a strategic, tactical and operational perspective 
(Riskope, 2014). The strategic perspective takes a long-term view and occurs at the highest level of the 
development plan. It focuses on uncertainties that affect the direction of fusion development. For 
example, at the strategic level the development plan is based on large size tokomak reactors. However, 
in the future smaller reactors may come into the picture, driven by the development of high 
temperature super conductors (see section 4.2.5). Uncertainties that affect strategic level decisions 
need to be dealt with considering a strategic view. In this regard, scenario planning is one of the most 
commonly used approaches to deal with uncertainties (Amer, Daim, & Jetter, 2013; Joseph, 200). 
Firstly, it stimulates strategic thinking and helps to overcome thinking by the prevailing mindset and 
status quo. Secondly, it adopts a systems thinking approach for future planning in a holistic manner. A 
quantitative example is the use of a binomial lattice model (Copeland & Antikarov, 2003; Mikaelian, 
Nightingale, Rhodes, & Hastings, 2011), which could be used to model the electricity demand. In the 
lattice model, a projection of a variable is made in discrete steps, starting from the present situation. 
At each step, the value has a probability of increasing or decreasing by a fixed amount. After taking the 
desired number of steps, possible futures are found with their respective probabilities. 
  
The tactical perspective takes a medium-term view and can be used to deal with uncertainties that 
arise from the implementation of a strategy. For fusion, this means that they come with the assignment 
and implementation of tasks to different research facilities and combining their results to realize fusion 
energy. An example is the development of neutron hard materials, where negative results from the 
IFMIF-DONES facility can affect the DEMO project (see section 4.2.1). An example of an approach to 
uncertainties on this level is the Analytic Hierarchy Process (AHP) (Saaty, 1987). In the AHP, evaluation 
criteria are benchmarked by using weights and scores to arrive at a decision that optimizes the total 
system. For example, weighing the criteria on the development path of the neutron hard materials can 
guide a decision on the allocation of resources.  
 
The operational perspective takes a relatively short-term view and can be used to deal with 
uncertainties that come from the activities in individual facilities involved with fusion R&D. An example 
is the control of turbulence and instabilities in a plasma in ITER, since it is not known whether the 
techniques that must lead to the H-mode of plasma confinement will work (see section 4.2.2). An 
example of a useful approach in this regard is the Monte Carlo simulation (Harrison, 2011; Cheng & Li, 
2001). This method iterates random samplings of a simulated system with uncertain parameters to 
find possible outcomes. This can be applied to the plasma confinement mode, where an important 
uncertainty is the possibility to scale the technology from JET to ITER. The analysis can then reveal the 
parameters that require the most attention. 
 
Overall, these different perspectives of dealing with uncertainties could enable decision makers at 
each level to come up with approaches to the uncertainties. By so doing, it will be possible to minimize 
risks and exploit opportunities coming from these uncertainties. 
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6 Discussion and Conclusion 
This study performed a systematic, qualitative analysis of uncertainties around the development of 
fusion energy within the scope of the European roadmap. Eighteen uncertainties have been identified. 
It was observed that the uncertainties have different origins, with half of the uncertainties being 
endogenous and half being exogenous. Therefore, a layered framework has been proposed to classify 
the identified uncertainties in the categories technical, industrial, political and social, and market 
uncertainties. In addition, it was observed that different uncertainties can become relevant at different 
points in time and can have different consequences for the further development of fusion energy. 
 
The information obtained in this study is meant as a first step towards aproaching the uncertainties in 
practice. Therefore, a proposal was made on how future work can do this by viewing the uncertainties 
from strategic, tactical and operational perspectives. 
 
However, caution should be taken when doing this because this study does not provide an exhaustive 
list of uncertainties. As noted, eighteen uncertainties have been identified within the time frame of 
the research. This was done by considering the topics of science and engineering, plant economics, the 
electricity market and the political and social environment. However, only major uncertainties, which 
can have a clear effect on the development of fusion, have been identified. An extension of the study 
would allow the identification of additional uncertainties within the topics. In addition, other topics 
could be explored, like partnerships and the global economy, leading to a more exhaustive list of 
uncertainties. Lastly, some uncertainties may only become apparent in the future and thus cannot be 
identified yet. Therefore, the information presented in this study is useful for approaching the 
identified uncertainties but extending this work may provide additional value. 
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