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Abstract: 
Positioned within the concepts of sustainable development and energy security, this study evaluates the prospects 
for Swedish electricity production to assist in reaching both national and international climate targets. The 
main purpose is to assess the capability of nuclear energy to form part of a national climate change mitigation 
approach, as well as a viable energy source for Sweden to rely on in the future. Swedish energy security is 
quantitatively analyzed from a scheme based on the 4 As of energy security and with the use of a two-dimensional 
decision matrix. Swedish electricity production has a long record of being characterized by high levels of reliability 
and performance. It is also almost entirely fossil free, a situation largely explained by the significant shares of 
electricity being generated from nuclear and hydropower. However, current national market conditions are causing a 
strained financial situation for the existing nuclear power plants. Therefore, this study also performs an explorative 
scenario analysis on what could happen to the Swedish energy system if certain factors were to experience substantial 
changes in the years to come. The results from the energy security analysis demonstrate that, in order to facilitate 
reaching established climate targets, all of the current main sources of power generation are viable to include in a 
national electricity mix. Furthermore, in maintaining the current electricity production, the scenario analysis highlights 
three factors which seem to be of particular importance. These are: production costs for different energy sources; 
public opinion regarding significant societal developments; and rising emissions taxes. The findings also indicate that 
nuclear energy constitutes a suitable and reliable source of base load electricity and that maintaining a diversified 
energy mix, in terms of energy security, is a sound pathway for Sweden to follow. 
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Summary: 
Each day that global temperatures continue to rise, the causal link between excessive greenhouse gas emissions and 
anthropogenic climate change becomes increasingly difficult to disregard. The expected consequences from following 
this pathway are, among other things, increased occurrences of droughts, increased loss of biodiversity and augmented 
climate-related risks for human security. In order to prevent such dire developments, reports published by the IPCC 
stress the necessity for swift and extensive global action. Substantial expansions of low-carbon energy sources, 
together with a swift electrification of energy end uses and enhanced energy efficiency, is expected to positively 
contribute to ensuring that global warming remains within nonhazardous levels. 

With a planned decommissioning of current national nuclear energy power plants, currently constituting 
approximately 40 % of the total annual production of low-carbon electricity, the Swedish energy system is soon to 
face substantial changes regarding how it is supposed to meet future energy demands. When at the same time aiming 
to achieve the national climate target of no net emissions of greenhouse gases into the atmosphere by the year 2045, it 
is reasonable to question whether such an ambitious goal can be successfully achieved within a mercilessly decreasing 
time frame. The intended replacement solution is to be found in intermittent energy sources. On the one hand, 
considering the large amount of low-carbon energy that would have to be both replaced and expanded, this change 
entails several uncertainties and unforeseen factors may come to play crucial roles as to whether such a plan can be 
implemented in practice. However, on the other hand it will certainly guarantee a fundamental alteration to the current 
Swedish electricity production, which has a long record of being characterized by high levels of reliability and 
performance. With aspects such as energy security and climate change mitigation in mind, it is of high interest to 
assess the capability of Swedish nuclear energy to assist in reaching established climate targets, while at the same time 
ensuring a sustainable and dependable electricity mix that can meet the demand from national energy sectors such as 
industry and transportation. 

This study takes a closer look at Swedish energy security by performing quantitative analyses on several energy 
sources, as well as different electricity mixes, aiming to identify relevant factors to bare in mind when striving to 
reach energy and climate ambitions. Accurately predicting the future, being a constantly changing entity, is 
unquestionably a challenging task. By performing an explorative scenario analysis, examining various domestic and 
external development factors, this study also presents different outlooks on what the Swedish energy system could 
look like in the year 2050. The findings from these analyses suggest that several energy sources are viable to use in 
future electricity mixes, and that nuclear power is both reliable and suitable enough to preserve in relation to national 
energy security and anthropogenic climate change mitigation efforts. The results also indicate that factors such as 
production costs, public opinions and emissions taxes seem to be of particular importance in maintaining the current 
electricity production. 
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1. Introduction 
 

“An accurate understanding of an issue is essential when the issue has implications for the continued 
survival and/or prosperity of humans, and few would argue that energy is not essential for our continued 

prosperity.” (Stoutenborough, Sturgess & Vedlitz 2013) 

–––––––––––––––––––––––––––––––––– 

Recent reports published by the Intergovernmental Panel on Climate Change (IPCC) have undoubtedly 
emphasized the urgent need to divert from the current trajectory that the level of atmospheric carbon 
dioxide has followed unceasingly since the Industrial Revolution. Resulting from excessive global 
greenhouse gas emissions (GHGs), anthropogenic1 climate change has become one of the most immense 
challenges the world community has ever faced. Expected consequences resulting from this development 
are e.g. amplified ocean acidification, increased occurrences of droughts, increased loss of biodiversity 
and augmented climate-related risks for human security. To successfully amend this situation, and to turn 
the negative development around, a rapid cease of current contributions of black carbon into Earth’s 
atmosphere (mainly originating from the burning of fossil fuels) is one of the suggested crucial steps to 
take. Keeping global warming within 1.5°C above pre-industrial levels is expected to partly be reached 
through the swift electrification of energy end uses and enhanced energy efficiency, but also through a 
substantial expansion of low-emission energy sources (IPCC 2018a). 

Nuclear energy is one of the existing energy sources that, alongside renewables, is considered to be a low-
carbon energy source (APERC 2007; GEA 2012; Hansen et al. 2013). Although this particular energy 
source entails complex issues connected to certain aspects of the electricity generation process, these pale 
in comparison to the threat of anthropogenic climate change (hereafter simply referred to as climate 
change) with its appurtenant consequences for a livable planet (IPCC 2018a). 

With a planned decommissioning of current Swedish nuclear energy power plants, which produced 61 
TWh of electricity in 2016, constituting approximately 40 % of the total annual production of electricity 
(Swedish Energy Agency 2018), the Swedish energy system is soon to face substantial changes regarding 
how it is supposed to meet future energy demands. Current national policies are promoting a nationwide 
expansion of renewable energy production, both wind and solar power. One of the established targets 
included in the recently adopted Framework Agreement2, is the achievement of no net emissions of GHGs 
into the atmosphere by the year 2045 (Government Offices of Sweden 2016). Considering the substantial 
amount of low-carbon energy that would have to be replaced, as well as expanded, it is reasonable to 
question whether this can be successfully achieved within the given time frame. 

Keeping aspects such as energy security and climate change mitigation in mind, it would be of high 
interest if both these issues could be addressed with an already existing and accessible technology. The 
prospects of nuclear energy to deliver on both these accounts have been found to be highly realistic 
(Håkansson et al. 2014; Qvist & Brook 2015a). 

1.1 Problem statement 
In the year 2015, 195 countries agreed on the world’s first legally binding climate deal at the climate 
conference in Paris (COP21). Governments settled on a long-term goal of keeping the global average 
temperature increase to well below 2°C, aiming to not exceed 1.5°C (European Commission 2016) as 
even this increase would entail vast and severe changes of current planetary conditions (IPCC 2018a). The 
climate deal represents the shared understanding that for these targets to be reached, global emissions 
would have to peak as soon as possible and subsequently be followed by rapid emissions reductions “in 
accordance with the best available science” (European Commission 2016). IPCC (2018a) has stated that to 
have a 66 % chance of reaching the 1.5°C target, the total addition of anthropogenic CO2 into the 

                                                        
1 Meaning caused by human activity. 
2 In everyday (Swedish) speech known as energiöverenskommelsen. 
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atmosphere should not exceed 420 GtCO2.3 This remaining carbon budget is currently decreasing with a 
rate of approximately 42 GtCO2/year, which gives that the world community now has less than a decade 
to implement necessary changes to avoid an overshoot. 

Contrary to the downward trend of the remaining carbon budget, the global mean surface temperature has 
experienced a steady increase during the passed century (see Fig. 1). The Industrial Revolution may be 
regarded as one of the most significant periods in modern human history. It led to countless developments 
within areas where people used to struggle, as well as life quality improvements for large parts of the 
global population. However, despite all the positive outcomes, it also resulted in a global society which 
today is undeniably locked into a high-carbon energy system. 

 

 

 

 

 

 

 

 

 

 

Out of the total global consumption of energy in 2016, which amounted to approximately 9,555 Mtoe 
(111,124 TWh), almost 70 % originated from fossil fuel sources4 (IEA 2018a). Considering this current 
state of affairs, it is hardly an exaggeration to regard the arduous challenge of profoundly reforming the 
world’s energy system as an overwhelming endeavor. Nevertheless, to avoid the expected and potentially 
grave consequences associated with climate change, succeeding with this adaptation is what is needed just 
the same, irrespectively of how it is achieved. 

In Agenda 2030, climate change is recognized as one of humanity’s greatest challenges and that it will 
require international cooperation to successfully address it. Two out of the established 17 Sustainable 
Development Goals (SDGs), either directly or indirectly, deal with the issue of excessive GHG emissions. 
The first one, goal 7, seeks to ensure access to affordable, reliable, sustainable and modern energy for all, 
partly by promoting investments in clean energy technologies. The second, goal 13, underlines the 
importance of taking urgent action to combat climate change and its impacts. Both these goals emphasize 
the importance of reducing the climate impact of the global energy system (United Nations 2015). 

In their efforts to reach international environmental and climate targets, numerous nation states around the 
world are presently advocating comprehensive expansions of renewable energy sources, such as wind and 
solar power, within their national energy mixes. In this aspect, Sweden is no different from the rest 
(Government Offices of Sweden 2016). What does set Sweden aside from most other countries is the fact 
that significant shares of its electricity production is generated from nuclear and hydropower (Swedish 
Energy Agency 2018). The current electricity mix has resulted in an energy system characterized by high 
levels of both reliability and performance. However, current market conditions are evidently causing a 
strained financial situation for the existing nuclear power plants. One outcome from this situation is that 
two out of the now remaining eight Swedish nuclear reactors, Ringhals 1 and Ringhals 2, have been 
                                                        
3 The estimation uses global mean surface air temperature. 
4 Comprised by coal, petroleum (oil) and natural gas. 

Figure 1 | Evolution of global mean surface temperature (GMST) over the period of instrumental 
observations (IPCC 2018b). 
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scheduled for premature retirements, in 2020 and 2019 respectively (Vattenfall 2019). What the current 
market conditions entail for the remaining nuclear reactors remains to be seen. 

A nationwide expansion of wind and solar power, at the possible expense of decommissioning existing 
nuclear power plants, would most likely result in substantial implications for the Swedish power supply. 
Replacing 40 % of stable base load electricity with intermittent energy sources would certainly be a 
challenging task to manage, not least from a power grid perspective. Such a development would also 
require some form of efficient and reliable energy storage solution. Considering existing and available 
alternatives to implement on a national scale (e.g. batteries), there is no given path to choose that would 
easily accomplish such an ambition. 

Previous studies (Hansen et al. 2013; Qvist & Brook 2015a; IPCC 2018a) indicate that there is an apparent 
need for nuclear power to assist in the mitigation of climate change on a global scale. Qvist & Brook 
(2015a) furthermore state that it would be both more costly and more challenging for countries that 
heavily rely on nuclear power to meet their emissions targets, if the amount of nuclear power declines. 
Considering factors such as an increasing population, planned electrification of the transportation system 
and a growing heavy industry sector, a decrease in Swedish electricity demand is not to be expected in the 
years to come (Qvist & Brook 2015b). This notion is also shared by the Swedish business sector, which 
questions the capability of solely renewable energy sources in meeting future electricity demands, without 
having consequences for the energy system as well as associated costs (Svenskt Näringsliv 2014). 

The Swedish Climate Act5, in effect since 2018, clearly states that the government should pursue climate 
policies that rest on a scientific foundation and that are based on relevant technological, social, 
economical and environmental assessments. Judging by the recent and planned developments concerning 
the Swedish energy system, it is not particularly far-fetched to contemplate whether this act is being 
adequately followed. 

1.2 Purpose and research questions 
By researching fields such as energy security and climate change mitigation, the aim of this project is to 
evaluate nuclear energy’s potential capabilities in facilitating the mitigation of climate change, as well as 
constituting a reliable energy source. More precisely, the purpose is to evaluate the prospects of nuclear 
energy as both part of a national climate change mitigation approach, but also as a viable energy source 
for Sweden to rely on in the future. This will in part be achieved by assessing national energy security 
from perspectives concerning accessibility, affordability and acceptability. Furthermore, considering that 
there is no current clear plan regarding the future existence of nuclear power generation in the Swedish 
energy mix, this study will perform an explorative scenario analysis on what could happen to the Swedish 
energy system if certain factors were to experience substantial changes in the years to come. 

In line with this, the following questions are intended to be answered: 

− Which factors are crucial for maintaining the current production of Swedish electricity, 
characterized by being cost-effective, carbon neutral and reliable? 

− From an energy security perspective, focusing on clean and reliable electricity generation, which 
low-carbon energy sources are viable to incorporate in the Swedish electricity mix? 

− Which is the role for nuclear energy to assist in the establishment of a future carbon neutral 
Swedish society? 

1.3 Delimitations 
Predicting the future is a task as difficult as they come, this study will therefore not attempt to pursue such 
a path, nor does it necessarily aim to lead to any form of ‘revolutionary outcome’. Restraining factors, 
such as time constraints and limited resources, are but a few examples of what inhibit the execution of 
such an ambitious project. Based on this notion, it is vital to establish necessary boundaries for this study 
                                                        
5 SFS 2017:720 



 4 

to ultimately constitute a valid contribution to the field of energy research. This project will thus also have 
to abide by such constraints for the research scope to be manageable. 

The Swedish energy mix is currently comprised by a number of different production methods and energy 
carriers, all with the common purpose of providing energy services to a variety of end users. In evaluating 
Swedish energy security, this study will primarily focus on national electricity generation. It will for 
instance not explicitly focus on domestic energy sources intended for generating heat, nor on imports of 
energy carriers such as biofuels, oil and coal. 

In choosing relevant energy sources to focus on in this study, three main criteria constitute the foundation 
for the final selection. Firstly, it would be challenging to purposefully analyze and compare nuclear 
energy with for example oil, therefore only energy sources within the Swedish energy mix with a main 
purpose of generating electricity are eligible. Secondly, only energy sources considered to have low 
carbon footprint characteristics are included in the analyses. The rational for this decision lies within the 
previously stated fact that the world has a definite carbon budget, with respect to the global warming 
issue. Energy sources which would lead to considerable shrinkages of this budget are not assumed to 
positively contribute to a future low-carbon energy system, nor to a future carbon neutral Swedish society. 
Lastly, eligible energy sources are limited to technologies which are already practically and economically 
available for utilization. 

Adhering to the above stated criteria gives that the final energy sources chosen for this study are hydro, 
nuclear and wind power. Solar power is admittedly also a technology which would fulfill the stated 
criteria. Nevertheless, since the share of installed solar power capacity in Sweden at the moment is 
negligible (Swedish Energy Agency 2018), this energy source is also omitted from the subsequent 
analyses. In addition, this study recognizes the existence of carbon sequestration technologies, such as 
CCS and BECCS, and that these, if successfully implemented within an energy system, could allow for 
continued use of carbon intense energy sources without causing significant reductions of the global carbon 
budget (Mori 2012; IPCC 2018a). However, since Swedish electricity is not mainly generated from such 
sources, these promising technologies are left out from the scope of the upcoming analyses. Furthermore, 
considering the stated difficulty of predicting the future, energy sources which still remain on 
experimental stages, and thus are not yet sufficiently accessible, are also excluded from this study. Certain 
technologies will however form part of subsequent discussions. 

With regard to the explorative scenario analysis, there is a need for yet a few additional boundaries. The 
time frame for the scenario analysis will stretch until the year 2050. A period of approximately 30 years 
may be considered meaningful enough for making the analysis in the first place, and other contemporary 
studies on the same subject use similar time frames. Choosing to follow suit in this study contributes to 
the level of consistency. In addition, the Swedish target of no net emissions of GHGs by the year 2045 
also supports the establishment of such a time frame. The analysis will be solely centered around the 
national yearly (electrical) energy balance. It would be possible to carry out the analysis by focusing on 
the power balance as well, however, since several other reports and studies focus on energy balances, this 
study will do the same. During recent years, Sweden has been a net exporter of electricity (Swedish 
Energy Agency 2018), it is therefore assumed that the electricity consumed nationally in the future will be 
entirely domestically generated if possible. 

In conclusion, evaluating the energy security of nuclear power can easily be regarded as a multifaceted 
task. The safety aspects associated with this energy source are admittedly several and ought to be 
subjected to adequate scrutiny, e.g. issues such as final storage of radioactive waste and how to 
successfully manage nuclear weapon proliferation risks. This study acknowledges the existence of these 
associated issues, but will not assess in detail how they can be appropriately dealt with. Several other 
studies have concluded that there are in fact functioning ways of dealing with these aspects in satisfactory 
ways (Håkansson et al. 2014; Lehtveer & Hedenus 2015a). Nevertheless, certain concerns with nuclear 
power generation will form part of an upcoming segment (see chapter 3.4.2). 
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2. Conceptual frameworks 
While the purpose of this study is not primarily to develop existing theories connected to energy and its 
associated fields (nor create any new ones), it is however still positioned within the concepts of 
sustainable development and energy security. Without delving too deep into existing theories of such 
comprehensive fields, it may however be considered appropriate to at least briefly elaborate on these two 
concepts. The following two subchapters will present relevant information with the aim of outlining 
central aspects of the fields that constitute the foundation of this study. 

2.1 Sustainable development 
Originating from a context characterized by a growing awareness of impending ecological crises, the 
concept of sustainable development reached a worldwide impact by the end of the 20th century. Although 
having roots dating back all the way to ancient times, it was not until issues, such as population growth, 
increasing consumption levels and possible depletions of vital natural resources, inexorably raised 
awareness of the need for sustainability as a development approach. Increasing worries that the living 
standards of existing and coming generations were put in jeopardy by post-industrial revolution 
developments, led to mindset adaptations permitting a global embracement of sustainable development as 
a strategy when seeking to uphold established growth ambitions. A generally optimistic perception during 
the 1950s, that scientific and technological advancements would succeed in enabling unlimited growth, 
were soon shattered by an increasing environmental crisis. With time, this came to result in a reevaluation 
and change of basic assumptions regarding growth and development (Du Pisani 2006). 

Being the first in a series of international summits regarding the threats from ecological crises, the 
declaration of a United Nations Conference on the Human Environment, held in Stockholm in 1972, 
stated that a point in history had been reached when humans would have to be wary about the 
environmental consequences of their actions. It was also concluded that irreversible harm could be done to 
the ecological systems on which the global population ultimately depend, through sheer indifference and 
ignorance. In 1987, the newly created World Commission on Environment and Development (WCED, 
also known as the Brundtland Commission) submitted their report Our common future to the UN. Being 
largely focused on the interests and needs of humans, it sought to increase global equity for future 
generations. Enabling all humans to achieve their basic needs, by the encouragement of economic growth, 
was supposed to be realized through the redistribution of resources towards poorer nations. Furthermore, 
the report acknowledged the contemporary dichotomy between economic growth and environmental 
protection, concluding that growth was essential to the developing world but that there should be an 
eventual switch to practices of sustainable development (Du Pisani 2006). Although the Brundtland report 
had a considerable impact in general, the most renowned part of it was perhaps the first major attempt of 
conceptualizing the notion of sustainable development. The presented definition stated that: 

Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs. (WCED 1987, p. 43). 

Although widely embraced, sustainable development as a goal did not stand without criticism. Intending 
to balance the limits to growth with the need for development, critique came from both radical as well as 
conservative groups. One major example was that the concept did not sufficiently question the ideology of 
economic growth, thus merely proving to serve neo-liberal interests. Also the lack of criteria for what was 
considered sustainable was yet another missing piece leaving the field open for economic growth 
advocates. From a neoclassical (mainstream) economist perspective, it has been argued that for economic 
growth to occur, the total amount of capital should remain constant. Permitting the amount of natural 
capital to diminish, as long as other forms of capital is increased (e.g. human and physical), results in what 
is considered weak sustainability (Du Pisani 2006). Within the same ideological school, a sustainable 
economical path may be viewed as one that permits future generations the possibility to enjoy living 
standards equal to their forerunners. It is thus not necessary for everything to be indefinitely conserved in 
the same state it has ‘always’ been. Instead, this sustainable path suggests that whatever is taken from, for 
instance inherited natural capital, is in order, as long as the amount of total capital at least is maintained 
intact. What matters are the decisions made regarding depletion and investments (Solow 1993). Contrary 
to this approach, environmental economists advocate for strong sustainability, arguing that natural capital 
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should not be allowed to diminish over time since it cannot be adequately replaced by other forms of 
capital (Du Pisani 2006). 

The Brundtland report also put forward the notion that economic growth, environmental maintenance and 
social equity were simultaneously possible to achieve. As a result, the economy, the environment and 
society became regarded as the three fundamental components of sustainable development, later on they 
became known as the triple bottom line (Du Pisani 2006). Subsequent studies (Giddings et al. 2002) 
argued that these separate sectors, instead of merely being partially connected, were actually more 
integrated than initially suggested by the WCED. The actions of humans, along with resultant impacts, are 
not possible to separate into individual compartments. It is therefore necessary to adopt an inter- or even 
trans-disciplinary worldview. The relationship between the three would thus be better understood if the 
environment forms the basis, society is placed within this sector, and lastly the economy placed within 
society. Hence, the economy would be understood as being fully dependent on society and both of them 
being completely dependent on the environment. A stated key issue for sustainable development was the 
necessity of implementing a holistic view and therefore a need for overcoming barriers between different 
disciplines. 

A more ‘scientific’ approach to achieve 
global sustainable development is 
provided by the framework on planetary 
boundaries, whose aim is to “define a 
safe operating space for human societies 
to develop and thrive, based on our 
(humans) understanding of the 
functioning and resilience of the Earth 
system” (Steffen et al. 2015). This 
framework, having received substantial 
attention within business, governance 
and policy sectors, pertains to the strong 
sustainability spectrum. Originating 
from local and regional constrains on 
what could be extracted from, or 
released into, the environment, e.g. by 
industrial societies, the planetary 
boundaries have taken this concept as a 
starting point and then applied it to a 
global context. A framework premise is 
that human actions are now impacting 
the planet to such an extent that even the 
current geological state is jeopardized. 
Implementation of the precautionary 
principle thus suggests that it would be 
ill-advised to further deviate from the favorable (from a human perspective) and long-lasting trajectory 
that the planet has experienced during several millennia. By proposing boundaries for anthropogenic 
disturbances to vital Earth-system processes (see Fig. 2), the framework aims to assist humanity in 
securing the ability to develop and thrive even in the future. 

Since the first international summit in Stockholm 1972, there have been several similar events held around 
the world through the years. Distinctive among these are e.g. the conference held in Rio de Janeiro, Brazil, 
in 1992, where the sustainable action plan Agenda 21 was formulated, and also its ten-year follow-up in 
Johannesburg, South Africa, in 2002. The most recent of these major summits took place in Paris, France, 
in 2015. Significant among the outcomes from this conference was the creation of The 2030 Agenda for 
Sustainable Development. Constituting the ‘sequel’ to Agenda 21, this new action plan was designed to 
serve prosperity, people and planet. It stated that the eradication of all occurrences of poverty is the 
greatest global challenge, and that its realization is an absolute necessity in achieving sustainable 
development. The plan also included targets such as: protecting the planet from degradation, in part 
through sustainable production and consumption; and ensuring that technological, economic and social 

Figure 2 | Planetary Boundaries illustration (Credit: J. Lokrantz/Azote, 
based on Steffen et al. 2015). 
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progress occurs in harmony with nature. The level of ambition in reaching such aims was defined through 
the establishment of the 17 SDGs. The general focus of these goals is primarily to result in a global 
poverty reduction, but also in sustainable development through continued economic growth (United 
Nations 2015). 

2.2 Energy security 

2.2.1 Securitization and global warming 
When discussing issues of security from a general perspective, there are a number of aspects that should 
be taken into consideration. At an initial stage, it should be possible to describe the identified supply 
chain, or system, as being highly vulnerable, possible to protect and critically important. To reach 
successful securitization, it is of importance to clarify what is actually supposed to be achieved when 
striving to meet the potentially imprecise target of ‘increasing security’. In fulfilling such ambitions, it is 
therefore useful to ask relevant questions such as: 

− Which system or supply chain is supposed to be protected? 
− What specific threats or risks is the system intended to be protected from? 
− Is the supply chain important enough to protect by any means necessary? 

Additional aspects to consider, e.g. who is to benefit from the increased security and which suitable 
methods may be appropriate to use, are also relevant for the goal of successfully achieving securitization.6 

When applying the notion of securitization to the impending threat of global warming, although 
admittedly being wide-reaching, it is possible to identify entire societies as specific systems. In this 
particular context, seeking to ensure a society’s continued possibility to thrive could be seen as a reason 
for increasing the level of security. However, one difficulty in identifying an existing threat to a system 
might be the existence of far-reaching timescales. The perception that consequences may not occur for 
many years (if at all) is a contributing factor to a prevalent risk being either underestimated or unheeded. 

The threat of global warming might be misjudged, but since the environmental consequences resulting 
from it have the capacity of moving societies away from current desirable states, entails that it ought to be 
taken seriously. If this threat is both caused and continuously augmented by the release of GHG emissions 
into Earth’s atmosphere, protecting the identified systems could be done by addressing the root cause of 
the problem. Global demand for an unceasing access to energy has historically, to a large extent, been met 
through the supply of fossil fuels, a solution whose implementation has proven to come at a high price. 
Successful securitization of a system could thus be realized by reducing the amount of GHGs being 
emitted on a global scale. Acknowledging and respecting the boundaries of a carbon budget could for 
instance be one part of such a process. It has been suggested (Cherp & Jewell 2014) that climate change, 
from this perspective, may be regarded as strongly associated with the issue of energy security. Not least 
bearing in mind that the historical pursuit of increasing this security has contributed to current levels of 
atmospheric CO2. For effective climate change mitigation, future concepts of energy security should 
therefore seek to secure access to energy from sources with as low carbon footprints as possible. 

2.2.2 Development and implementation of energy security 
The concept of energy security has been subjected to continuous change through the years and the existing 
definitions are now both numerous and diverse. This is partly explained by the circumstance that the 
meaning of energy security is dependent on a number of different factors, e.g. geographical contexts and 
time dimensions. From a historical perspective, the concept was traditionally associated with the task of 
securing a steady access to energy carriers such as oil. This also resulted in the alternative name security 
of supply (SOS). The notion that a continuous supply of energy is vital for a functional economy is 
considered to be one reason for the general interest in ensuring adequate levels of energy security. Since 
the oil crises during the 1970s and 1980s highlighted the world’s apparent dependency on oil exporting 
countries in the Middle East, the SOS definition has experienced several alterations. These include a 
                                                        
6 Mikael Höök, Uppsala University, lecture 2018-02-07 
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variety of transitions, from the additional inclusion of covering the supply of natural gas, to the 
development of not exclusively being defined as the pure physical occurrence of fossil fuels. Nowadays 
the concept of energy security also incorporates factors such as the costs of energy, as well as transport 
and energy conversion within supply chains (Kruyt et al. 2009). 

Over time, the concept of energy security has been adopted by numerous entities around the world, e.g. 
nation states and global institutions. The diversity of actors consequently results in varying concept 
definitions. For example, the International Energy Agency (IEA) defines energy security as “the 
uninterrupted availability of energy sources at an affordable price”. In addition to this, it is acknowledged 
that there are also many different dimensions that accompany this concept. Short-term energy security is 
commonly centered around ensuring the ability of an energy system to balance sudden (power) changes to 
supply and demand. Long-term energy security, on the other hand, generally deals with energy 
investments associated with for example economic developments and sustainable environmental needs 
(IEA 2019). The choice of pathways to increase levels of energy security also vary among entities. With 
its adopted energy security strategy, the EU for instance seeks to respond to certain energy security 
concerns by basing relevant decisions and actions on eight key pillars. These include: focusing on the 
development of the internal market; increasing energy production among member states; and continued 
development of energy technologies (European Commission 2014). Additional goals within the EU 
energy policy are established to ensure that the energy consumed is sustainable, competitive, safe, secure 
and locally produced (European Union n.d.). 

2.2.3 Energy systems and risks 
An energy system, consisting of e.g. different sources and supply chains, is generally associated with 
various risk factors and safety issues (see Fig. 3). From an object perspective, energy systems are exposed 
to a number of security threats and focus therefore usually lies on securing their uninterrupted 
functionality. This is often done by putting attention on relevant factors such as infrastructure reliability, 
secure transit routes, diversity in energy resources and supplier reliability. However, energy systems may 
also be viewed from a subject perspective. In contrast to being exposed to security threats, here energy 
systems constitute the sources of generated or even enhanced insecurity. Associated risks can be divided 
into three different areas which together cover a comprehensive spectrum. Security threats within the 
environmental risk factors category for instance include unintended consequences from existing energy 
systems, which in all else may be very well functioning. These could e.g. be climate impacts resulting 
from GHG emissions, or health impacts originating from water and air pollution (Johansson 2013). 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3 | Energy system as an object and subject. The analytical structure used to study the 
relationships between energy and security (Johansson 2013). 
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As previously stated, energy security is highly context dependent, resulting in varying energy security 
problems among different energy systems. Energy security concerns are to a large extent shaped by both 
perceptions of risks, and experiences of disruptions. Studies on this subject have generally been derived 
from disruptions to already existing systems and analyses of these occurrences have therefore been central 
when studying energy security. However, a more modern approach does not solely focus on the causes of 
disruptions, but also pay attention to an energy system’s resilience, i.e. ability to respond to external 
stresses and shocks. Classical studies on the subject usually do not refer to aspects of resilience, nor do 
they discuss other vulnerabilities of energy systems such as terrorist attacks, aging infrastructure or 
intermittency of solar and wind energy. Another possible definition of energy security that would address 
these aspects to a higher degree is “the low vulnerability of vital energy systems” (Cherp & Jewell 2014, 
p. 418). Common for vital energy systems is that they support critical social functions, for example energy 
services and infrastructure. Such systems are comprised by energy resources, technologies and uses, all 
linked together by energy flows (Cherp & Jewell 2014). 

2.2.4 The 4 As and energy security indicators 
In 2007, a report by the Asia Pacific Energy Research Center (APERC) presented an analytical scheme, 
consisting of four separate, yet strongly interlinked, elements which would come to constitute a widely 
adopted outline for both research and work within the field of energy security (see Fig. 4). The study 
defined energy security as “the ability of an economy to guarantee the availability of energy resource 
supply in a sustainable and timely manner with the energy price being at a level that will not adversely 
affect the economic performance of the economy” (APERC 2007, p. 6). Leading from this, the study 
presented three fundamental components associated with the stated definition. The first component 
considered energy security from a physical perspective, this comprised the availability and accessibility of 
supply sources. The second component was centered around the economic aspects of the concept, 
focusing on the affordability of energy infrastructure development and resource acquisition. Lastly, the 
third component addressed the environmental sustainability of energy security and consisted in part of the 
environmental acceptability of different energy sources. Together, the elements of availability, 
accessibility, affordability and acceptability, laid the foundation to what came to be known as the 4 As of 
energy security. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 | The ‘energy security spectrum’. The four dimensions of energy security and their relation 
to global orientations (Kruyt et al. 2009). With permission of Detlef van Vuuren. 
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A subsequent study (Kruyt et al. 2009) built on the APERC report and further complemented these four 
elements, e.g. by categorizing accessibility and acceptability also as geopolitical and societal elements 
respectively. To purposefully be able to study levels of energy security, it was stated that measurable 
indicators were needed for meaningful assessments. The study concluded that since energy security is 
context dependent in its nature, the necessity of choosing relevant indicators is high. For instance, if the 
focus would be on SOS, there are a number of different indicators which could be appropriate to 
incorporate, such as: energy prices, resource estimates, reserves to production ratios (R/P ratios), import 
dependence and political stability. However, the study also argued that the specific indicators used for a 
SOS assessment could result in an outcome too simplified to purposefully render in any general 
conclusions. Furthermore, even though indicators provide some amount of objectiveness, possible results 
cannot be interpreted outside of the specific context. This may consequently entail certain difficulties for 
policymaking normally following preceding energy security assessments. 

In dealing with this difficulty, it has been suggested that to lower the arbitrariness often accompanying the 
use of composite indicators (various indicators combined with the purpose of generating a single energy 
security index), there is a need to increase the level of coherency. Varying selections being made 
regarding methodological choices and theoretical assumptions may otherwise result in a framework which 
does not enable easy comparisons between energy security analyses. Normative considerations associated 
with methodological choices also risk resulting in misleading messages to policy makers if excessive 
levels of subjectivity are incorporated in the construction of composite indicators (Valdés 2018). Although 
having been around since the 1970s, the energy security concept has yet to find a shared platform where it 
can be analyzed and assessed in a unified way by a broad spectrum of scientific fields. Successful 
conceptualization would, apart from resulting in improved energy security analyses, also provide the basis 
for rational policy making (Cherp & Jewell 2014). 
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3. Technical background 
The following chapter aspires to provide useful knowledge associated with the fields on which this study 
is based. For instance, they include information regarding the Swedish national power grid (also electrical 
grid) and a summary of the climate change mitigation capabilities of nuclear energy. These brief passages 
will hopefully facilitate the assimilation of material that will form parts of oncoming chapters. 

3.1 Swedish nuclear history 
During the 1960s, Sweden had ongoing political debates concerning what was to happen with the 
remaining two big rivers in the northern part of the country. Aspiring to lessen the dependency on foreign 
energy supply (predominantly oil), and supporting the expansion of national industrial production, the 
need for increasing electricity generation was significant. However, instead of exploiting the remaining 
rivers by installing new hydropower plants, the political debate resulted in them becoming protected from 
further expansions. This largely depended on the successful and advanced development of nuclear power 
technology (Kaijser & Kander 2013; Håkansson et al. 2014). Constituting the ‘core’ of the Swedish 
nuclear energy program, the company Asea-Atom, together with national universities and the Swedish 
steel industry, saw the possibilities of creating a valuable export industry. During the period 1975–1986, 
approximately 700 kWh/person of additional electricity was added to the power grid annually (Håkansson 
et al. 2014), mainly originating from the 12 nuclear power plants becoming operational between 1972 and 
1985 (Kaijser & Kander 2013). 

Since the 1970s, the existence of nuclear power in the Swedish energy mix has been extensively 
questioned. One of the largest contributing factors was undoubtedly the Three Mile Island accident in 
1979, where a partial meltdown of one of the nuclear reactors occurred. In 1980, the political debate led to 
a national referendum where it was decided that Swedish nuclear energy was to be phased out, but in a 
way that would not impact too severely on employment or welfare. The outcome also led to that the 
Swedish parliament, in 1985, decided that all nuclear power plants had to be decommissioned by 2010. 
An addition was made in the Act on Nuclear Activities7, stating that all forms of planning for the 
construction of new nuclear reactors, e.g. financial procurements and designing of construction plans, was 
strictly prohibited.8 Two of the outcomes resulting from this addition were the almost complete 
discontinuance of nuclear technology research and education of nuclear engineers at Swedish universities. 
Subsequently, this led to emerging difficulties in replacing nuclear power plant personnel (retirees). The 
premature retirement of two reactors Barsebäck 1 and Barsebäck 2, in 1999 and 2005 respectively, was 
another outcome of the ‘2010 decommissioning plan’ (Håkansson et al. 2014). 

However, with the adoption of the Framework Agreement in 2016, the national policy landscape for 
nuclear energy changed substantially. The main amendment was the repeal of the Nuclear Power Phase-
Out Act, but a number of additional alterations were also carried out, including: 

− Allowing new construction at existing sites, within the framework of a maximum of ten nuclear 
reactors in total. 

− The possibility of granting permits for successively replacing current reactors, as the end of their 
economic life spans are approaching. 

− The examination of permits for new reactors based on legislative requirements for the best 
technology available. 

Furthermore, the agreement stated that in meeting safety requirements, Swedish nuclear power was in 
need of considerable investments. The Swedish Radiation Safety Authority decided that, if the new 
requirements are not met by 2020, nuclear reactors will not be granted continued operation. Lastly, the 
principle that no subsidies shall be given to nuclear power remains in effect. This form of electricity 
generation will thus need to cover its own costs (Government Offices of Sweden 2016). 

When giving a brief presentation on Swedish nuclear history, it could be considered erroneous to not at 

                                                        
7 SFS 1984:3 
8 In everyday (Swedish) speech known as tankeförbudslagen. 
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least mention what the addition of nuclear power to the national energy mix entailed, apart from the large 
amount of yearly electricity generation. Based on data from the World Bank, the Swedish expansion of 
nuclear capacity during the 1970s and 1980s is from a historical perspective considered to be “the most 
rapid installation of low-CO2 electricity capacity on a per capita basis of any nation” (Qvist & Brook 
2015a, p. 3). Considering the potential for future nuclear expansion, Sweden thus represents somewhat of 
a ‘best-case scenario’. One striking outcome from this ‘energy system transformation’, was the impact it 
had on national levels of CO2 emissions. It has been found that adding substantial amounts of nuclear 
power to the energy mix not only lessened the dependency on foreign fossil fuel suppliers (resulting in 
increased energy security), but being a low-carbon energy source it also drastically reduced the Swedish 
carbon footprint (Andersson & Lindmark 2010; Qvist & Brook 2015a). Compared with the emissions 
peak level (total CO2 emissions/capita) of 1970, the corresponding level in 1986 had been decreased by a 
staggering 75 %. Half of the national electrical output at the time was generated from nuclear power plants 
(Qvist & Brook 2015a). 

Moreover, Sweden did not implement an explicit climate policy until 1991. During the period lasting from 
their imposition until 2005, regulatory instruments such as carbon taxes resulted in a less than 5 % 
reduction of total CO2 emissions. Keeping this in mind, it is noteworthy to look at the reductions 
occurring prior to the epoch of an active national climate policy. Between the early 1970s and late 1980s, 
total reductions of CO2 emissions amounted to approximately 40 %, predominantly resulting from 
changes made in the energy mix, but also from increased energy efficiency (Andersson & Lindmark 
2010). This notable development was not an objective within, for instance, a set climate goal. The 
consequences of emitting GHGs did not become part of the political debate until much later. The 
reduction may instead be regarded as a ‘fortunate by-product’, deriving from ambitions to cut back on 
national oil dependency as well as protecting four large rivers from the installations of hydropower plants 
(Qvist & Brook 2015a). 

Constituting somewhat of an exception to the ‘contemporary rule’, Sweden managed to increase its GDP, 
without at the same time cause rising levels of CO2 emissions (see Fig. 5). The substantial increase of 
nuclear capacity explains the decoupling between growth and emissions to a higher extent than e.g. the 
expansion of service production or the structural changes resulting from the decline of manufacturing 
production (Andersson & Lindmark 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 | Swedish total CO2 emissions and GDP per capita 1960–1990, normalized to the level of 1960 
(Qvist & Brook 2015a). 
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3.2 Future energy consumption on the rise 
Continuous economic growth, a growing world population and high consumption levels in developed 
countries, all these are driving factors behind an increasing global energy demand. On average, energy 
consumption grows approximately 2 % per year and a major share originates from fossil fuel sources. 
Around 3 billion people worldwide did not have access to basic energy services a few years ago, e.g. 
resulting in food preparation being carried out through the burning of solid fuels, such as firewood. This is 
a practice which causes significant air pollution and over time poses a significant threat to human health 
(GEA 2012). Raising the living standard of this massive amount of people (an action which may be 
motivated from numerous perspectives), will undoubtedly lead to significant increases in global energy 
consumption for the foreseeable future. Certain estimates (IAEA 2018) expect the consumption to 
increase by 18 % until 2030, and by 35 % until 2050. Electricity consumption on the other hand is 
expected to grow at a rate of roughly 2.5 % per year by 2030. Accordingly, its share in the total final 
energy consumption will increase from 18.5 % (in 2017) to 26.6 % by 2050. 

The future demand for electricity is not likely to develop any differently for Sweden than it will globally. 
On a national level, the amount of energy consumed remains more or less the same now as back in 1980, 
even though relative consumption has been reduced by almost half since then. On the one hand, certain 
developments within the Swedish society have indeed led to reductions in energy consumption, such as: 
the decommissioning of old industries; implementation of modern technology; and an increased share of 
service-related jobs. On the other hand, the population has also increased and the economical growth has 
been substantial. In spite of improved energy efficiency and transformation into a modern society, 
Swedish energy demand has not decreased. For instance, the level of industrial energy efficiency was 
improved by 36 % between 1993–2010, however, noticeable variations to the amount of electricity needed 
on a national scale were negligible during this period. Assuming that Swedish industry will continue to 
grow in the years ahead, there is nothing that points to a significant reduction in electricity consumption. 
Access to a sufficient power supply is consequently a crucial factor for the realization of such a future 
(Svenskt Näringsliv 2014). 

One of the Swedish climate targets to be accomplished by 2030 is the 70 % reduction of emissions 
(compared to 2010 levels) originating from domestic transports9 (SCPC 2018). It is expected that an 
increase in electric vehicles will follow this ambition, and with this, a substantial increase in electricity 
demand as well. Studies suggest that approximately 5 TWh of additional electricity will be needed to meet 
the transportation sector’s demand by 2030. Furthermore, the recent ‘industrial profiling’ Sweden has 
carried out by offering possibilities to companies within the IT sector to place data centers in the northern 
parts of the country (characterized by a favorable climate) has also contributed to a growing demand for 
electricity. One of the centers already established in the region requires roughly 2 % of the total industrial 
electricity demand (1 TWh, and the amount is expected to grow with 4–5 additional large centers in the 
years to come. All in all, Swedish electricity consumption will likely increase by 5–10 TWh until 2030 
(Svenskt Näringsliv 2014). 

3.3 Implications for the electrical grid when increasing the 
share of intermittent electricity 

An electrical grid’s main purpose is to transport electricity from where it is generated to where it will be 
consumed. These grids are generally designed for large and centralized production units, such as nuclear 
and hydropower plants. A high voltage transmission grid enables units to transmit vast quantities of power 
without extensive losses along the way. Being dangerous and impractical to use for end consumers, the 
high voltages are transformed to lower levels and delivered through a distribution grid. Keeping the power 
system in balance, i.e. ensuring that the energy supplied is in balance with the demand for electricity, 
constitutes the main challenge of operation. Specific challenges to be dealt with in this regard vary 
depending on time scales. These can for instance be quality related issues regarding voltage and frequency 
stability (milliseconds to minutes), or the production of enough electricity to reach the load10 and meet 

                                                        
9 This does not include domestic aviation since this falls within the European Union Emission Trading System. 
10 Power consumption within an electrical grid. 
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demand (minutes to hours). On a yearly basis, production and transmission capacity should be sufficient 
enough to meet electricity demands throughout the entire energy system (Steen et al. 2014). 

Connecting new generation to the electrical grid creates a need for it to adapt to the new ‘situation’. There 
is no difference here between renewable sources or traditional thermal generation units. Additional 
challenges however do arise from renewables, e.g. wind and solar power, since the electricity generation 
from these sources vary during the course of a day, and from day to day. Challenges associated with some 
renewables also include their limitation of only being possible to construct in specific areas, for instance, 
wind power units are usually placed in areas characterized by high wind prevalence. These areas are not 
necessarily close to the existing electrical grid and connecting them may therefore require new 
transmission lines (Steen et al. 2014). 

Two common challenges for the distribution system relate to issues with overloading system components 
and voltage rise. The latter occurs when the amount of generated electricity exceeds the local demand. 
This may cause a reversed electricity flow, which besides affecting the installed protection systems, also 
may damage system components when these become overloaded. The amount of wind and solar power 
units that can be connected to a distribution system, without negatively affecting performance and 
reliability, depends on the load profile and how the specific system is designed. For instance, a system 
designed for a high peak demand is capable of handling higher power levels. This allows for larger shares 
of wind and solar power to be installed without causing problems. Another issue concerns the actual 
length of the distribution grid. Compared to a grid with much shorter distances, long distances between a 
substation and a customer are likely to result in a distribution characterized by both increased voltage rises 
and daily fluctuations (Steen et al. 2014). 

Being the ‘foundation’ on which an electrical grid is built, a properly working transmission system is vital 
for its full function and reliability. It would be ideal, from a transmission perspective, to place generators 
close to the actual load. However, since this is usually not the case with certain energy sources, e.g. 
because of economical, geographical or environmental constraints, electricity is generally transported over 
long distances. Integrating wind and solar power on a large scale can cause three major alterations to how 
a transmission system is utilized. Firstly, to make better use of resources that have the capability to 
manage imbalances in supply and demand in a system (e.g. hydropower), an expansion of transmission 
capacity might be necessary. Secondly, the most appropriate sites for the installation of power plants may 
change. This is largely dependent on the fact that specific location requirements for wind and solar power 
plants usually differ from the needs of ‘traditional’ power plants. Lastly, by increasing the transmission 
capacity, variations in the production of wind and solar power can be reduced. This also allows for 
improved possibilities of collecting electricity from a much larger geographical area (Steen et al. 2014). 

Keeping demand and supply in equilibrium has traditionally been carried out with flexible generation 
units (e.g. hydropower), whose capability of either increasing or reducing electricity production has 
proven to be effective when maintaining the power balance. However, the need for additional balancing 
power might increase as the amount of intermittent electricity generation does the same. When old flexible 
generation units are replaced with renewable power sources, this necessity increases even further since 
expansions of intermittent energy sources entail certain balancing complications. For example, if they 
already make use of all available energy (wind or solar radiation), increasing production is difficult, if 
possible at all. There is also the additional issue of congestion within the electrical grid. This means that 
an economically efficient operation of the system is impeded by limitations in the transmission grid, for 
instance preventing the most suitable generation units to satisfy the existing demand (Steen et al. 2014). 

3.4 Nuclear fission ‘according to science’ 
The following sections will further elaborate on some of the nuclear energy characteristics mentioned in 
the introductory chapter, as well as presenting additional information of relevance for this study. Included 
in this review are areas such as: environmental impacts from nuclear power generation; associated risks 
with fission technology; and climate change mitigation capacity of nuclear energy in a global context. 
Technological specifics regarding the fission process itself will not be explained, this information can 
instead be found (and more thoroughly explained) in other appropriate literature (Murray 2009). 
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3.4.1 General characteristics 
When adding a specific energy source to an energy mix, there are several aspects to consider, one being 
the environmental impact that the chosen technology will entail. Compared to e.g. wind and hydropower 
generation units, nuclear power plants have an advantage in terms of placement since the geographical 
restrictions of where they may be constructed are relatively few. Hydropower is usually generated from 
suitable water streams and wind power from areas characterized by high wind prevalence, the 
prerequisites for expanding these two energy sources are thus environmentally more restricted. It has also 
been concluded (Siquera et al. 2018) that the power plants themselves may be environmentally invasive. 
For instance, building water dams for hydropower generation often results in substantial landmass areas 
becoming submerged. A nuclear power plant, from this perspective, is less invasive than both wind and 
hydropower units. Wind power usually requires relatively large areas for a high electrical output as well. 

Although having low operating costs, the capital costs (also investment costs) for constructing nuclear 
power plants are undoubtedly high compared to other electricity generation technologies. Over time, these 
costs have even increased for this particular technology and this is something that distinguishes nuclear 
from other energy sources. The increasing capital costs primarily depend on two factors. The first one is 
the falling number of investments in nuclear technology, this leads to knowledge losses within the nuclear 
industry, which in turn leads to increased unit costs. The second factor is the rising level of technical 
complexity, which originates from constantly increasing safety standards. However, reversing this upward 
trend would most likely be possible through a mass production of units and facilitation of licensing 
processes, all being achievable through better standardization of nuclear power plants (Lehtveer & 
Hedenus 2015b). Stricter regulations and licensing delays usually stem from a worldwide public 
opposition rooted in fear and appurtenant safety concerns. Notwithstanding such ‘complicating 
circumstances’, the construction time for a nuclear power plant has decreased from the average of 99 
months in 2001, to roughly 68 months at present date. Construction time is counted from the first spill of 
concrete until the plant is connected to the power grid. Preceding processes such as decision-making and 
planning are not included (Siquera et al. 2018). 

Apart from hydropower, nuclear is the only low-carbon energy source that is dispatchable11. It is also a 
power source without an ‘intermittent nature’ (Roth & Jaramillo 2017). Having the advantage of being 
able to generate large quantities of energy on an uninterrupted basis, while only requiring small amounts 
of primary resources, makes it suitable as a base load power source. Since nuclear power generation relies 
on natural resources considered to exist in abundance, it may furthermore be regarded as a stable energy 
source in a long term perspective. Being characterized by relatively nonexistent price fluctuations also 
contributes to its stability (Vaillancourt et al. 2008). 

From a climate change mitigation perspective (more on this topic in chapter 3.4.3), having a low carbon 
footprint is undeniably an appealing quality for an energy source. The global average of CO2 emissions 
resulting from nuclear power generation is 15 g of CO2eq/kWh. This figure does not necessarily mean 
anything on its own, unless it is put into perspective. For instance, hydropower emissions amount to a 
mere 7 g CO2eq/kWh, a characteristic which certainly classifies it as a low-carbon energy source as well. 
As a comparison, energy sources such as natural gas and coal can be found on the other side of the 
‘emissions spectrum’, emitting 492 g CO2eq/kWh and 1025 g CO2eq/kWh respectively (Siquera et al. 
2018). In reducing climate impacts resulting from electricity generation, this is an important factor to 
consider. 

Clean energy sources are also of importance with regard to human health. Air pollution, resulting from the 
burning of fossil fuels, biomass and waste, is estimated to be responsible for approximately 1 million 
human deaths globally each year. However, an expansion of low-carbon energy sources could assist in 
substantially reducing this number (Kharecha & Hansen 2013). Being an energy source which does not 
emit air pollutants, nuclear power has an obvious advantage in terms of particle pollution (Fiore 2006). 
Studies have shown that historical losses of human lives caused by air pollution have been reduced 
through nuclear power generation (Kharecha & Hansen 2013; Qvist & Brook 2015b). When compared to 

                                                        
11 Dispatchable generation refers to sources of electricity which can adjust their power output to match the load 
requested to the power grid (e.g. by grid operators or plant owners to meet market needs). 
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a complete substitution for coal, which is also a dispatchable and non-intermittent power source, 
calculations estimate that the use of nuclear power prevented an average of 1.84 million human deaths 
worldwide during the period 1971–2009 (Kharecha & Hansen 2013). Similar estimates suggest that 
Swedish nuclear power production has prevented up to 60,000 deaths that otherwise would have occurred 
had the electricity been generated through fossil fuel sources (Qvist & Brook 2015b). 

3.4.2 Associated risks 
All energy sources entail certain risks, and power generation from nuclear is no exception. The following 
sections describe some of the most relevant issues appurtenant to this technology. 

Ionized radiation. This is undoubtedly the number one cause for public concern with regard to nuclear 
power production. Although being a relatively weak carcinogenic, it still manifests as a threatening 
element. This is in part incited by the relative ease with which ionized radiation can be measured, this 
simplicity usually tends to create more concern than if the situation would have been reversed (Håkansson 
et al. 2014). However, this particular type of radiation exists naturally in the surrounding environment and 
even within the human body itself. To put the general radiation risk into perspective it may be of interest 
to do a small comparison. The radiation dosage required to cause a person’s immediate death amounts to 
5,000 millisieverts (mSv). The average radiation exposure of a Swedish citizen, however, only reaches a 
few millisieverts annually (Analysgruppen 2008). Despite this considerable difference, even the slightest 
amount of radiation is still regarded as unsafe if it can be measured. Being strongly associated with the 
catastrophic consequences from the bombings of Hiroshima and Nagasaki, commercial nuclear power is 
consistently viewed as being equally dangerous as the weapons application of fission technology. 
Admittedly, this is not too illogical of an association considering that both applications use the same 
natural resource (Håkansson et al. 2014). 

Radioactive waste. The residues from nuclear fission also constitute a complicating factor. Some of the 
elements (especially plutonium) have a long half-life, during which they will keep on emitting both 
radiation and heat. Sweden has made the decision to encapsulate these leftovers with the intention of 
storing them in special chambers built deep down in an appropriate bedrock. The vast time scale which 
this final storage would have to successfully withstand is what constitutes a potential weakness in the 
chosen solution (Håkansson et al. 2014). Concerns are that the capsules might become defective with the 
passing of centuries and thus loose their ability to properly contain radiation from the radioactive waste. 

Nuclear power plant incidents. Apart from the previously mentioned accident at the Three Mile Island 
power plant outside of Harrisburg, United States, in 1979, there have been two major incidents globally. 
The most recent one happened on March 11th in 2011, at the Fukushima Daiichi power plant in Japan. The 
root cause was an earthquake of a magnitude which the country had never experienced before. However, 
the most ‘infamous’ nuclear incident is likely the one that occurred on April 26th in 1986, in Chernobyl, 
Ukraine. An experiment that was carried out in a particularly careless way led to a nuclear meltdown in 
one of the reactors. A widespread area was affected, to a lesser or greater extent, by the following 
radioactive fallout (Håkansson et al. 2014). 

Although hundreds of thousands of people were affected and displaced as immediate consequences from 
these incidents, the number of casualties have been remarkably low. According to an assessment made by 
the United Nations Scientific Committee on the Effects of Atomic Radiation, up to 2006 only 43 deaths 
were conclusively attributable to the radiation fallout from the Chernobyl incident. The same study also 
states that the radiation exposure has not resulted in any health effects for the remaining workers or the 
population in general, at least none that can be ‘persuasively proven’ (UNSCEAR 2008). Another study 
concludes that for the remaining two incidents, from which the radioactive fallouts have been 
considerably smaller, no deaths (that may be scientifically validated) have occurred (Kharecha & Hansen 
2013). However, estimates presented in the same study suggest that total nuclear related deaths in the 
period 1971–2009 amount to 4,900 globally.12 

                                                        
12 This is a number that results from computer modeling. Compared to empirical evaluations, this may be an 
overestimation. 
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3.4.3 Capacity to assist in climate change mitigation 
Although being an energy source, characterized by complex issues and complicating aspects that may be 
questioned, nuclear power’s potential to assist in the mitigation of climate change is by many institutions 
not one of them. A number of studies have presented relatively unanimous estimates and conclusions on 
the subject through the years. The following section is merely a brief summary of some of the reports that 
have assessed this particular potential. Further information and details can be found in the appurtenant 
references. 

As one of the most renowned entities studying and assessing the global energy situation from different 
perspectives, the IEA regularly publishes reports on current and future energy trends. In one of their most 
recent publications (IEA 2018b), it is stated that the future of the existing (global) nuclear fleet will have 
major implications for both achieving environmental goals, as well as the security of electricity supply. 
Many of the existing nuclear power plants will be, or are already, in need of lifetime extensions to be able 
to keep operating. If such extensions are not approved, the IEA concludes that such a substantial loss of 
clean base load energy supply would have consequences for the global energy mix as well as for the 
emissions trajectory, thus aggravating the challenge of reaching established climate targets. 

In addition, a report from the International Atomic Energy Agency (IAEA 2018) underlines that factors 
such as: population growth; increasing electricity consumption in developing countries; air pollution and 
climate change; and energy security and price volatility of other fuel sources, all indicate that nuclear 
power will continue to constitute an important share in the global energy mix in a long-term perspective. 

Through different forms of computer modeling (analyzing possible pathways to reach stringent climate 
targets), numerous studies have sought to assess nuclear energy’s mitigation capacities. From an 
economical perspective, one study found that the costs of reaching established climate targets is likely to 
be reduced through the inclusion of nuclear power, compared to if it would be globally decommissioned 
(Lehtveer & Hedenus 2015a). It has also been found that a continued development of nuclear power can 
be regarded as an insurance against high costs for climate mitigation (Lehtveer & Hedenus 2015b). 
Another study concluded that even if the capital costs for nuclear power plants are high, the continued 
operational costs are much lower than for other fuel sources. From a cost minimization (and energy 
security) perspective, this is of relevance, not least considering possible alternatives such as imports of 
coal and natural gas (Siquera et al. 2018). 

Leaving financial aspects aside and strictly focusing on aspects regarding GHG emissions also elucidate 
interesting strengths with nuclear power as a mitigation technology. By analyzing different energy sources 
in long-term climate scenarios, one study (Vaillancourt et al. 2008) found that nuclear energy would play 
a growing role and that renewable energy, on its own, will not be sufficient to meet the global energy need 
in the assessed climate scenarios. This was especially applicable in countries with high socio-economic 
growth, unless significant techno-economic developments were to occur. 

Calculations indicate that the global use of nuclear power prevented an average of 64 GtCO2 from being 
emitted during the period 1971–2009. Without nuclear power constituting part of the global energy mix, 
near-term climate change mitigation would be substantially more challenging. If assumed to be 
completely replaced with coal, estimates suggest that nuclear power would prevent an average of 150–240 
GtCO2 emissions during the period 2010–2050. If compared to natural gas, the prevented emissions would 
instead range between 80–130 GtCO2 for the same period (Kharecha & Hansen 2013). Representing the 
best case scenario for nuclear energy expansion, one study (Qvist & Brook 2015a) used Sweden as a 
reference case when assessing the potential for nuclear to replace all fossil-fueled electricity production on 
a global scale. Extrapolation of data suggested that this was not only possible, but fully achievable in 
‘merely’ 25–34 years. These calculations included an expected rise in global electricity demand, as well as 
the replacement of ageing nuclear power units. Although it would represent an expansion of 
unprecedented magnitudes, the study concluded that such a development was both industrially and 
technologically possible. Whether this would actually come to be realized was stated to primarily depend 
on strategic economic planning, public acceptance and political will. 

  



 18 

4. Methodological approach 
The basis of this project consists of a literature study that focuses on global as well as Swedish research 
regarding energy systems, climate change mitigation and policies for addressing this issue. This forms the 
foundation for an explorative scenario analysis that will be used to create potential outlooks on how 
nuclear energy may, or may not, come to constitute a substantial energy source in a future Swedish energy 
system. Furthermore, the selected energy sources will be assessed through the execution of an energy 
security analysis. 

This chapter will initially describe how relevant data and material were selected, and present a statement 
on the associated limitations of this study and what these may entail for its outcome and relevance. 
Following sections will provide descriptions of the different analysis tools that are applied, chosen for 
their capability to assist in answering the stated research questions. They will also provide a description of 
the starting point for the subsequent scenario analysis, in part consisting of a summary of the current 
electricity production in Sweden, including its composition of different energy sources and generated 
output. Lastly, the final sections will present the rationale and boundaries of the identified scenarios. 
These are in part constituted by conclusions obtained from the preceding literature study. The outcome 
from the scenario analysis will be presented in the following segment (see chapter 5). 

4.1 Selection of sources and data 
It is a well-established fact that the outcome of a research project depends on the information which 
constitutes its foundation. In the case of quantitative studies, this notion is probably even more true. The 
final results from such studies are however largely dependent on the actual input data. Transparency 
regarding the considerations that preceded this study is therefore relevant in order to clarify why specific 
sources and data were chosen (more on this in chapter 4.3). In terms of the reliability and validity of the 
generated results, such clarifications can certainly be motivated, especially when the amount of sources 
could be considered somewhat limited. 

All quantitative analyses performed in this study, as well as descriptions regarding current global and 
national energy situations, are solely based on secondary data (i.e. no data was generated during the 
research period of the project). The rationale behind this decision is connected to aspects of data reliability 
and time management. Numerous institutions and actors provide extensive, up-to-date and trustworthy 
data to whomever may require it. Basing calculations, estimates and conclusions on such information, 
provided by established national and global entities, allows for the use of reliable sources, while at the 
same time enabling a better use of the time assigned for this study. Lastly, the use of data and information 
widely accepted by the global energy community, also ensures higher levels of validity of the generated 
analysis findings. 

4.2 Ethics and study limitations 
Some of the inevitable limitations with a research project of this sort have already been mentioned in 
chapter 1.3. However, a few complementary remarks are appropriate to make and will be described in 
short. Apart from time constraints and limited resources, the final outcome is highly dependent on the 
chosen sources. In order to find and identify the best available information and data, discussions with 
available experts have constituted a continuous element throughout this study. From an ethical research 
perspective regarding reliability and accountability, these were of essential importance. Not least 
considering that the amount of national sources and data for instance proved to be relatively scarce, thus 
limiting the available options for the data required to perform the intended analyses. 

It is also an undeniable reality that limitations, in the form of: inescapable biases; initial levels of 
knowledge; general understanding of the fields in question; and personal perceptions, always exist to 
some extent. It is relatively safe to assume that the influences from such ‘forces’ likely have been kept to a 
minimum thanks to the guidance provided by field experts. However, it is not impossible that these 
limitations, to some extent, potentially affected the research process, e.g. during the evaluation of existing 
research and information. 
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4.3 Energy security analysis 
Although there are numerous ways of analyzing and assessing energy security, not all of them would be 
applicable for a study with this particular focus. For instance, some analyses are performed based on 
qualitative assessments, and although these may prove useful in some aspects, the inevitable prevalence of 
subjectivity entails certain challenges regarding generated results. One example is undoubtedly the 
difficulty for other actors to reproduce them. Since the outcomes are largely dependent on e.g. opinions, 
moods and personal interpretations of the individual performing such a study, the prospects of 
reproducibility is generally low. In order to create results that are reproducible, as well as understandable 
and justifiable, the use of quantitative data as a basis for an energy security analysis may therefore be 
regarded as a more appropriate choice (Hughes & Shupe 2010). 

The selected tool for this energy security analysis consists of the use of a two-dimensional decision 
matrix. This method allows for different alternatives to be ranked based on their specific criteria and 
corresponding metrics. As can be seen in the matrix below (see Fig. 6), A1 to Aa represent the identified 
alternatives and C1 to Cc represent the chosen criteria from which the alternatives are valued. The ranking 
of each alternative, r1 to rc, is determined by applying each criterion’s metric to the alternatives in its 
respective column. By applying the associated weighting, w1 to wc, for each ranking of the alternatives 
allows for their ‘final rankings’ to be calculated. Creating ranking vectors for the different alternatives, v1 
to va, is in turn performed by summing the rankings of each row. The resulting vectors contains the index 
of the individual alternatives and the larger the final value is, the higher the index will be. If the different 
alternatives consist of e.g. various energy sources, the final ranking vector may be interpreted as a energy 
security index. Consequently, each index indicates the level of security for each of the different 
alternatives (Hughes & Shupe 2010). 

 

 

 

 

 

 

When constructing an energy security index, there are several aspects to consider. A model could on the 
one hand be rather complex, consisting of different equations with many indicators. On the other hand, it 
could be very simple where each criterion is solely assigned one single indicator. It has been suggested 
that too many indicators from a wide spectrum may lead to results that cannot be entirely trusted. A high 
number of indicators that are significantly diverse may thus lead to conflicting conclusions (Böhringer & 
Bortolamendi 2015). In aspiring to create an index which is ‘less prone’ to generate such results, this 
study will only assign one indicator (metric) per selected criterion. Finding and selecting appropriate data 
is therefore of undeniable importance for the validity of generated results. The following paragraphs will 
present the choice of criteria and indicators for the subsequent energy security analysis, which is based on 
the 4 As of energy security. 

Availability. Although this particular pillar of energy security is normally included in this type of 
analyses, it would not be very useful nor relevant to include in a study which exclusively focuses on 
electricity production. For instance, using the R/P ratio as an indicator is quite common when assessing 
availability, especially if looking into future reserves of oil or coal. However, the R/P ratio would do a 
poor job of purposefully representing a renewable energy source such as wind power, considering that this 
energy is generated from a flow and not from a stock. Moreover, as only the availability of electricity will 
be assessed in this study, it would not make much sense to include this criterion since the supply of 
electricity generally meets the demand. For these reasons, the availability pillar will be excluded from the 
following analysis. 

Figure 6 | General decision matrix (Hughes & Shupe 2010). With permission of Larry Hughes. 
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Accessibility. Referring to the degree of access to a particular energy source, accessibility can be 
measured by looking at production levels over time. For instance, this could be the total annual Swedish 
electricity generation for each of the different energy sources (nuclear, wind and hydropower). Using a 
dataset on these particular metrics would allow for the determination of both temporal accessibility 
(growth or demand change over time), as well as for current accessibility, which is the current demand 
relative to other alternatives. Temporal accessibility may be calculated by e.g. performing an average 
linear regression on the time-series dataset. Current accessibility would be determined by calculating the 
normalized values of a specific year (Hughes & Shupe 2010). This criterion was initially intended to form 
part of the energy security index. However, after several different approaches to include it in the analysis 
in meaningful way (together with the following two As), it became apparent that this would not be 
possible. In terms of accessibility, Sweden may furthermore be assessed to have access to a great deal of 
energy sources and the chosen electricity mix is thus mainly dependent on the outcome from decision-
making processes. For these reasons, this pillar is also omitted from the index. 

Affordability. Although this criterion may refer to a variety of indicators, e.g. the cost of a specific 
energy service, such choices risk to be perceived as somewhat arbitrary. Instead, it may be more useful to 
assess affordability by simply ranking the different energy sources according to their normalized values. 
Whether this is ‘true’ affordability may of course be discussed. However, it could be assumed that the 
lowest per-unit-cost of energy is the most affordable, and thus the most secure. Determining the 
affordability could be done from a linear regression (just as with accessibility), this would indicate the 
change over time (temporal affordability). It is also possible to determine the affordability of different 
energy sources by looking at a single normalized value of the current cost for each of them. These values 
would then be compared to each other. A high value indicates a high cost, which in turn means that it 
would be considered less secure (Hughes & Shupe 2010). This analysis will use the latter of the two 
methods and the chosen indicator is the levelized cost of electricity (LCOE) for the different energy 
sources. This indicator provides a relative long-term value since it is generally comprised by the costs of 
capital, operation, maintenance, resource use and production. 

Even though LCOE is an illustrative way of highlighting energy costs, it ought to be pointed out (for the 
sake of transparency) that LCOE calculations frequently vary in how they are performed, e.g. regarding 
what specific costs are actually incorporated. This obviously constitutes a problem since meaningful 
comparisons between different sources thus become rather complicated. The specific LCOE data used in 
this study originates from analyses performed by a Swedish research center. As previously mentioned in 
chapter 4.1, basing an analysis on data from a single source inherently leads to results possible to 
challenge. Although it is normally relevant to question whether such an approach is appropriate or not, the 
data requirements for this particular research project can be considered to motivate such a course of 
action. 

When performing an energy security analysis focusing on a specific country, generated results run the risk 
of being deemed somewhat irrelevant if parts of the used data actually describes the situation in another 
country (of course assuming that the data is not applicable to the studied country as well). In terms of 
comparability, it is also of relevance that the LCOE for different energy sources are all calculated in the 
same way. Making reliable comparisons would likely be a problematic task if this would not be the case. 
It is however fairly safe to assume that an established research center would use a single calculation 
scheme throughout an entire report, thus avoiding such a potential weakness. 

Based on these two criteria, choosing to use the LCOE data from this single Swedish source is, apart from 
being suitable to the research scope, considered to be the most reliable and relevant to use in the 
subsequent energy security analysis. Furthermore, the specific electricity costs will be the ones without 
appurtenant financial instruments (see Appendix 1, Affordability ranking). These are political tools that 
may change depending on what is currently being promoted as a desirable societal development. In 
addition, since the implementation of the Framework Agreement, nuclear energy no longer has the 
thermal output tax. A comparison of energy sources without financial instruments is therefore deemed 
even more appropriate. 
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Acceptability. The last of the 4 As refers to the level of acceptance for a particular energy source. As 
previously stated, this may refer to environmental acceptability, but it could also revolve around political 
or social acceptability. Based on the fact that the focus of this study lies on climate change and its 
appurtenant effects, the chosen indicator for this part of the energy security analysis refers to 
environmental acceptability. More precisely, it is the climate impact that each of the energy sources 
generate that will be utilized. The chosen data refers to emissions originating from Swedish power 
generation. Although these emissions vary slightly from what was previously presented in chapter 3.4.1, 
they are still highly comparable to data provided by other sources and thus considered sufficiently reliable. 

All of the emissions data used in the energy security analysis was retrieved from one of the main energy 
producers (see Appendix 1, Acceptability ranking). One exception is being made in one of the upcoming 
scenarios since the climate impact from one particular energy source has not been assessed by the energy 
producer in question. The rationale for using acceptability data from a single national source follows the 
same reasoning as for the affordability criterion. 

Based on the information presented above, a model of what the decision matrix in the upcoming energy 
security analysis looks like is illustrated down below (see Fig. 7). The identified alternatives in this 
decision matrix are hydropower, nuclear power and wind power. The chosen criteria are affordability and 
acceptability. As an example, equal weighting of the criteria are assumed, together equaling 1 (100 %) 
when summarized. This illustration does not include any of the gathered data, nor results. The analysis 
outcomes and generated indexes for the selected energy sources will be presented in the following 
segment (see chapter 5.1). 

 

 

 

 

 

 

Lastly, in addition to the energy security index, this study will also perform a separate energy security 
analysis where the electricity mixes in each of the identified scenarios will be evaluated on the basis of 
their associated costs and climate impacts. Performing such calculations will enable a more tangible 
comparison of the four scenarios later on in chapter 6. 

4.4 Explorative scenario analysis 
Explorative scenario analysis is a means of characterizing the future and its appurtenant uncertainties. 
This is performed through structured, but imaginative, thinking that extends beyond what is considered 
conventional wisdom. Scenarios are occasionally regarded as “plausible and often simplified descriptions 
of how the future may develop based on a coherent and internally consistent set of assumptions about key 
driving forces and relationships” (Rounsevell & Metzger 2010, p. 606). 

Being a widely implemented tool for both policy as well as business planning, the usefulness of scenario 
techniques has been proven repeatedly. Scenario analyses may be performed in a number of different 
ways, with foundations based on either qualitative or quantitative data, or a combination of both. The 
techniques themselves can be systematic-formalized methods, such as Cross-Impact Analysis or 
Consistency analysis, but also creative-narrative methods, for instance Morphological Analysis or 
Normative-narrative scenarios. A variant among the creative-narrative scenario techniques consists of a 
complete permutation of solely a few future possibilities. The general idea behind this specific procedure 
is that all potential values of key factors may be combined with all other values of key factors, thus 
allowing the formulation of individual scenarios based on this foundation. This particular scenario 
technique is predominately applied in brief processes and the outcomes therefore tend to be rather 

Figure 7 | Model of the adapted decision matrix. 
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simplified. However, it is a useful tool to use when seeking to generate initial outlooks of possible future 
developments. The process itself is usually characterized by the identification of two key uncertainties and 
the definition of their major values, resulting in a matrix (grid) of two times two scenarios. Limiting the 
key uncertainties to solely two is a practical approach since a higher number would render the technique 
much more challenging to use (Kosow & Gaßner 2008). 

4.5 Contemporary Swedish electricity production 
Constituting the starting point for the identified scenarios, this section provides a description of the current 
Swedish electricity generation. Reports on energy use and consumption generally require large amounts of 
time to complete. This is the reason behind the fact that the information presented describes the electricity 
generation for Sweden in 2016. These are plainly the most recent data available that is provided by the 
Swedish Energy Agency. However, using this data adds to the level coherency since other sources 
throughout this study also refer to the energy situation in 2016. Although some time has passed since then, 
the energy situation may be assumed to not having changed considerably. 

The total Swedish electricity generation in 2016 amounted to 154 TWh. As previously stated, nuclear 
power generated 61 TWh (40 %) and the other two major energy sources, wind and hydropower, produced 
16 TWh (10 %) and 62 TWh (40 %) respectively. Combined heat and power (CHP) accounted for 9 TWh 
(6 %) and industrial combined heat and power (ICHP) 6 TWh (4 %). In the diagram below, it is possible 
to see the development for Swedish electricity generation over time (see Fig. 8). The part which is labeled 
other thermal power is to a large extent represented by the fossil fuel sources that were replaced by 
nuclear power during the 1970s and 1980s (Swedish Energy Agency 2018). 

The Swedish energy system is usually divided into three separate main sectors when looking into final 
energy consumption, namely industry, transport and residential- and service sector. In 2016 these 
consumed a total of 125 TWh of electricity. The largest consumer was the residential- and service sector, 
using 73 TWh, followed by the industry sector which required 49 TWh. The smallest consumer was thus 
the transport sector, only using a ‘mere’ 3 TWh (Swedish Energy Agency 2018), this may however 
change significantly in the years to come (as mentioned in chapter 3.2). 

Figure 8 | Electricity use and electricity generation per type of power 1970–2016, TWh (Swedish Energy Agency 2018). 
With permission of the Swedish Energy Agency. 
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Lastly, it is also worth mentioning the fact that the Swedish electricity generation is almost entirely fossil 
free (98 %). The small remaining share of fossil fuels is mainly utilized by a few CHP plants. There are 
also some thermal power plants running on natural gas, oil and coal, these form part of the national power 
reserve (Swedenergy 2018). In a global comparison, Sweden resides in the category with the lowest CO2 
emissions from electricity generation (see Fig. 9). Another country in this category is France, which also 
has a large share of nuclear power in its national energy mix. 

 

4.6 Constructing scenarios 
The following sections will present the specific contexts for each of the four identified scenarios, as well 
as the key driving factors, boundary conditions, and rationale behind them. However, there are some 
general boundaries and specifics that apply to all of the scenarios, these will consequently be presented 
first. 

Building on the previously described scenario 
method (a complete permutation) resulted in the 
identification of two key uncertainties, which 
together form the scenario matrix of this study 
(see Fig. 10). As can be seen in the matrix, each 
axis has been assigned an uncertainty. None of 
the possible ‘values’ on the axes are absolute, 
instead each direction is assigned a development 
scope which has been specified as a more-or-less 
spectrum. Based on their characteristics, in 
relation to the key uncertainties, the identified 
scenarios have been positioned within one of the 
quadrants of the matrix each. 

As described in chapter 4.5, approximately 10 % 
of the total current Swedish electricity production 
is represented by CHP and ICHP generation. This 
electricity is to some extent produced through an 
indirect form of power generation, originating as 
a ‘byproduct’ from other practices (e.g. within the 

Figure 9 | Carbon intensity and CO2 emissions for electricity generation by region 2016 (IEA 2018b). 

Figure 10 | Scenario matrix. 
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industry sector). Since this share is dependent on a number of varying factors, it is difficult to assess what 
it might be in 2050. Discussions with different experts have resulted in the general assumption that this 
particular share will vary around 10–15 % within the selected scenario time frame. This entails that it will 
only be the remaining 85–90 % of the total generation (consisting of other energy sources) that will be 
included in the upcoming scenario analysis, as well as in the subsequent energy security analysis. 

4.6.1 Scenario 1 
The first scenario constitutes an outlook which may be regarded as somewhat of a reference scenario. 
Extrapolation of the current societal developments and market conditions described in previous chapters 
entail a controlled increase of renewable energy sources in the Swedish electricity mix. As this shift in 
electricity generation is carried out, the Swedish nuclear fleet is simultaneously decommissioned. The 
scenario has been given the name Phase Out, which suggests that this is a plausible development for 
nuclear power considering the contemporary national situation. 

Driving factors. There are two key driving factors behind this future outlook. The first one is associated 
with political instruments and supportive regulations. In this scenario, wind power has been assigned 
certain financial advantages in comparison to other energy sources, resulting in high investments by a 
great number of producers which all seek to form part of the energy system transformation. The second 
factor is also political and has to do with implementation of established policies. By a vote in the Swedish 
parliament, it has been decided that nuclear power is to be completely decommissioned by the year 2050. 
However, similar to the outcome of the referendum back in 1980, this will be carried out in a way that will 
not impact too severely on employment or welfare. Furthermore, wind power is decided to be its intended 
replacement and will serve as the sole substitution technology. Being a renewable energy source, which 
does not entail as many complicating characteristics a nuclear power, this decision is met without any 
significant resistance. 

Boundary conditions. Since nuclear power is planned to be completely decommissioned, the expansion 
of wind power will have to be carried out in such a magnitude that it both completely offsets the loss of 
nuclear electricity generation, and meets the increasing national energy demands. Ensuring sufficient 
balancing power capacity, and making necessary adjustments to the power grid, are crucial for the new 
share of intermittent energy generation to work in a satisfactory way. 

4.6.2 Scenario 2 
The second outlook might not be a reference scenario in the same sense as the previous one, however, it 
does portray a future energy system which is fairly similar to the one existing today. Certain 
environmental and social developments lead to a precarious situation for the national electricity 
production and decisions are based on factors that historically have not been of a crucial nature. The 
resulting outcome is that the existing nuclear power fleet is preserved and even prepared for continuous 
operation for a foreseeable future. This course of action is based on the outcome from rational assessments 
performed by various societal entities. The name Legitimate Preservation originates from the notion that 
challenging times sometimes require measures that previously might have been considered unnecessary, 
and perhaps even inconceivable. 

Driving factors. Several underlying factors lead up to the unforeseen preservation of the national nuclear 
fleet. Severe consequences resulting from climate change prove to take an unexpectedly hard toll on 
countries located in the near vicinity of the Arctic Circle, Sweden being no exception. Global warming 
results in changed precipitation patterns and apart from increasing occurrences of forest fires and 
decreasing yields from national agriculture, the lack of sufficient rain ensures a steady decrease of water 
levels in the hydropower plant reservoirs. What was previously regarded as a reliable energy source is 
now subjected to substantial reevaluations and assessments, all which conclude that hydropower will face 
ever-increasing difficulties in meeting national electricity demands. 

Due to increasing tensions in Sweden’s immediate region, national energy security policies change focus 
and an increasing emphasis is put on national electricity generation. Increasing concerns about the 
consequences resulting from climate change also lead to an increased appeal for fossil free energy sources. 
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Furthermore, national labor market policies stress the importance of sufficient electricity generation to 
meet the electricity demands from Swedish industry. 

Boundary conditions. Although constituting an energy source that technically may be expanded with 
relative ease, wind power is found to be practically impossible to implement as the sole solution to the 
growing energy problem. One of the major underlying reasons is connected to issues with acceptability for 
this particular technology. Substantial parts of the Swedish population join forces in a massive movement 
against such a development plan and this ‘wind power opposition’ is represented by entities from various 
backgrounds and fields. Certain environmental groups oppose extensive installments of wind power units 
by claiming that the negative environmental impacts would become too big. For instance, they point to the 
risk that wind turbines may lead to a loss of biodiversity and animal lives, as well as resulting in possibly 
detrimental changes to important ecosystems. Local grass root associations, largely comprised by 
homeowners, strongly contest an expansion because they do not want the wind turbines to be built close to 
where they live. Their antagonism is partly founded on a strong reluctance of being subjected to the 
inescapable noise pollution that the turbines would cause. It is also based on the notion that a large 
installment of turbines would severely lower the scenic values of affected areas. The Swedish military is 
also one of the entities that oppose a large scale expansion of national wind power. Their reasons are 
associated with issues regarding national security, emphasizing that wind turbines, for example, pose a 
risk of interfering with military air space and radar systems. This would be an especially troublesome 
development in a region where the level of security currently experiences a downward trend. 

An alternative solution to the decreasing supply of national electricity could be an exploitation of the 
remaining big Swedish rivers. Expanding the hydropower capacity could make up for the loss of previous 
generation output. However, apart from intensive public opposition, which would likely be similar to the 
one regarding wind power, the remaining rivers have been protected from exploitation by Swedish law 
since the 1970s. Being preserved for their environmental values effectively rules out such a theoretical 
course of action. 

4.6.3 Scenario 3 
Being quite distinctive from the previous two scenarios, this outlook describes a reality where certain 
developments completely turn the ‘old tables’ around. In a short period of time, the Swedish energy 
system is subjected to an unprecedented change as one of the main energy sources is rapidly 
decommissioned, leaving the country in a precarious situation. End of an Era is a scenario which 
describes the premature retirement of the Swedish nuclear fleet, and the implications that could follow 
such a development. 

Driving factors. Although there is only one single key factor behind this outlook, it is nonetheless 
regarded powerful enough to constitute a ‘game changer’. Similar to the previous three nuclear incidents 
that managed to receive global attention, news of yet another severe accident reaches Sweden and voices 
that have not been heard since the 1970s are raised once again. Feeling a considerable pressure from a 
majority of the population, the Swedish parliament announces a new referendum deciding the future for 
the remaining nuclear reactors. Public opinion on nuclear energy proves to have changed completely 
following the new incident and the outcome is an overwhelming support for a complete phase out within a 
ten-year period. 

Boundary conditions. Apart from including a decommissioning time plan, a newly established regulation 
strictly prohibits any shares of nuclear power to form part of the Swedish energy system, irrespective of 
being produced nationally or imported from another country. Realizing that a loss of almost half of the 
national electricity generation is imminent, the Swedish parliament agree upon the importance of ensuring 
continued energy security. Solving this task has to be carried out in such a way that it fulfills certain 
criteria with respect to accessibility and affordability. 

 

 



 26 

4.6.4 Scenario 4 
Being the last of the four identified scenarios, this outlook explores a path which differentiates itself 
significantly from the previous three. Instead of being either maintained at current levels or phased out 
(swiftly or controlled), nuclear energy is given a prominent role in the Swedish energy system. Nuclear 
power generation is substantially increased through investments aiming to raise the output capacity of the 
existing reactors. Investments are also made with the aim of prolonging the reactors’ operational life 
spans. Nuclear Prevails describes a future where the Swedish energy system serves more than just 
national interests. It constitutes a scenario in which reliable base load power generation is of great 
importance. 

Driving factors. The first of two driving factors behind this scenario is associated with an ever-increasing 
electricity demand. A swift electrification of the Swedish society (e.g. fulfilling targets to decarbonize the 
national transportation sector) and a rapidly growing industry sector result in a strong need for a sufficient 
electricity supply. 

The second factor consists of rising European taxes on carbon emissions. Reaching levels that make it 
truly expensive to pollute finally proves that carbon taxes may be effective financial instruments to use 
when seeking to lower GHG emissions leading to climate change. Several nation states around Europe are 
either far behind in the transformation process to create carbon neutral energy systems, or find it difficult 
to reach established emissions targets. This situation results in an extensive demand for energy with low 
carbon footprints. 

Boundary conditions. Compared to the first three outlooks, the Swedish demand for electricity 
experiences a significant increase in Nuclear Prevails. For reasons connected to energy security, it is also 
decided that a sufficient electricity supply will be ensured primarily through national production. The final 
boundary condition relates to the Swedish public opinion regarding nuclear power. Contrary to the 
previous scenarios, there is no national antagonistic movement towards this form of electricity generation. 
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5. Results 
This chapter presents the results from the energy security analysis, as well as the outcomes from the 
explorative scenario analysis. The results from the energy security analysis will be presented first. This 
part contains a description of how the process of generating the index was carried out, together with the 
indexes themselves. The four identified scenarios follow this section, all of them presented with 
appurtenant future electricity mixes (specifying the amount of generated power from each energy source). 
Narrative descriptions of the future Swedish electricity systems, and how they emerged, are also included. 

5.1 Energy security index based on ‘The 2 As’ 
Before getting into the results of the energy security analysis, it is necessary to clarify how they should be 
interpreted. Contrary to what would most likely be assumed at first, the generated indexes presented in 
this chapter do not follow a ‘normal’ interpretation scheme. As was previously explained regarding the 
affordability criterion (described in chapter 4.3), a high cost (measured in SEK/kWh) would be an 
indication of a certain energy source being less secure, compared to less costly alternatives which 
consequently would be considered as more secure. Fortunately for this energy security index, the 
‘reversed logic’ applies to the acceptability criterion as well. When focusing on environmental 
acceptability, by looking at the climate impact from a single energy source (measured in g CO2eq/kWh), 
high emissions indicate that the alternative is less secure. Low emissions on the other hand indicate a 
higher level of security. The same reversed logic thus also applies to the generated ranking vector (final 
energy security index). A high index (value) indicates that the alternative is less secure, and a low index 
indicates that the alternative is more secure. 

Following the chosen method for creating an energy security index, and applying the selected and 
normalized data (Nohlgren et al. 2014; Vattenfall 2016; Vattenfall 2018a; Vattenfall 2018b) to each 
criterion of the identified alternatives, resulted in the outcome presented in Table 1 below. The energy 
security indexes have been adjusted according to an equal weighting of the different rankings (0,50 for 
affordability and 0,50 for acceptability). This would for instance be the case when a jurisdiction values all 
the criteria as being equally important in achieving energy security. As can be seen in the table, nuclear 
power constitutes the energy source with the lowest affordability, but at the same time the alternative with 
the highest level of acceptability. The aggregated rankings among the three different energy sources, with 
equal weightings, show that wind power is the least secure alternative, and nuclear power the most secure. 

 

 

 

 

 

 

For the sake of argument, let us imagine that a jurisdiction values affordability over acceptability in 
achieving energy security. If assuming that the affordability criterion is valued twice as high compared to 
acceptability, the results from the decision matrix change slightly. After being assigned new weightings 
(0,66 for affordability and 0,33 for acceptability), the original rankings of the alternatives generate new 
indexes. As is illustrated in Table 2 below, the new weighting still renders wind power as the least secure 
energy source, only causing a marginal improvement compared to the first index. In contrast to wind 
power, the ranking vectors for nuclear and hydropower experience a more distinct change. Although 
becoming less secure, both indexes end up with the same values in this case. This suggests that in a 
jurisdiction where affordability is valued twice as high as acceptability, both these energy sources would 
be considered equally (and most) secure. 

Table 1 | Energy security indexes with equal weighting of the rankings. 
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Let us also imagine a situation where the jurisdiction instead values acceptability over affordability in 
achieving energy security. Performing the same calculations, but this time with reversed weightings (0,33 
for affordability and 0,66 for acceptability), results in yet another slightly different outcome than the 
previous ones. Table 3 below illustrates that the numerical order of the indexes for the three energy 
sources remain the same as in the case with equal weighting of the rankings. However, it is worth noting 
that the indexes for both nuclear and hydropower now decrease. This indicates that they (in this case) 
would be considered more secure compared to the first case. Furthermore, the outcome from this decision 
matrix implies that a jurisdiction, which values climate impact as more important than costs in achieving 
energy security, would likely prefer nuclear power to wind power. 

 

 

 

 

 

 

Summarizing the outcomes from the performed energy security analysis, presented in the three decision 
matrixes above, shows that wind power ranks as the least secure energy source among the low-carbon 
alternatives. Having the lowest index in all the different weighting cases (sharing the ranking with 
hydropower in the second case), nuclear power conversely constitutes the energy source with the highest 
level of energy security. 

  

Table 3 | Energy security indexes with acceptability being twice as important. 

Table 2 | Energy security indexes with affordability being twice as important. 
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5.2 Sweden 2050 – Phase Out 
 

 

 

 

 

 

 

 

 

• The total Swedish electricity generation is 180 TWh/year. 
• Electricity demand has followed estimated increases. 
• The annual carbon footprint in 2050 resulting from this electricity mix is 1.95 MtCO2eq. 

 

Much like the sailing ships of old, wind is now what primarily ensures that the Swedish society moves 
forward. The transformation of the previous electricity mix has just been completed and apart from some 
mishaps along the way, everything has been carried out according to plan. As the nuclear fleet was 
gradually decommissioned, wind turbines were constructed by the thousands and are now to be found 
nationwide. Although a substantial number were built in the south, the vast majority was erected in the 
middle and northern regions of the country due to more favorable wind conditions. Aside from their 
massive numbers, technological advancements have led to the development of wind turbines that are 
considerably larger than the older models. This progress has rendered the units more efficient as well as 
increasing their generation capacity. Investments in capacity upgrades for the existing hydropower plants 
have managed to increase their energy output levels as well. 

In handling this considerable quantity of additional intermittent electricity, the national electricity grid has 
experienced considerable adjustments, not least regarding its transmission capacity. In addition to this, 
large balancing and backup power systems have been installed to be able to successfully handle periods 
when wind generation is insufficient in meeting the national electricity demand. 

Swedish industry remains stable, but has not grown particularly during the last couple of decades. One 
part of the explanation behind this reality is the relatively small remaining share of base load power in the 
electricity mix. Although being an energy system which operates in a satisfactory way, it is not without its 
fair share of disadvantages. Sweden lived up to national expectations when successfully realizing an 
unprecedented wind power expansion, proving that it indeed was possible. However, the financial costs 
for the transformation have been considerable and end consumer prices for electricity are high. 

  

Figure 11 | Swedish electricity mix in Phase Out. 
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5.3 Sweden 2050 – Legitimate Preservation 
 

 

 

 

 

 

 

 

 

 

• The total Swedish electricity generation is 190 TWh/year. 
• Electricity demand has slightly exceeded the estimated increases. 
• The annual carbon footprint in 2050 resulting from this electricity mix is 1.32 MtCO2eq. 

 

Constituting one of the most severe challenges that humanity has ever faced, climate change, along with 
its accompanying consequences, is being mitigated by a large variety of countermeasures. Through 
multilateral efforts from nation states and global corporations, as well as the rest of the global community, 
the immense carbon emissions that to a large extent cause global warming have received considerable 
attention. They are now being dealt with by a united international front. However, adverse impacts from 
the damage already caused to the climate are leaving no region unaffected. Sweden is experiencing regular 
heat waves during the summers, as well as other forms of extreme weather occurrences throughout the rest 
of the year. 

A decline in annual precipitation has led to a significant decrease in hydropower generation. Despite 
technological advancements in the energy field, the generation capacity has not been improved 
sufficiently to compensate for low water levels in the power plant reservoirs. Having withstood certain 
societal pressure, thus proving to be an effective judicial instrument, national environmental legislation 
has successfully protected the remaining large rivers from exploitation. The strong opposition movement 
against a massive and nationwide expansion of wind power on the other hand, managed to reduce the 
intended additions of wind turbines by approximately half, leaving many of its supporters more or less 
satisfied. These developments, accompanied with security concerns and preferences for national 
electricity generation, has, not unexpectedly, resulted in the complete preservation of the Swedish nuclear 
fleet. 

The Swedish electricity mix has not undergone any significant alterations regarding the specific 
composition of electricity generation. The loss of hydropower generation is compensated for by increased 
base load electricity production from nuclear power and, to a lesser extent, from CHP+ICHP as well. 
Although the share of hydropower has decreased, it still serves efficiently as a balancing power source. 
The existing share of intermittent electricity, consisting of wind power generation, required only minor 
adjustments to the national electricity grid. As a whole, the electric power system operates more or less in 
the same way it used to and the electricity demand is still met by national supply. 

  

Figure 12 | Swedish electricity mix in Legitimate Preservation. 
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5.4 Sweden 2050 – End of an Era 
 

 

 

 

 

 

 

 

 

 

• The total Swedish electricity generation is 170 TWh/year. 
• Electricity demand has not followed estimated increases. 
• The annual carbon footprint in 2050 resulting from this electricity mix is 25.72 MtCO2eq. 

 

A future before perceived as unlikely, has now become a reality. In the wake of the nuclear incident and 
the subsequent referendum, the Swedish energy system went through a change that not many had 
expected. Effectuating the ten-year decommissioning plan resulted in the complete phase out of the 
nuclear fleet, but it also led to a stark insight that the task of replacing 65 TWh of electricity was neither 
small nor easy to complete. The speed, with which both an extensive expansion of wind power capacity 
and necessary adaptations of the electrical grid could be carried out safely, and with reliable results, 
proved to be too slow to completely replace nuclear power within a ten-year time frame. As a result, the 
Swedish parliament was forced to consider previously less preferable solutions in order to ensure national 
energy security. 

Although the share of wind power generation increased initially, it soon became clear that other energy 
sources would have to form part of the national electricity mix. Representing the outcome from measures 
taken to replace the loss of national electricity supply, newly constructed thermal power plants, together 
with the necessary infrastructure to operate them, are now to be found at various sites across the country.13 
Insufficient amounts of time to transform the electricity system in an ideal way resulted in a locked-in 
energy system where Sweden is relying on imported natural gas in order to produce enough electricity to 
meet the current national electricity demand. In spite of not being an optimal energy source from a climate 
perspective, it is reasoned that this solution at least is preferable to the option of coal-fired power plants. 

Higher global fees and costs for the use of fossil fuels as energy sources lead to high electricity prices for 
Swedish end consumers, which in turn result in a lower national electricity demand than expected. 
Relatively high electricity costs are also one of the main reasons behind a slowing of the growth rate for 
the previously prosperous Swedish industry. 

  

                                                        
13 This new fleet of power plants consists of Combined Gas and Steam (COGAS) turbines, allowing for long-term 
and more economically feasible electricity generation compared to regular gas turbines. 

Figure 13 | Swedish electricity mix in End of an Era. 
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5.5 Sweden 2050 – Nuclear Prevails 
 

 

 

 

 

 

 

 

 

 

• The total Swedish electricity generation is 230 TWh/year. 
• Electricity demand has surpassed estimated increases. 
• The annual carbon footprint in 2050 resulting from this electricity mix is 1.59 MtCO2eq. 

 

The Swedish electricity mix continues to be characterized by a low carbon footprint. High taxes on carbon 
emissions have resulted in Sweden becoming an even bigger net exporter of electricity, compared to 
merely a few decades ago. The increased demand mainly originates from coal and natural gas dependent 
countries in East-Central Europe, struggling with arduous transformations of their national energy systems 
in compliance with climate and environmental regulations. Swedish electricity export has, somewhat 
surprisingly, become a thriving industry of its own and the demand for electricity has increased well 
above previous estimations. The revenues from this lucrative business have managed to keep Swedish 
electricity prices relatively low and increases usually consist of adjustments for inflation. Cheap energy is 
also one of the contributing factors behind high growth rates within other sectors of the Swedish industry. 

Ensuring that sufficient amounts of electricity are unceasingly delivered to importers and end consumers 
has become a high priority. Since a steady generation of base load electricity is vital, not least for the 
prosperity of the ‘new’ export industry, the Swedish nuclear power capacity has been substantially 
increased. To meet the stipulated requirements regarding power plants operators, the Swedish education 
sector has implemented several changes to be able to supply the nuclear sector with a competent 
workforce. New university programmes and vocational educations related to nuclear energy are regularly 
being added to the national education portfolio. 

Although there are some sectors that still require significant transformations, the electrification of the 
Swedish society continues its steady progress and much has been accomplished. Since a substantial 
amount of electricity is being exported to other European countries, the share of wind power within the 
electricity mix has been increased to assist in meeting the new demand for electricity. The addition of 
renewable energy resulted in a few changes being made to the electricity grid. However, the share of 
intermittent energy does not create any substantial difficulties with keeping the power balance and 
hydropower manages this task with continued efficiency. 

  

Figure 14 | Swedish electricity mix in Nuclear Prevails. 
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6. Analysis 
Analyzing certain aspects in the scenarios allows for a highlighting of components that may constitute 
important factors for how the Swedish electricity mix could develop in the future. All four outlooks will 
be analyzed separately. This chapter ends with a security assessment of the different electricity mixes. 

6.1 Analyzing Phase Out 
One of the most prominent factors in this scenario has to do with the associated costs for the 
implementation of an extensive wind power expansion. It is therefore of interest to have a little closer look 
at potential economic aspects in this scenario. One study has suggested that a complete transformation of 
the Swedish energy system until 2050, reaching 100 % renewable energy production, would require an 
estimated 1,550–1,630 billion SEK to realize (Krönert et al. 2017). The investment estimates (e.g. 
covering costs for production, power grid adjustments and energy storage) are the results from a scenario 
analysis assessing two possible future Swedish energy systems. However, these specific amounts have 
been contested and accused of representing a ‘price tag’ which includes certain future expenditures that 
await Sweden irrespectively of the existence of potential renewable energy plans. Even if the final costs 
would be less in the end, the estimates still provide an indication of the size of the figure that could be 
required. Since future developments generally are difficult to accurately predict, there is also a possibility 
that the final costs could become significantly higher. This could e.g. depend on unexpected costs for 
alternative energy storage solutions not yet invented, as well as additional adjustments required to 
adequately adapt the national power grid to intermittent energy sources. 

Another calculation that may be of interest to perform is the cost for storing wind power energy. Let us for 
instance assume that Sweden decides that the required backup capacity needed to balance the intermittent 
energy, is equivalent to the daily national average of wind power generated. This is a fair assumption 
since the wind may not blow sufficiently one day, or the grid could experience some sort of malfunction. 
If deciding to use industrial grade lithium-ion batteries as a storage medium, the final investments can be 
calculated by simply multiplying the amount of storage capacity needed, with the cost per kWh stored. In 
this example, the range for energy storage costs (prices adjusted to 2015 values) is between 1,700–2,550 
SEK/kWh (Nordling et al. 2015). One day’s worth of backup capacity thus amounts to a final investment 
cost between 419–628 billion SEK (approximately 0.246 TWh of storage capacity). As a comparison, this 
considerable sum is equivalent to roughly half of the current Swedish National debt (Swedish National 
Debt Office 2019). This may also prove to be an underestimation in the end. Considering the possibility 
that additional backup capacity could be required for when hydropower generation is temporarily 
insufficient, the previously presented storage cost would rise accordingly. An additional reflection can 
also be made regarding the very access to the batteries needed. If battery storage is a technology that 
would be widely adopted on a global scale, the access to lithium-ion batteries could become restricted 
since the annual supply of mined lithium might be unable to meet the demand. 

6.2 Analyzing Legitimate Preservation 
Similar to the negative public opinion regarding Swedish nuclear power after the national referendum 
back in 1980, current resistance against the use of wind power appears to display similar characteristics. 
Frequently occurring within other fields and societal discussions, history has shown that opposition 
movements associated with Nimbyism14 are neither uncommon, nor forces that should be underestimated. 
Political governance tends to be rather responsive towards vast and comprehensive public opinion in 
general, and if a large-scale national movement expresses a certain view, political establishments 
eventually tend to follow suit. 

With regard to the wind power issue, antagonistic movements are not uncommon and have occurred in 
other countries around the world. For instance, it is not only in Sweden that the military have opposed 
certain (national) wind power expansion projects and expressed concerns regarding such developments. 
For instance, the US military has also found themselves in similar disputes in the past. Aiming to reach 

                                                        
14 Derived from NIMBY (Not In My Back Yard). 
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established goals of renewable energy expansions in the national energy mix resulted in a direct collision 
between the US Energy Department and the Defense Department some years ago. The disagreement 
exposed a conflict of interest between two national strategic goals, namely domestic power supply on the 
one hand, and national security on the other (Hållén 2010). 

Declining water levels in Swedish power plant reservoirs could also come to constitute a real problem in 
the future. Assuming that environmental laws will continue to protect remaining rivers from hydropower 
expansions, the amount of electricity that can be generated on an annual basis might experience a net 
decline on a long-term time scale. As hydropower generation has followed a slight downward trend during 
the past 30 years (see diagram in Appendix 3), the accessibility of this energy source does not seem like it 
would improve any time soon. Bearing in mind the possibility that future climate developments could 
come to affect annual precipitation patterns (as well as ground water levels) negatively on regional scales, 
Swedish hydropower might find itself in a disadvantageous position in the future compared to its reliable 
history. 

6.3 Analyzing End of an Era 
An extension of the already existing Swedish carbon lock-in is one of the main societal outcomes 
presented this scenario. But is this solution actually logical, would not there be any other alternative 
solutions? Although this development may seem a little ‘extreme’, it is arguably not that farfetched. A 
report that assessed the role of nuclear energy in long-term scenarios, and studied the likely consequences 
from a large scale expansion of wind power in France, came to the conclusion that the intermittency issue 
would require the country to add additional fossil fuel power to its energy mix in order to bridge the 
generation output gap. This would inexorably lead to increased GHG emissions (Vaillancourt et al. 2008). 
The notion that an increased share of intermittent energy would require a considerable increase in 
flexibility from thermal power plants (e.g. gas powered) is also one shared by the IEA. A reduction in 
nuclear power, contributing to a faster decrease of the carbon budget, would most certainly be the 
outcome, if the rate of which renewable energy sources is not considerably accelerated (IEA 2018b). For 
Sweden, this is a development that would be difficult to effectuate in merely ten years considering the 
necessity of offsetting the loss of nuclear power generation (60–70 TWh), while simultaneously adjusting 
the national power grid to handle the new intermittent capacity. 

Apart from the additional carbon emissions that would contribute to global climate change, it could also 
be relevant to consider the additional deaths that would come as a result of the increase of natural gas in 
the national electricity mix. Basing calculations on data presented in a report studying environmental and 
health impacts from a Swedish nuclear phase out (Qvist and Brook 2015b), gives that an annual 
generation of 50 TWh of electricity from natural gas would lead to an additional ~140 deaths/year 
(globally). Such a development could be questioned from both environmental and moral perspectives. 

Lastly, this scenario has many similarities to what Germany has experienced since the decision to 
prematurely phase out their national nuclear fleet (resulting from the Fukushima Daiichi incident in 2011). 
In spite of the large-scale expansion of renewables, Germany’s chosen path ensures a prolonged 
dependency on fossil fuels, which in their case to a large extent is comprised by coal. 

6.4 Analyzing Nuclear Prevails 
This outlook presents an interesting opportunity for Sweden to develop an export industry that could 
substantially increase the annual budget. As was stated as a boundary condition for this scenario, high 
carbon taxes led to an increased demand for energy with low carbon footprint. It has previously been 
presented that the EU has established goals regarding energy security (see chapter 2.2.2), one of which is 
to ensure that energy consumed among member states is sustainable. Based on this notion, an 
implementation of higher carbon taxes, to motivate a transitioning away from fossil fuels, would not be a 
surprising instrument to use when realizing such an ambition (nor regarding specific emissions targets). 
The export of low-carbon electricity to countries such as Germany or Poland could, apart from already 
stated economic incentives, also be motivated by the possibility of moving the European energy system in 
a direction leading to lower climate impacts. 
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From a Swedish perspective, there is also an additional incentive to increase the export of electricity. 
Having chosen to go down a road expected to result in a transportation sector, which to a higher extent 
will be powered by electricity, could (apart from a substantial increase in electricity demand) possibly 
result in a considerable decrease in the public treasury. An increasing number of electric vehicles in the 
national transportation fleet would (logically) lead to a reduction of vehicles powered by fossil fuels. 
Losses in revenue from the national gasoline tax would consequently result in increasing challenges for 
the Swedish government to meet national expenditures. This of course assumes that there will be no taxes 
implemented on electric vehicles in the future. Such financial measures could however be regarded as 
politically ‘unsound’, not least considering that they currently enjoy the benefits of substantial 
(environmental) subsidies. The creation of a thriving electricity export industry could thus come to 
constitute a valuable contribution in mitigating a loss of gasoline tax revenues. 

6.5 Level of energy security in the scenarios 
Energy security is often analyzed from an object perspective, focusing on security threats that may 
compromise the reliability of an energy system therefore tends to be of high importance. However, it is 
also possible to assess an energy system by looking at it from a subject perspective (see Fig. 3 for a 
comparison of the two perspectives). Instead of focusing on the risks that an energy system could be 
subjected to, this perspective focuses on security risks that the energy system itself may generate or the 
insecurities that it may enhance. As this study is centered around climate change and the associated risks 
with increasing atmospheric levels of CO2, it is therefore of relevance to analyze the climate impacts from 
each of the different scenarios. Furthermore, since this study includes the affordability aspect in the 
energy security analysis, it is also relevant to compare the scenarios with regard to the annual LCOE for 
the identified electricity mixes (see Appendix 2 for scenario calculations). 

Environmental risk factors. With regard to their carbon footprints, the electricity mixes in the four 
scenarios may be arranged in the following order, starting with the lowest: 

− Legitimate Preservation (190 TWh) ................ 1.32 MtCO2eq 
− Nuclear Prevails (230 TWh) ............................ 1.59 MtCO2eq 
− Phase Out (180 TWh) ...................................... 1.95 MtCO2eq 
− End of an Era (170 TWh) ................................ 25.72 MtCO2eq 

A comparison of the scenarios highlights that the electricity mixes with the lowest climate impacts are the 
ones where nuclear power is either preserved or substantially expanded. The slightly higher carbon 
footprint in the Nuclear Prevails scenario can be explained by a substantially larger amount of generated 
electricity (40 TWh) together with a larger share of both wind and hydropower. The relatively ‘immense’ 
difference between End of an Era and the rest of the scenarios is, naturally, explained by the share of 
natural gas in the electricity mix (see Appendix 1, Acceptability ranking). 

As was mentioned in the analysis of Phase Out, regarding the potential inability of renewable energy 
sources to meet the national electricity demand (see chapter 6.1), energy storage in the form of batteries 
was considered a possible solution to this issue. Another strategy for Sweden to ensure a sufficient supply 
of electricity is of course to import it from neighboring countries. However, such a procurement would not 
necessarily come from low carbon energy sources. On the contrary, it is rather plausible that the origins of 
imported electricity is to be found in fossil fuels, likely natural gas. The carbon footprint presented above 
for the Phase Out scenario, which is relatively low if assuming that Sweden actually can produce its own 
electricity during an entire year, would likely become significantly higher if import is chosen as a solution 
for when national electricity generation is insufficient. An import solution also entails a risk that 
exporters, periodically, might be unable to provide the amount of electricity that Sweden would require at 
a given time, especially if generated from renewable energy sources. 

An energy system characterized by a high carbon footprint would, from a climate change perspective, 
generate higher risks than if the footprint instead were low. Consequently, this entails that electricity 
mixes with low climate impacts ought to be regarded as more secure. 
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Economic and political risk factors. When ordered from the least expensive to the most expensive 
electricity mix (measured in annual LCOE), the following ranking of the scenarios emerges: 

− End of an Era (170 TWh) ................................ 77.5 Billion SEK 
− Phase Out (180 TWh) ...................................... 78.1 Billion SEK 
− Legitimate Preservation (190 TWh) ................ 81.2 Billion SEK 
− Nuclear Prevails (230 TWh) ............................ 101.85 Billion SEK 

This is a completely reversed order from when the scenarios were arranged according to their carbon 
footprints. The two least costly scenarios are now the ones which do not include nuclear power. However, 
although nuclear power is the second most expensive of the four alternative energy sources (see Appendix 
1, Affordability ranking), it is necessary to keep in mind that the total amount of generated electricity is 
largest in the Nuclear Prevails scenario. If the electricity mixes instead were to be arranged according to 
LCOE per generated TWh (including all of the alternatives15), the ranking would instead become the 
following: 

− Phase Out ......................................................... 0.488 Billion SEK/TWh 
− Legitimate Preservation ................................... 0.508 Billion SEK/TWh 
− Nuclear Prevails ............................................... 0.509 Billion SEK/TWh 
− End of an Era ................................................... 0.517 Billion SEK/TWh 

It is now possible to see that End of an Era, which previously was the least expensive scenario, has the 
most expensive unit cost of electricity. The Nuclear Prevails scenario, having almost the same unit cost as 
Legitimate Preservation, now instead has the second most expensive electricity mix. 

An expensive electricity mix may lead to enhanced financial insecurity and the establishment of an energy 
system, which has a high level of affordability, is therefore of importance. Since market conditions tend to 
be (more or less) regulated within a jurisdiction, the level of security from this perspective can to a certain 
extent be regarded as dependent on political governance. 

Applying the energy security index. As a final comparison of the identified scenarios, the created energy 
security indexes (see chapter 5.1) are applied to each of the different electricity mixes. By multiplying the 
generated indexes (assuming an equal weighting between affordability and acceptability) to the shares of 
different energy sources in each of the scenarios, the total sum of energy security can be calculated. There 
is however one exception. Since the energy security analysis does not include natural gas in the index 
generation, it is not possible to calculate the energy security of End of an Era. However, if natural gas 
would have been included in the creation of the energy security indexes, it is safe to assume that it would 
have been regarded as especially insecure considering the substantial differences in CO2eq/kWh compared 
to the other three alternatives. End of an Era would thus also have been the scenario with the lowest level 
of ‘aggregated’ energy security. Performing the stated calculations result in the following ranking, and just 
as before, a high index indicates a low level of security. 

− Legitimate Preservation ................................... 0.63 
− Nuclear Prevails ............................................... 0.64 
− Phase Out ......................................................... 0.76 
− End of an Era ................................................... Incalculable 

As can be seen above, both scenarios where nuclear power is included in the electricity mix are ranked as 
the two with the highest levels of energy security. Phase Out, the scenario where wind power saw an 
unprecedented expansion, ranks as number three on the list. One of the explanations behind this outcome 
has to do with the relatively large differences in acceptability among the alternatives. However, testing 
these results by applying the two additional weightings of the rankings does not change the ranking order 
of the final scenario indexes. The scenarios with nuclear power consequently entail high levels of energy 
security, seemingly irrespective of a jurisdiction’s possible criteria preferences.  

                                                        
15 The amount of generated power from CHP+ICHP has been excluded from these calculations since the focus of this 
LCOE comparison is on gas, nuclear, wind and hydropower. 
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7. Discussion 
This chapter consists of three separate parts, all of which aim to further analyze and discuss the outcomes 
from this research project. The first one is comprised by reflections on the generated results and how they 
might have differed if, for instance, other input data had been chosen. The second part connects the 
national energy situation to the concepts of sustainable development and energy security. It also assesses 
the presented study findings in relation to their implications for the prospects of a successful Swedish 
adherence with established climate targets. The third part comments on the situation for nuclear energy in 
a wider context, allowing for an outlook that reaches beyond the boarders of current national challenges. 
Attempting to provide an encouraging glance into the future, it also briefly elaborates on a promising 
technology not yet sufficiently accessible for implementation into the global energy mix. 

7.1 Reflections on the energy security and scenario analyses 
As was stated in a previous segment, the outcomes from quantitative analyses are largely dependent on the 
data that constitutes their foundations. With regard to the energy security analysis performed in this 
research project, two factors in particular were crucial for the identified results, namely the chosen data for 
the two indicators, and the equal weighting of the criteria. For instance, if the input data had been 
different, e.g. a higher carbon footprint for nuclear energy or a lower LCOE for wind power, it is not 
difficult to see that the generated energy security indexes would have differed from the ones presented in 
chapter 5. However, since no ‘experiments’ of the sort were conducted with these figures, it is not easy to 
say how much they actually would have needed to differ in order for the generated result to lead to other 
conclusions. Similarly, if the weighting used in the calculations for example described a jurisdiction that 
vastly valued the affordability criterion over acceptability, it is of course possible that the following 
indexes could have rendered hydropower superior to nuclear power. Admittedly, apart from the two 
additional weightings previously presented in this energy security analysis (see chapter 5.1), no further 
experimentation was performed with regard to this possibility. However, no indications suggesting that 
Sweden would represent a jurisdiction with such ‘prominent preferences’ were identified during the 
literature study. Hence, an equal weighting of the criteria was assumed to be both appropriate and 
legitimate. Also, the results from this research project cannot be interpreted outside of the specific context, 
at least not purposefully. Since the input data refers to certain aspects of the Swedish energy situation, the 
generated indexes exclusively apply to a national context. From this perspective, the chosen input data 
may be regarded as suitable for the intended research purpose. 

Although the outcome from the energy security analysis could be contested for solely being based on data 
from two single sources (the rational behind this approach previously explained in chapter 4), it is 
however more questionable to challenge the analysis on its attempt to lower the level of subjectivity 
sometimes prevalent during the execution of energy security assessments. Chapter 2.2.4 explained the 
difficulty with having composite indicators generating a single energy security index and that the 
methodological approaches chosen for such studies risk being (partially) built upon normative 
considerations. Choosing to only include one measurable indicator each for affordability and acceptability, 
allows for the generation of a distinct index, which arguably has a lower risk of contributing to the level of 
arbitrariness usually associated with energy security analyses. 

In terms of the research process as a whole, there are a couple of additional reflections that ought to be 
mentioned. Performing an energy security analysis focused on a national perspective is by no means a 
simple task. In order to possess satisfying levels of scientific reliability and validity, while at the same 
time constitute meaningful outcomes that portray valid aspects of a real state of affairs, both extensive 
research and careful considerations needed to precede the generation of the presented results. It is possible 
that these particular research findings could have turned out differently if, for example, more time and 
resources had been available. However, such limitations generally tend to accompany all sorts of scientific 
research projects and divergent outcomes would not necessarily be assured through the access to more 
extensive resources. For instance, if additional researchers had participated in the effectuation of this 
energy security analysis, the results would probably not have differed significantly from what was the 
case. They would ‘merely’ have been strengthened through the sheer number of involved researchers. The 
explorative scenario analysis on the other hand could very well have turned out differently if additional 
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resources had been available in the research process. Constituting outlooks on what a future Swedish 
electricity system potentially may look like, the scenarios represent interpretations of what certain factors 
could entail for national societal developments in the years to come. The more research and information 
that could comprise the foundation of such an analysis, the more comprehensive and detailed the outlooks 
would (assumingly) be. This does not invalidate the four outlooks presented in this study, nor render them 
less plausible. It simply acknowledges the fact that additional resources likely would have allowed for 
more extensive scenario analyses, and thus more elaborate results. 

With this being said, it has undoubtedly been both an educational and enlightening experience to assess 
Swedish energy security by using these two scientific tools. The analytical scheme of the 4 As of energy 
security, incorporated within a general decision matrix, allowed for a distinct and structured quantitative 
analysis. To thereafter combine the generated results with the creative liberties of an explorative scenario 
analysis, surely allowed for a very rewarding research project. 

7.2 National energy situation and climate change 
The fields of sustainable development and energy security were presented as the two main conceptual 
frameworks in which this research project is positioned. As has been suggested by the information in 
chapter 1.1, it undoubtedly seems that the extensive global pursuit of securing one of them is being carried 
out at the expense of the other. It can hardly be argued that satisfactory levels of energy security is not of 
high importance to a functioning modern society. At the same time, it is also becoming increasingly 
difficult to ignore the sustainability challenges that arise with this particular pursuit. For instance, the 
climate-related risks for human security expected to follow excessive GHG emissions ought to be 
concerning enough for the undertaking of necessary measures to prevent such dire developments. 

This study analyzed national energy security from a subject perspective (see chapter 6.5) and brought 
forward the notion that energy systems, while generally assessed through their vulnerability to external 
threats, inherently also have the capacity to generate risks. With regard to the causal link between the level 
of atmospheric CO2 and climate change, acknowledged by the IPCC, it is legitimately relevant to evaluate 
energy systems on the basis of their climate impacts. Bearing in mind that the carbon budget remaining to 
keep the global average temperature increase well below 2°C is currently experiencing a steady decrease, 
makes this no less important. Ensuring that national levels of energy security are kept as high as possible, 
will likely remain a top priority for practically every jurisdiction on the planet. Understanding that the 
implications from falling short when striving to do so may entail consequences for e.g. economic growth, 
national security and functioning societal infrastructure, render such ambitions hard to question. However, 
such consequences are not less likely to occur if the very systems that constitute the foundation for a 
livable planet falter due the inability of mankind to keep within planetary boundaries. Pursuing the goal of 
ensuring high levels of energy security is, from numerous perspectives, undoubtedly an important 
ambition. Nevertheless, focusing on the aspect of climate-related risks, gives that solutions which may 
fulfill short-term energy security objectives should not be valued higher than solutions that are sustainable 
and reliable in a long-term perspective. 

The path that lies ahead for Sweden, in reaching the goal of no net emissions of GHGs by 2045, is 
probably not going to be easy, nor without a fair amount of setbacks along the way. Reality is that there is 
no single solution that will allow for an easy establishment of a carbon neutral national energy system. 
Which actions that should be taken (and which to avoid) in order to comply with established climate 
targets and SDGs is likely going to depend on from which perspective they are evaluated, and how 
effectively they are promoted or disavowed by certain entities. 

The energy security and explorative scenario analyses performed in this study solely focused on the 
Swedish electricity system, and more specifically on its main energy sources. The presented results thus 
only account for the climate impact originating from the national electricity mix, omitting other focus 
areas of the energy system and their importance in creating a carbon neutral society. The findings indicate 
that there are different outcomes to expect depending on what would ultimately happen with the national 
nuclear fleet. As was illustrated in the Phase Out scenario, it could be possible to decommission remaining 
reactors while at the same time maintaining a low carbon footprint, though it would come at a high cost 
(e.g. power grid adjustments and power storage). The End of an Era scenario demonstrated that a rapid 
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phase out of Swedish nuclear power likely would result in considerably increased carbon footprints, thus 
representing a course of action not particularly beneficial from a climate change mitigation perspective. 
The two scenarios where nuclear power was either preserved or substantially increased, Legitimate 
Preservation and Nuclear Prevails, both resulted in low carbon footprints, while at the same time 
maintaining relatively low energy costs. Also constituting the two outlooks with the highest levels of 
energy security, suggests that maintaining nuclear in a national electricity mix would facilitate the pursuit 
of reaching set climate targets. For the sake of clarity, it should however be pointed out that the electricity 
mixes in these scenarios still include other sources of energy apart from nuclear. 

What specific share each energy source should have in a future Swedish electricity mix is not easy to say. 
What however is evident, is that removing nuclear power from the electricity mix most likely would 
aggravate the possibilities of reaching established climate targets. The notion of including nuclear power 
in a scheme to facilitate successful climate mitigation presented in this study, is strikingly in line with 
what previously has been presented by several other studies (see chapter 1.1). Although a long way 
remains in reaching the no net emissions by 2045 target, it is however a rather encouraging situation that 
the Swedish electricity generation currently is almost entirely fossil free. Provably contributing to positive 
prospects of reaching established climate targets, there is no real base for a decommissioning of the 
national nuclear fleet, not from an energy security nor a climate perspective. Furthermore, a 
decommissioning would most likely also impair the possibilities of successfully adhering to SDGs number 
7 and 13 (see chapter 1.1). IPCC build their policies on peer-reviewed science, why should Sweden, not 
least considering the newly adopted national climate laws, act any differently? 

7.3 Energy in a bigger picture 
The challenge of fundamentally reforming the world’s energy system may, quite understandably, appear 
overwhelming. However, according to a report assessing energy and its linkage to major global challenges 
(GEA 2012), the beginnings of such transformations are already possible to detect on a global scale. 
Growing investments in innovations such as ‘smart’ energy systems, new infrastructure and high-
efficiency technologies, are but a few examples of the encouraging developments now occurring globally. 

In contrast to the currently strained situation for nuclear power in some European countries, developments 
are quite different in certain Asian countries, e.g. South Chorea and China. A report exploring the 
possibilities for nuclear energy to assist China in the achievement of the global 1.5°C temperature rise 
target, concluded that the national power sector would have an important role to play in such a pursuit 
(Xiao & Jiang 2018). With favorable policies and decision making, allowing for the realization of a 28 % 
share of nuclear power in the electricity mix by 2050, it was found that it would indeed be possible for 
China to achieve this goal. A massive national development of nuclear power was in this regard 
considered to be indispensable. By the end of August 2017, 37 nuclear reactors had been built and 19 were 
under construction. 

To accurately predict which energy sources will be included in the global energy mix during the second 
half of the 21st century is a challenging task, and a variety of factors will undoubtedly come to affect its 
composition, not least technological advancements. Current generations of nuclear reactors may come to 
represent ‘transitional technologies’ that, in hindsight, paved the way for superior alternatives. The 
successful development of Generation IV nuclear reactors (Gen IV) for commercial applications would 
definitely constitute a substantial improvement to the current reactors in operation around the planet. 

Gen IV reactors are designed to be able to operate on what today is generally referred to as ‘nuclear 
waste’, which from a Swedish perspective would eliminate the need for both mining and enrichment of 
uranium for a foreseeable future. Furthermore, instead of using a mere 0.6 % of the enriched uranium, 
which is the case with the reactors of today, Gen IV would be able to increase this to a remarkable 99 %. 
Not only does this prospect constitute a more responsible utilization of a valuable natural resource, but, 
perhaps more importantly, it also entails that the remaining 1 % of nuclear waste is less radioactive. This 
allows for shorter isolation periods of the remaining radioactive leftovers, potentially rendering the entire 
discussion on ‘final storage’ obsolete. With proper design of the Gen IV technology, it could also be 
possible to eliminate the possibility of extracting nuclear material suitable for weapon proliferation 
(Håkansson et al. 2014).  
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8. Concluding remarks 
This study initially presented a challenge currently faced by the global community, seeking to explain why 
a transition away from current carbon trajectories is of importance. By focusing on future potential 
developments for the Swedish energy system, more precisely its electricity mix, three questions were 
asked. Performing both energy security and explorative scenario analyses resulted in the following 
conclusions. 

In maintaining the current national electricity production, the identified scenarios highlighted three factors 
which seem to be of particular importance. These are: production costs for different energy sources; public 
opinion regarding significant societal developments; and rising emissions taxes. 

The energy security analysis demonstrated that, from a carbon emissions perspective, all three of the 
selected energy sources (nuclear, wind and hydropower) are viable to include in a national electricity mix. 
All scenarios, except End of an Era, resulted in relatively low carbon footprints. From an energy security 
perspective, it is also wise to not solely rely on one single energy source. Maintaining a diversified energy 
mix is thus a sound pathway to follow. 

The Swedish electricity mix is currently almost completely fossil free and nuclear energy is undeniably 
one of the main explanations for this encouraging situation. In a future Swedish society, where the 
electricity demands from Swedish industry and transportation sectors are expected to increase, the need 
for sufficient national generation capacity will be of vast importance. As was shown in the Nuclear 
Prevails scenario, nuclear energy has a considerable potential in this regard. Being a dispatchable power 
source, it constitutes a reliable source of base load electricity. This entails that nuclear power very well 
may come to play a significant role in the establishment of a future carbon neutral Swedish society. 

Whatever energy path Sweden will pursue in the end, will to a large extent depend on the governance 
from elected representatives in the Parliament. 

–––––––––––––––––––––––––––––––––– 

“The issue of energy security is something purely political.” (Dr. Imad A. Khatib, 2014) 
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Appendices 

Appendix 1 – Normalization of data  
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Appendix 2 – Scenario calculations  
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End of an Era 
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Nuclear Prevails 
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Appendix 3 – Electricity generation statistics  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

So
ur

ce
: S

w
ed

is
h 

En
er

gy
 A

ge
nc

y 
20

19
. 

So
ur

ce
: S

w
ed

is
h 

En
er

gy
 A

ge
nc

y 
20

19
. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


