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Energy Security is a universal concern for all stakeholders and achieving energy security
is a crucial objective for all societies. Therefore, energy security became a major part of
national security with the ability to shape policies and strategies. Its significance sparked
questions of what energy security shall be, how to measure it and how to achieve it.
Addressing these questions is the purpose of this dissertation. The objectives of this
dissertation are to build a coherent, comprehensive and applicable framework for energy
security, to test the framework’s applicability on present energy systems and future
scenarios, and finally, to quantitatively evaluate energy security for all countries globally.

To achieve these objectives, a detailed literature review was used to track previous
research about energy security and to collect all important elements to formulate a
comprehensive energy security definition and analysis framework. Applying the
framework with soft analysis on energy storage technologies was used to validate the
framework. Simulating future energy scenarios for a case study was done using the LUT
model. The projection of a future scenario was then analysed by the soft analysis method.
A novel Energy Security Index was designed to measure all dimensions and parameters
of energy security globally, enabling detailed analytical insights for all countries.

Results of the dissertation show the formulation of a generic definition of energy security
together with a proper framework. The thermal energy storage (TES) was found to be the
best option from the perspective of energy security through the application of this
framework on the exemplarily energy sub-system of energy storage technologies.
Modelling a future energy scenario for Jordan to achieve a 100% renewable energy
system proved its feasibility and benefit for the economy, environment and for energy
security, where most of the analysed dimensions are affected positively by such a
scenario. Finally, evaluating energy security globally showed, for the first time, a detailed
and transparent ranking of all countries; the findings indicate that Germany achieved the
highest level of energy security in the world.

It is concluded that this framework for analysing energy security globally is the most
generic, comprehensive and applicable to evaluate energy security. It is recommended for
policy makers to build strategies that enhance energy security results in their countries.

Keywords: Energy security, Energy Security Index, global, energy transition, 100%
renewable energy, energy storage
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1 Introduction

1.1 Importance of energy security analysis

Energy system development is suggested to be the facilitator of all great historical societal
changes (Rifkin, 2011) and the main driver for societies to prosper (Haghighi, 2007).
Moreover, energy not only enables social development (Augutis et al., 2011) but also
affects all aspects of life (Ciut , 2010). Therefore it is crucial to the endurance of an
effective modern society (Bielecki, 2002; Magazzino, 2016; Sovacool, 2011b), since it is
viewed as a vital element for economic growth (Bielecki, 2002; Kunz, 2012) and
civilization (Asif & Muneer, 2007). Although energy is needed for several purposes such
as industry, transportation, residential and other services (IEA, 2016), humans aimed to
utilize different types of energies ranging from fossil fuels to renewable options in order
to fulfil their basic human needs (Maslow, 1943).

People throughout history realized the importance of energy for their daily activities as
food was their primary energy source in their primitive hunter-gatherer societies. But as
time passed the definition of energy and energy sources changed and evolved into
thinking of materials that can bring heat and light into their societies (e.g. wood as fuel
for fire). After that, the nature of their energy sources started to diversify and included
other materials. Moving from wood to coal then oil and gas, humans and societies knew
the importance of this energy as it enabled them to take on novel actions and accomplish
goals which they were unable to previously fathom. The development was so far crowned
by electricity as the most developed type of energy.

It is not odd with this long history of human civilization that many concepts related to
energy were formed, developed, evolved and conveyed to newer generations. Energy
Security is one of the earliest considerations of our ancestors and it continues to be for
the current generation. The concept of energy security is ‘as old as fire’ (Valentine, 2011)
and for most of our history, discussion regarding energy security has taken place in one
way or another.

As any concept that is conceptualized over a long period of time, the concept of energy
security evolved and has gone through many advancements. Humans were concerned
about building their settlements close to areas with high energy availability (e.g. wood)
so that they could use it for fire to get heat and light. The concept of energy security might
not have been articulated back then but the analysis of their behaviour clearly shows their
motive to secure energy sources. With the societal development and the discovery of new
energy sources the concept of energy security became more complex.

Nowadays, as the concept grows in complexity and many aspects are involved in the
discussion regarding energy security, the concept is viewed as blurred (Löschel et al.,
2010), elusive (Kruyt et al., 2009), abstract and vague (Chester, 2010); in other words,
having no common interpretation (Checchi et al., 2009; Winzer, 2012). Therefore, it is
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very important to analyse the concept of energy security in order to remove the elusion
surrounding it and make it explicit for people to understand as the topic and concept of
energy security emerged as one of great importance (Yergin, 2006) in the twenty-first
century.

The reasons for this growing significance are attributed to: civilization development (Asif
& Muneer, 2007), complex global markets (Chester, 2010; De Vos & Baken, 2004),
global energy supply crises (Aparicio et al., 2006), political conflicts (Jonsson et al.,
2015), increased energy prices (Vivoda, 2010), climate change (Bang, 2010; Kim, 2014),
growing dependence of industrialized economies on energy (Kaare et al., 2013), energy
demand and competition (Vivoda, 2010), major disruptions in oil markets (Löschel et al.,
2010) related to military upheavals (Constantini & Gracceva, 2004), threats to the energy
system (Kanchana & Unesaki, 2015b; Teräväinen et al., 2011) and the view of energy
security as equivalent to national security (Phdungsilp, 2015). In addition, countries are
ready to overshadow goals of democracy, promotion, and human rights to attain practical
cooperation on energy security (Andersson et al., 2011). The impact of energy security
on various variables leads to the necessity of having proper energy security analysis and
adequate methods on how to approach it.

All these attributes made energy security a universal concern (Ang et al., 2015). Scholars
investigated the concept of energy security through many studies (Bielecki, 2002; Jun et
al., 2009; Vivoda, 2010) from the fields of: policymaking (Turton & Barreto, 2006;
Winzer, 2012), social sciences (Löschel et al., 2010), national energy policies (Franki &
Viškovi , 2015), national security issues (Dyer & Trombetta, 2013), international
relations (Kirchner & Berk, 2010), politics (Jonsson et al., 2015) and security strategies
(Andersson et al., 2011). Such different approaches resulted in huge disagreements on the
concept of energy security. To profoundly understand the origin of these inconsistencies,
analysis of energy security concepts and their development through time proves to be
very important.

Furthermore, energy security analysis is significant because of its ability to shape policies
and countries’ behaviours (Kova ovská, 2010). Policy makers strive to ensure
consumers’ needs of energy (Johnson & Boersma, 2015) in order to achieve freedom of
choice towards self-actualization, presented in Maslow’s needs hierarchy (Maslow,
1943). Therefore, policy makers address energy security issues when making laws and
regulations with urgent priority (Sovacool, 2012).

The last point of importance of energy security analysis lies in the public desire to enhance
energy security. Enhancing energy security is a crucial goal for societies (Dunham &
Schlosser, 2016; Eaves & Eaves, 2007; Franki & Viškovi , 2015; IEA, 2007; Jordan et
al., 2012; Sovacool, 2011a; Vivoda, 2010). In order to enhance energy security, a full
detailed analysis proves important.
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All these points make the legitimacy of energy security analysis very clear. However, an
anticipated question that may arise targets the type of analyses that is required to answer
these questions, which will be addressed in the next section.

1.2 Need for a global perspective

As was detailed in the previous section, there is an obvious importance of energy security
analysis. Nevertheless, many types of analyses exist, but then, which one is the most
needed approach? Following the principles of globalization where people, nations and
countries are more connected than ever, there is a real need to address the challenges of
energy security analysis from the global perspective.

Nowadays we live in a very connected world (Sachsenmaier, 2011) where countries and
people are no longer isolated from what happens internationally. The globe is connected
more than ever before in terms of markets, traveling and tourism, education, businesses
and work-related trips, and import-export relationships of both raw materials and finished
equipment. All these aspects make countries to effect on and be affected by the global
energy systems.

The one global system that has been developing for centuries to be a real global system
is the energy system (Yergin, 1991; 2011). Reasons for this development defer but two
main reasons appear to possess the most influence. The first reason is the uneven
distribution of energy resources on a global scale. This was seen in many milestones of
the coal, oil and gas development. Although many industrial activities were historically
located where coal was available, transportation of coal between industrial activities and
its locations of abundance became an important element in later years. This kind of
interconnectedness affected different parts of the world, especially if unrests happened in
areas of abundant coal reserves. The same trend was observed from oil and gas systems
where countries were divided into net exporters and net importers with a more
complicated relationship developing between the two sides.

The second reason for the energy system to be a real global system is the investment cost
of this system (Broker et al., 2019). Investments moved from rich industrial countries to
resource rich countries, in order to import their needed commodities (energy resources).
This financial coupling of both sides made international connections strengthen resulting
in a real global energy system.

Therefore, such a global energy system needs to be analysed from the global level rather
than the very narrow perspective of one territory. One part of the needed analyses for the
global energy system is the analysis of Energy Security, in which its importance was
established in the previous section.

In order to fully understand the energy security aspect of the global energy system there
is a demanding need for Global Energy Security Analysis. A global analysis of the energy
security is the only way to provide relative results on global levels. Such global energy
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security analysis will tackle the energy system as a whole and such an overview will have
the power to be mirrored on the globe level. Furthermore, a global analysis of energy
security is the only method that can be applied both locally and internationally as its
premises originate from the overall energy system and include national perspectives.

In addition, as will be seen in this research, the nature of energy security analysis requires
a comparative approach where parts of the system are evaluated against each other. This
means it is not possible to have an absolute evaluation of energy security analysis in one
country regardless of all other countries. Therefore, a global energy security analysis is
needed to be able to provide a meaningful analysis of different countries in comparison
to others.

1.3 Motivation and objectives

As this research is done with the idea to cover one of the very important topics of the
energy system “energy security”, there are several motivations and objectives to be
achieved, together with many research questions. The main purpose of this
investigation is to evaluate and analyse energy security globally in order to provide
a useful tool for decision-making processes, especially, when developing policies
nationally and internationally. Providing such an analytical evaluation requires many
steps together with measurable objectives. These objectives were achieved in
Publications I-IV. The details for all research questions and objectives are presented as
follows:

1. The first objective is to determine what exactly is being analysed and what is being
evaluated. This means to determine and define energy security and breakdown
what it consists of. Therefore, the research question of “what is energy security?”
took part in Publication I.

2. Understanding the nature of energy security and its elements cannot be done
without a detailed literature review about how scholars along the history defined
and investigated energy security. Therefore, the aim to track energy security
definitions to answer the research question "How was energy security
scientifically defined throughout history?” was answered in detail in Publication
I.

3. After tracking the definitions of energy security from previous literature, the
formulation of the best and most concise definition for energy security led to the
research question of “What should the definition of energy security be?”. This
was to be answered in order to construct a suitable definition that can be applied
on a global-level analysis. The answer to this question can be found in
Publication I.
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4. It was found by answering the previous questions that energy security is defined
by its elements “Dimensions and Parameters”. Thus, it became important to check
what dimensions and parameters previous scholars included in their research. A
literature review of previous research took place in order to answer the question
of “What are the dimensions that were considered for energy security?” with a
detailed respond being found in Publication I.

5. Considering all the dimensions that were previously included in the research of
energy security, it was then important to analyse which research used which
dimensions. Also, the analysis of the occurrence frequency of each of these
dimensions in literature was done. This analysis was important to provide an
answer to the research question “What dimensions were used in previous
researches? And how many times was each dimension used?” The answer to these
two questions was one of the aims of Publication I.

6. Going through all the dimensions that were presented in previous literature, the
question of “What dimensions and parameters should be considered for energy
security analysis and evaluation?” arose. It was the goal of Publication I to
answer this question by providing a detailed description of all dimensions and
parameters of energy security, together with their respective relationship to energy
security.

7. The overall objective of Publication I was  to  formulate  and  build  a
comprehensive and coherent framework for energy security analysis.

8. As the framework was ready to be implemented, it was an objective to validate
the framework’s ability to deal with all parts and aspects of a global energy
system. Energy storage was chosen for this matter in order to answer the question
“Is this energy security framework analysis valid for all parts of the energy
system?” The answer to this question was presented in Publication II.

9. After the validity of the framework was approved, it was aimed to apply this
analysis framework on energy storage technologies. The aim was to analyse
energy storage technologies from the perspective of energy security. Publication
II provided an answer to the question “What is the energy security level of
different energy security technologies?”.

10. Since the framework was validated and tested on a sub-system, another test for
this framework was aimed. The application of energy security analysis on a future
energy scenario was the objective of Publication III. The answer to the research
question of “How will a transition towards a 100% renewable energy system
affect energy security?” was investigated.
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11. Once the framework was ready, it needed a quantifying approach to be able to
evaluate energy security levels with numerical values. The objective of choosing
suitable numerical indicators for all parameters and dimensions was achieved in
Publication IV by answering the question “What are the suitable numerical
indicators to measure each and all of the energy security dimensions and
parameters and how they relate to energy security?”

12. Then it was the question of “How should all indicators be aggregated to for a
global Energy Security Index (ESI)?” which was the objective of Publication IV.

13. After all these steps, the jewel motivation and objective for this research was to
quantitatively analyse energy security for all countries in the world with numerical
representative values. Publication IV achieved this objective by answering the
question “What are the energy security levels of all countries globally?

1.4 Scope and limitation of the current research

As no research can cover all fields of science, this current research has its own scope and
focuses. As was discussed in detail in the objectives of this research, the main scope is to
build, test and apply a comprehensive energy security analysis framework and to evaluate
energy security levels of all countries globally. This implies both, a qualitative approach
with literature reviews and a quantitative approach with numerical evaluations. However,
there are many aspects that are not included in the scope of this current research that can
be possible in future research. Also, within the scope of this research some limitations
were faced and dealt with accordingly.

This research limited the scope of its literature review on scientific research that was
published after 1970, as scientific investigations following systematic and scientific
principles only started around 1975 (Augutis et al., 2011). This scientific interest got
momentum because of the 1970s oil crisis. Moreover, the documentation of energy
security definitions is relatively new, with more than 40% of studies from 2010-onward,
see Publication I (Figure 1). Furthermore, research publications prior to 1970 were not
readily available for review.

As the scope of this research was to formulate a more profound understanding of energy
security together with a global view on all of its elements, research confusing energy
security with energy security of supply or research with no clear understanding of the
nature of energy security were excluded. As Kaare et al. (2013) stated, there is a big
difference between energy security of supply and a well-structured concept of energy
security, as the former fails to address energy security from all its aspects. Erdal et al.
(2015) provided a clear distinction about the two concepts of energy security and security
of energy supply. Although, security of supply was discussed by many researchers
(Bazilian et al., 2006; Cabalu, 2010; Cohen et al., 2011; Creti & Fabra, 2007; De Joode
et al., 2004; Findlater & Noël, 2010; Grubb et al., 2006; Hoogeveen & Perlot, 2007;
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Jamasb & Pollitt, 2008; Jansen & Seebregts, 2010; Joskow, 2007; Keppler, 2007; Kruyt
et al., 2009; Le Coq & Paltseva, 2009; Löschel et al., 2010), it is not the scope of this
research.

Applying the proposed energy security framework on energy storage was intended to
validate and provide an example of how the framework can be applied on the sub-system
of energy storage. Technologies for energy storage were analysed from the energy
security perspective. It is not the scope of this research to provide a detailed analysis of
every part of the energy system as the current research uses energy security analysis of
energy storage technologies as an example of the framework application and as a test of
its validity. Future research can overcome this limitation by applying this framework on
all sub-systems of the energy system.

Furthermore, applying energy security analysis on a future energy transition scenario
towards a 100% renewable energy-based system was limited to all the assumptions,
estimations and projections that took place in modelling and simulating a future scenario.
Although, these assumptions and projections have valid justifications and used credible
scientific references, they can still be improved in the future. For this, this current research
followed a full transparency of all the assumptions and data estimations. Other studies
lack such level of transparency, for examples see Publication III (page 3). Therefore, the
current research endeavours a fully transparent approach.

Moving on, one of the objectives of this research is to build a comprehensive Energy
Security Index (ESI) that can be used to evaluate energy security levels quantitatively.
However, there were some limitations in such a design. The first limitation is the use of
equal weighting of all parameters and dimensions, which can be inaccurate at times.
Nevertheless, the choice of equal weights was due to the absence of any valid justification
for otherwise. Also, as was concluded by Augutis et al. (2020), equal weighting is similar
to the average of different weighting scenarios after a detailed sensitivity analysis.
However, to overcome this limitation, future research can investigate improved weighting
techniques for all parameters and dimensions.

Additionally, in the ESI design, there is the limitation of static nature of the analysis.
Energy security is analysed for a certain time which is mainly attributed to the choice of
indicators. Many of these indicators have past records, but future projections of the
indicators must be addressed separately in future research. If in future research all
indicators have justified projections, ESI can be evaluated for future energy scenarios.
The reason why it is difficult to project indicators into the future is due to the energy
system changes which vary structurally from fossil bases to renewable bases (Haegel et
al., 2019).

The final limitation encountered in this research was the absence of data from some
countries. Although best efforts were spent in choosing indicators for which data is
available for most countries, some values were absent. To overcome this limitation, some
assumptions were made. Moreover, data unavailability for each country was presented in
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Publication IV (Supplementary Material) for full transparency. Future research is needed
to investigate the reasons of data unavailability from these sources and to build a suitable
method to obtain absent data.

1.5 Scientific contribution of this research

The overall contribution of this research is to enable policy and decision makers to build
their arguments on solid grounds with quantitative results. This kind of energy security
analysis can provide a profound understanding with clear justification of the use of
information from inside the energy system. This evaluation then provides a path of how
to enhance energy security. This can then be mirrored to adopted policies. However, to
achieve this important contribution in the scientific community, many smaller
contributions are in need. The contributions of this research are distributed throughout
Publications I-IV; all smaller contributions are listed below with references to where
their details can be found:

1. The novel literature review procedure where energy security definitions were
tracked along with their history is a major contribution to scientific knowledge.
Prior literature lacked thorough and standardized methods in approaching energy
security definition tracking. This research contributes by providing a set of criteria
for which definitions are to be included based on what definitions were used by
other researchers and scholars since 1970. (Publication I)

2. Showing the frequency of which energy security was discussed and defined in the
research field with most of the discussion found in recent publications is the
second contribution. Such frequency analysis helps the scientific community to
form a better understanding of the influence of recent international crises on the
energy system. (Publication I)

3. Furthermore, this research provides a generic definition of energy security that
can be applied in future research about energy security. The novelty of this
definition lies in its ability to be applied on all levels of energy systems, both
nationally and internationally. Such a definition is necessary as previous
researches did not agree on a specific method of how to address energy security.
(Publication I)

4. In addition, this research shows the approach of previous literature on what
dimensions to include while analysing energy security. This was done through a
detailed literature review showing the diversity of what dimensions researchers
previously included in their studies which contributes to the knowledge that
conclusions are determined by the perspectives of scholars. Showing such
diversity influences the discussion of motives and approaches of how to address
energy security. (Publication I)
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5. Moreover, the novelty of this research lies in the inclusion of all dimensions that
were distributed in previous literature as no research addressed all these
dimensions together. In total this research counted 15 dimensions that are related
to energy security. These 15 dimensions are collected from previously separated
literature with this research combining and consolidating all energy security
dimensions into one analytical approach. (Publication I)

6. The next contribution is building a comprehensive framework for analysing
energy security. In order to build this framework, all dimensions were justified,
in addition, all parameters inside each dimension were introduced and discussed
in detail. Such a transparent and detailed framework for energy security analysis
has no precedent. Furthermore, building this framework sets an example of the
methodological procedure for how to build frameworks for other matters.
(Publication I)

7. This research does not stop its contribution only to providing a detailed framework
for analysing energy security, rather, it extends to validating and testing this
framework. This contribution was done by applying the energy security analysis
framework on energy storage technologies as a representation of one of the sub-
systems within the energy system. This contribution shows the validity of the
framework and its applicability on all parts of the energy system. (Publication II)

8. Furthermore, this contribution provides recommendations for decisions makers
for what and how energy storage technologies can affect energy security. Such a
contribution is highly needed for energy systems’ design and construction.
(Publication II)

9. Moving on with the framework, this research proves the feasibility of this energy
security analysis framework through the application on future energy systems.
After the framework was tested for a sub-system, it was applied at the
country/national level (Jordan) through the use of the whole energy system.
Application of this energy security framework on a future energy scenario in
Jordan is an example of how this framework can be applied to any country in the
world. (Publication III)

10. Another novelty when applying the energy security analysis framework on a
future energy scenario for the case of Jordan is the proposal of a 100% renewable
energy Best Policy Scenario. Such a scenario contributes to the discussion of the
feasibility of a 100% renewable power system for future planning, together with
benefits on enhancing energy security. (Publication III)

11. The scenario is novel in itself by combining all sectors (power, heat, transport and
desalination) with high temporal and spatial resolution. (Publication III)
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12. Once the framework was prepared, validated and tested, the theoretical qualitative
analysis was transposed into a more objective quantitative analysis using
numerical values. Each of the parameters were presented with a suitable numerical
indicator or a set of indicators. The novel choice of these indicators is one of the
very important contributions made by this research to the scientific community.
(Publication IV)

13. Another novel contribution of this research is the criteria set to be used for
choosing indicators. This criteria set is not well established in previous research
or, at least, with limited transparency of how these indicators were chosen.
(Publication IV). The following criteria are chosen in this research for numerical
indicators:

a. Indicator values are available for all countries in the world or at least the
majority;

b. Data used from trusted sources;
c. Indicator values can be in absolute or relative numbers;
d. Close proxy to the parameters;
e. Availability for current and future scenarios;
f. Normalization should be possible for the energy security analysis;
g. Accounting for sustainability (Child et al., 2018) as much as possible.

14. Furthermore, this research shows a huge contribution for an open data approach
through total transparency. The detailed methods of how each indicator is linked
to its correspondent parameter and to energy security are presented in a detailed
manner to fully track all established relationships between dimensions, parameters
and indicators of energy security. (Publication IV)

15. In addition to the novelty of the choice of proxy indicators to measure each
parameter, this research evaluates each dimension separately on a global level.
This research presents the achievement of all countries in the world in each of the
dimensions, both numerically and by world maps. (Publication IV)

16. The crown contribution of this research is the evaluation of energy security for all
countries in the world through a comprehensive index. This energy security
evaluation, with all 15 dimensions quantitatively presented, was a missing gap in
previous research. Energy security results for all countries are presented
quantitatively and in a world map. (Publication IV)

17. The last contribution of this research lies in its ability to provide policy
recommendations of what supportive policies are, in order to enhance energy
security. Decision makers can spot out why energy security is at a certain level
and what is needed in order to enhance energy. These recommendations contribute
to policies comparisons from different countries. As on a global map, policies
differ and thus having a visualized view of which country achieves higher energy
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security levels makes other countries willing to learn and develop their strategies
accordingly. (Publication IV)

1.6 Summary of dissertation structure

With a total of six chapters, the first chapter provides an overview about the background
of energy security and the importance of its analysis, together with the motivation and
objectives. The scope and limitations together with contributions of this research are all
presented in the first chapter. Following, the second chapter addresses the current
approaches to study energy security from theoretical frameworks through partial and
spatial attempts to the limited applications. At the end of the second chapter the needed
solutions are presented. Moving forward to the third chapter, methods for designing own
energy security framework, its application on the energy sub-system of storage, a soft
analysis of energy security for a future scenario for the case of Jordan, building an energy
security index, numerical evaluations of energy security on the global level and
visualising the results on global maps are all addressed. Once the reader has gone through
these three chapters, the fourth chapter presents the four publications that are used to
achieve the goals of this dissertation. Moving to the end, discussion about the obtained
results are detailed in the fifth chapter whereas conclusions are presented in the sixth
chapter.
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2 Current approaches for energy security studies
Studies that addressed energy security have a huge variation in their intakes on the topic.
As mentioned earlier in the introduction chapter, energy security was analysed from many
different angles, including: policymaking (Turton & Barreto, 2006; Winzer, 2012),
politics (Jonsson et al., 2015), national energy policies (Franki & Viškovi , 2015),
national security issues (Dyer & Trombetta, 2013), international relations (Kirchner &
Berk, 2010) and social sciences (Löschel et al., 2010). Such different starting points in
addressing the topic of energy security resulted in different approaches to the topic. Some
scholars approached the topic on the framework level, some do the analysis for a certain
location, while others tackle parts of the energy system. In this chapter, current
approaches for energy security are presented with the state of the art found in literature.

2.1 Theoretical framework

Since energy security is a concept rather than a strategy or policy (Chester, 2010), it needs
to be addressed as such. It was concluded by many researchers that the concept is defined
narrowly and disparately (Bohi & Toman, 1993; Kucharski & Unesaki, 2015; Narula &
Reddy, 2015), is not defined clearly (Löschel et al., 2010; Winzer, 2012) or is with no
common consensus (Checchi et al., 2009; Kruyt et al., 2009). Therefore it was the first
step for researchers when designing a theoretical framework for energy security to decide
what the definition of energy security is, although the term of energy security was
described before by terms such as abstract, elusive, vague, inherently difficult and blurred
(Checchi et al., 2009; Chester, 2010; Löschel et al., 2010; Narula & Reddy, 2016;
Sovacool et al., 2011). Although, defining energy security is the first step in building a
framework, definitions have been context-dependent and polysemic in nature (Chester,
2010; Jonsson et al., 2015; Kruyt et al., 2009; Vivoda, 2010) due to various assumptions
(Ciut , 2010). To overcome this dilemma, energy security definitions moved to be more
generic, see Publication I (pages 3-4).

There were many attempts to identify energy security through research history (Bohi &
Toman, 1993; Cherp & Jewell, 2013; Ciut , 2010; Deese, 1979; Dreyer, 2013; Hossain
et al., 2016; Hughes, 2009; IEA, 2001; 2007; Jan & Goldwyn, 2005; Jansen, 2009; Jewell
et al., 2014; Johansson & Naki enovi , 2012; Kononov, 2014; Laki , 2013; Lovins &
Lovins, 1981; Miller et al., 1977; Müller-Kraenner, 2007; Narula & Reddy, 2016; Ojeaga,
2014; UNDP, 2000; Willrich, 1976; Winrow, 2009; Yergin, 2006). Most studies provided
the definition of energy security by some of its elements, for example, energy security is
defined as “The continuous availability of energy in varied forms, in sufficient quantities,
and at reasonable prices” by UNDP (2000). However, limiting the definition to certain
elements deteriorates any further possible framework design. Therefore, many
researchers started to add more elements into their definitions of energy security, for
example, energy security was defined as “How to equitably provide available, affordable,
reliable, efficient, environmentally benign, proactively governed and socially acceptable
energy services to end-users” by Sovacool (2011) and Sovacool et al. (2013a).
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With time, the previous approach of including more elements into the definition proved
to be incapable of providing the reality of the energy security concept. Therefore,
researchers started to limit the definition by providing a reference to these elements, and
then, in a next phase of building the framework, these elements were illustrated. An
example of this development was noted in recent years by Kanchana & Unesaki (2014),
where they defined energy security as “Access to modern energy services”, with further
explanations to the elements of access and what services are. Another example was
provided by Jewell et al. (2014), where energy security was defined as “Low vulnerability
of vital energy systems.” Afterwards, it was their task to determine what is vital for the
energy system and what vulnerabilities are expanded on. However, both attempts did not
manage to capture the nature of energy security. As can be seen in Publication I (page
5), energy security was defined as “the feature (measure, situation or a status) in which a
related system functions optimally and sustainably in all its dimensions, freely from any
threats”. This definition was generic enough to account for all elements (dimensions, parts
of the system and threats). Afterwards, continuation to identify all these elements can be
seen in Publication I.

The next step in building the theoretical framework for energy security analysis, after the
definition is proposed, is the formulation of what elements need to be included. Although
some researchers would call these elements as boundaries and vulnerabilities (Jewell et
al., 2014), the vast majority of all researchers prefer the use of dimensions and parameters
as the elements of energy security analysis (Ang et al., 2015; Azzuni & Breyer, 2018;
Chester, 2010; Sovacool & Brown, 2010; Sovacool & Mukherjee, 2011; Winzer, 2012).
A drawback of the approach by Jewell et al. (2014) is the negligence of many important
elements of energy security such as environment and military, as well as many others.
Their approach lags behind as Yergin (2006) states that energy security discussion should
be extended to all possible dimensions that have a relationship to energy security. Further
discussion about what dimensions are included in literature are provided in section 2.3.
Furthermore, all detailed relationships between parameters and dimensions with energy
security are well-established and presented in Publication I.

At this point, conceptualisation of the energy security framework is done and some
researchers stopped at this depth (Chester, 2010). However, most researchers continued
building an analytical framework by proposing numerical indicators to measure, calculate
and/or evaluate each of the parameters and dimensions (Ang et al., 2015; Azzuni &
Breyer, 2018). The number of proposed indicators varied, some researchers proposed
very few indicators (Badea et al., 2011; Radovanovi  et al., 2017), where only eight and
six indicators were used, respectively. The most intensive proposal of numerical
indicators was done by Sovacool & Mukherjee (2011) in which hundreds of indicators
were purposed. Although it is theoretically possible to propose such a high number of
indicators, in order to build an applicable and systematic analysis to evaluate energy
security, limiting criteria is needed. Publication IV (pages 2-3) provides detailed criteria,
which is required when choosing suitable numerical indicators.
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Once the set of indicators are ready, researchers start the collection of data for such
indicators. When all values are prepared, researchers are faced with three main
challenges; and their approaches to overcome these challenges vary. The first challenge
is the inequal ranges of differing indicators, therefore normalization techniques are
required. Through all previous research, normalization was done by varying techniques:
min–max (Gnansounou, 2008; Kamsamrong & Sorapipatana, 2014; Lefèvre, 2010),
distance to a reference (USChC, 2012) or standardization (Martchamadol & Kumar,
2012; Sovacool & Brown, 2010). Nevertheless the most common approach is max-min
as summarized by Ang et al. (2015).

After normalizations, scholars faced the second challenge of how important each
indicator is, how important each parameter is and how important each dimension is. To
answer this question, weighting techniques are needed. As found by Ang et al. (2015),
the most common technique in literature is equal weighting technique (Onamics, 2005;
Sovacool & Brown, 2010; Sovacool et al., 2011). Other researchers tried other weighting
techniques: import/fuel share (Sharifuddin, 2014; WEC, 2014), Principle Component
Analysis (PCA) (Gnansounou, 2008; Martchamadol & Kumar, 2012), Analytical
Hierarchy Process (AHP) (Wu et al., 2012) and Data Envelopment Analysis (DEA)
(Zhang et al., 2013); while some researchers did not use any of these analytical techniques
but rather relied on subjective evaluations.

Once weighting for all indicators, parameters and dimensions is done, the third challenge
of how to aggregate an index is faced by researchers. Mostly this is done by simple
addition. Figure 1 summarizes all three steps of building numerical indexes for energy
security frameworks that lead researchers to varying approaches of how to present their
results, for example by numbers, clusters, or coloured maps.

Figure 1: Summary techniques to build an energy security analysis framework, adopted and
modified from Ang et al. (2015). Abbreviations: Principle Component Analysis (PCA),

Analytical Hierarchy Process (AHP) and Data Envelopment Analysis (DEA).
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2.2 Spatial analysis

Previous research has focussed only on certain locations to make the energy security
analyses. Such spatial analysis is limited by nature as it focuses on the perspective of
individual countries or regions with specific factors, which only interplay inside that
location. Such analyses are not very helpful when drawing comparisons of what policies
to adopt globally. It is true some researchers have tried to overcome this dilemma by
expanding the research to different countries instead of limiting the scope to one national
level. However, this approach was not successful to reach the inclusivity of all countries
with a true global analysis except with few exception, such as (Wang & Zhou, 2017;
WEC, 2019). As will be seen in the next section, all previous attempts to analyse energy
security globally did this from a very narrow perspective and partial approach.

Summaries of previous research addressing energy security analyses on the national
levels for most countries are presented in Table 1.

Table 1: Summary of previous national energy security analyses.

Country References
Albania (Fida et al., 2009; Çukaj, 2015)

Argentina (Kozulj, 2010)
Algeria (Seifeddine & Abdeldjalil, 2017)

Armenia
(Hovhannisyan, 2003; Kazarian, 2018;
Kosowska et al., 2018; Sarukhanyan,

2011)

Australia (Gang, 2010; Ralph & Hancock, 2019;
Tidemann, 2019; Yates & Greet, 2014)

Azerbaijan (Aslanbayli, 2013; Senderov et al)

Bangladesh (Halder et al., 2015; Islam et al., 2014;
Islam, 2003)

China

(Lu et al., 2014; Matsumoto, 2015; Ren
& Sovacool, 2014; Ren & Sovacool,
2015; Wu et al., 2012; Yao & Chang,

2014)

Croatia (Franki & Viškovi , 2015; Tatalovi ,
2008)

Cyprus (Karakasis, 2015; Taliotis et al., 2014)
Denmark (Sovacool & Tambo, 2016)

Egypt (Atlam & Rapiea, 2016)
Estonia (Kasekamp, 2006)
Ethiopia (Guta & Börner, 2017)

Finland (Helin et al., 2018; Jääskeläinen et al.,
2018)

France (Teräväinen et al., 2011)
Georgia (German, 2009; Zachmann, 2014)



2.2 Spatial analysis 31

Germany (Gillessen et al., 2019; Röhrkasten &
Westphal, 2012)

Greece (Jones et al., 2017; Nomikos, 2016;
Vidakis & Baltos, 2013)

Hong Kong (Holley & Lecavalier, 2017)
Hungary (B sze, 2006; Isaacs & Molnar, 2017)

India (Kunz, 2012; Narula, 2014; 2015; Reddy,
2015)

Indonesia (Kumar, 2016; Prasetyono, 2008)

Ireland
(Bazilian et al., 2006; Chalvatzis &

Ioannidis, 2017a; Glynn et al., 2014;
Seebregts & Welle, 2018)

Italy (Farinosi et al., 2013)

Japan
(Barai & Saha, 2015; Lesbirel, 2004;

Matsumoto, 2017; Matsumoto & Shiraki,
2018; Vivoda, 2016; Wahlin, 2006)

Jordan
(Alshwawra & Almuhtady, 2020; Azzuni
& Breyer, 2020; El-Anis, 2012; Hammad

& Al-Momani, 2013)

Kazakhstan
(Amirov et al., 2018; Baizakova, 2010),

North Korea (Von Hippel & Hayes,
2007)

South Korea (Chung et al., 2017; Kim et al., 2011)
Latvia (Kochetkov & Yurkovskaya, 2015)

Lithuania (Janeli nas & Molis, 2006; Leonavi ius
et al., 2015; 2018)

Macedonia (Glavinov et al., 2017)

Malaysia (Foo, 2015; Sharifuddin, 2014; Sovacool
& Bulan, 2012)

Mexico (Spring, 2020)
Mongolia (Ryu et al., 2014; Song et al., 2013)

Morocco
(Moore, 2017; Seifeddine & Abdeldjalil,
2017; Vidican-Auktor, 2017), Myanmar

(Simpson, 2005)
Nepal (Herington & Malakar, 2016)

Nigeria (Okeke & Nzekwe, 2014; Okonta, 2013)

Pakistan (Aized et al., 2018; Anwar, 2010; 2016;
Sahir & Qureshi, 2007)

Philippines (Brahim, 2014; La Viña et al., 2018)

Poland
(Johnson & Boersma, 2013; Paj k et al.,
2017; Wielo ski & Machowski, 2008;

ikovi , 2008)
Romania (Gheorghe et al., 2011)



2 Current approaches for energy security studies32

Serbia (Bukurov et al., 2010; Laki , 2013;
Pavlovi  & Ivezi , 2017)

Singapore (Chang & Lee, 2008; Chang & Putra,
2012)

South Africa (Bellos, 2018; Nkomo, 2009)
Spain (García-Gusano & Iribarren, 2018)

Sweden (Månsson et al., 2014)

Tajikistan (Akhrorova et al., 2014; Laldjebaev et al.,
2018)

Thailand

(Kamsamrong & Sorapipatana, 2014;
Martchamadol & Kumar, 2012;

Phdungsilp, 2015; Selvakkumaran &
Limmeechokchai, 2012; Watcharejyothin

& Shrestha, 2009)

Turkey
(Biresselioglu et al., 2017; Jones et al.,
2017; Kaygusuz et al., 2015; Winrow,

2009)
Turkmenistan (Boucek, 2007)

Ukraine (Semenenko, 2016)
United Arab Emirates (Bahgat, 2012)

United Kingdom
(Abdo & Kouhy, 2016; Cox, 2018;

Demski et al., 2014; Mitchell et al., 2013;
Rogers-Hayden et al., 2011)

United States of America

(Bang, 2010; Chow & Elkind, 2005;
Dunham & Schlosser, 2016; Faeth, 2012;

Johnson & Boersma, 2015; Nyman,
2018)

All this previous research was limited to a spatial analysis, addressing challenges and
opportunities for specific and targeted countries. Researchers became aware of the need
to have a more coherent energy security analysis with robust comparison. Therefore,
cluster energy security analysis for bigger regions was started to get more profound
insights and applicable results of not only how energy security is in one country, but rather
what interactions countries have in one cluster. Since all countries nowadays are
connected globally, aspects of energy security interplay across national borders affecting
the whole energy system. Summarized in Table 2 are energy security analysis
publications clustered for different regions.

Table 2: Summary of regional energy security analyses.

Regions and clusters References

ASEAN countries (Kanchana & Unesaki, 2014; 2015a;
Tongsopit et al., 2016)
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18 countries (United States, European
Union, Australia, New Zealand, China,
India, Japan, South Korea, and the ten

countries comprising the Association of
Southeast Asian Nations (ASEAN))

(Sovacool et al., 2011)

China, India, EU, USA (Jewll et al., 2013)

Asia-Pacific (Neff, 1997; Sovacool, 2011a; 2013b;
Vivoda, 2010)

South Asia (Mahmud, 2012; Sankar et al., 2005)
East Asia (Matsumoto & Andriosopoulos, 2016)

Central Asia (Bahgat, 2006a)

EU

(Chalvatzis & Ioannidis, 2017b;
Gracceva & Zeniewski, 2014; Hedenus et
al., 2010; Jonsson et al., 2015; Le Coq &
Paltseva, 2009; Matsumoto et al., 2018;

Scheepers et al., 2006)

Europe (Bahgat, 2006b; Checchi et al., 2009;
Dreyer, 2013; Johnson & Boersma, 2015)

Southeast Europe (Franki & Viškovi , 2015; ehuli  et al.,
2013)

Central and East Europe (Onamics, 2005)

Baltic region
(Augutis et al., 2020; Findlater & Noël,
2010; Jääskeläinen et al., 2019; Kaare et

al., 2013)
Nordic countries (Aslani et al., 2012)

Furthermore, most of the previous analyses, whether for national countries or for regions
and clusters, lack a detailed quantitative analysis for all aspects of energy security. Many
previous researches were carried with a qualitative analysis, similar to Publication III.
On the other hand, an indicator-based analysis with quantified measures has been used in
a very simplified view of energy security, not including all the needed aspects. The next
section will address this point in more detail.

2.3 Partial indexes

The current state of the art in scientific research is to analyse energy security by its
elements. Scholars choose the elements of energy security to be discussed based on their
needs and their energy security perspectives. Studying previous literature through an
intensive and comprehensive literature review shows that a total of 15 dimensions were
distributed in literature, with no single research to address them all together. Table 3
shows the number of total literatures that were analysed together with the occurrence
frequency of all dimensions. The detailed occurrence of each dimension in previous
literature is presented in Publication I (Supplementary Material).



2 Current approaches for energy security studies34

Table 3: Number of reviewed publications and frequency of dimensions occurrence.

Total Literature 104
Dimensions Frequency of occurrence
Availability 98

Diversity 83
Cost 93

Technology & Efficiency 70
Location 52

Timeframe 37
Resilience 30

Environment 69
Health 18
Culture 16
Literacy 17

Employment 19
Policy 89

Military 35
Cyber Security 4

Furthermore, not all previous literature provided a quantified indicator-based analysis for
these dimensions. Some just addressed the energy security topics from a view of
qualitative soft analysis, and some provided numerical indicators.

2.4 Limited applications

After the state of the art has been explained for the spatial analysis and the use of partial
indexes, it can be seen that current research lags behind in another aspect when it comes
to energy security analysis. That is the focus of the analysis. Many researchers would
focus their studies and analyses on parts of the energy system, instead of addressing all
interconnected parts or assessing the system as a whole. As was addressed before, many
previous researchers analysed the system partially by focusing on the analysis of the
security of supply (Bazilian et al., 2006; Cabalu, 2010; Cohen et al., 2011; Creti & Fabra,
2007; De Joode et al., 2004; Findlater & Noël, 2010; Grubb et al., 2006; Hoogeveen &
Perlot, 2007; Jamasb & Pollitt, 2008; Jansen & Seebregts, 2010; Joskow, 2007; Keppler,
2007; Kruyt et al., 2009; Le Coq & Paltseva, 2009; Löschel et al., 2010). Such analyses
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lag in their ability to evaluate energy security matters related to other parts of the energy
system, i.e. refineries, electricity transmitting lines, etc.

Other researchers focused their analyses on specific types of fuels: oil (Colgan, 2014;
Gupta, 2008; Zhang et al., 2013), oil and natural gas (Cohen et al., 2011; Selvakkumaran
& Limmeechokchai, 2012; Wu, 2014), natural gas (Cabalu, 2010; Cabalu & Alfonso,
2013; Findlater & Noël, 2010; Gillessen et al., 2019; Samrina, 2004; Taliotis et al., 2014),
fossil fuels (Le Coq & Paltseva, 2009), and electricity (Cox, 2018; Kamsamrong &
Sorapipatana, 2014; Stirling, 2014; Tidemann, 2019). This gap in research is to be
covered in this research. Publication IV provides a detailed inclusion of all types of fuels
into the energy security analysis.

Furthermore, many other limited applications of energy security analysis took place in
previous literature in which some researchers focussed on critical energy infrastructure
(Farrell et al., 2004), transport (Gillessen et al., 2019; Månsson et al., 2014) or primary
energy system (Jansen, 2009; Jansen & Seebregts, 2010; Neff, 1997). The gap of limited
application on one part of the energy security system was overcome by Azzuni and Breyer
(2020).

2.5 Needed solutions

After going through the journey of different approaches to address energy security, a need
for a solution to fill research gaps arises. Theoretical frameworks are different as
discussed before; however, the most common approach is to formulate a framework for
energy security based on its elements. Although scholars differ in which terms to be used
for these elements, most agree on the use of dimensions, aspects and parameters. After
that, an analysis is usually done whether qualitatively by studying these elements of
energy security, or numerically by assigning suitable indicators. If so, indicators are
aggregated in different techniques. Furthermore, scholars must decide on a weighting
method in order to produce the aggregation of energy security values; most scholars
choose equal weights. Afterwards, results are presented in a way that serve the purpose
of the analysis. Throughout the building of the frameworks, researchers choose between
which location to hold the analysis, which dimensions and parameters to include and
which parts of the energy system the analysis is to be applied on.

The needed solution to cover all these research gaps is to formulate a comprehensive
energy security framework that includes all dimensions and parameters, applied with a
real global representation on all countries and addresses the energy system as a whole.
How to achieve this solution is detailed in the methods, found in the next chapter.
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3 Methods of energy security studies

3.1 Designing an energy security framework

The first step in designing a framework for energy security analysis is to determine the
nature of the energy security concept and what it is. In order to get a clear understanding
of the concept of energy security itself, the definition of energy security is needed. Since
the concept of energy security has been addressed as abstract, vague, elusive, or blurred
(Checchi et al., 2009; Chester, 2010; Löschel et al., 2010; Narula & Reddy, 2016;
Sovacool et al., 2011) a systematic approach is needed to define energy security. Also,
such an approach is needed because energy security was defined narrowly (Bohi &
Toman, 1993; Kucharski & Unesaki, 2015; Narula & Reddy, 2015) or not clearly
(Löschel et al., 2010; Winzer, 2012).

To formulate a definition for energy security, an intensive literature review took place as
a first step. Methodologically, scientific publications that provided a definition for Energy
Security were listed with their proposed definitions. However, all publications that
defined any other term (e.g. security of supply or oil security) were excluded from the
review for the reasons mentioned in the previous chapters. Publication I provides a
detailed list of previous energy security definitions found in literature. Once the previous
attempts of defining energy security were analysed, it was clear how researchers obtained
these definitions.

The result of this literature review set the path for the methods to formulate a
comprehensive energy security definition. Definitions were simple at the beginning, but
as time progressed, researchers started including more dimensions into the definition. At
the latest stage it became more appropriate to use generic terms for energy security
elements and then analyse these elements. This latest method was followed in this work.

The next step to formulate a comprehensive energy security definition was to include the
three fundamental parts of the energy system: supply, demand and conversion. As it was
suggested by UNDP et al. (2004), security of supply should not be the only focus of an
energy security definition. Furthermore, in order to define energy security
comprehensively, the concept of sustainability has to be taken into consideration (Von
Hippel et al., 2011). The next step was to include the concept of threat or risk, i.e. the
degree to which the system is unable to cope with disastrous events (Gnansounou, 2011).
Finally, once all these steps are clear, the final step was to track the linguistic meaning
for the two sides of the term “Energy” and “Security”. The formulation of energy security
definition took place in Publication I (page 5). The resultant definition will be presented
in the results chapter.

The next level of the framework was to determine all elements of energy security, together
with the threats to these elements. Following the established methods of previous
research, where elements were addressed as dimensions and parameters, an intensive
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literature review was done to capture all these elements. Publication I (Supplementary
Material) shows the record of all these dimensions.

As this work aims for a global comprehensive energy security analysis framework, all
dimensions that were found in the literature were included and analysed. Analysing
dimensions and parameters are meant to establish a profound and unique relationship to
energy security. All included dimensions and parameters have their independent
relationship to energy security; these relationships are established by an inclusive
theoretical approach.

3.2 Energy security analysis for energy sub-systems (energy storage)

To analyse energy security for an energy sub-system (energy storage), the first step was
to determine the most commonly used energy storage technologies in the world. In
consideration of previous literature, five energy storage technologies were identified.

The next step was to study all these five technologies in detail; the state of the art for all
of them was provided. Additionally, interplays and interactions between energy security
and all aspects from these technologies was analysed qualitatively. The analysis was done
by assigning plus and minus (+/-) signs for all dimensions and parameters. The plus sign
is given if the aspect of a technology affects energy security positively, while the negative
sign is the opposite, where energy security is affected negatively by the aspect in question.
A detailed description of all these interactions between energy security dimensions and
parameters with each aspect of these five storage technologies was reported in
Publication II.

After that, a colour coded, soft analysis was done with the following steps:

Step 1: Each technology is explained for all dimensions.

Step 2: Within each dimension, if there is a positive relationship between any
of its parameters with this technology, a plus is given.

Step 3: The exact opposite is applied when a negative relation to energy
security appears to affect any of the parameters.

Step 4: A technology-dimension matrix table was created to summarize the
effects of each technology on parameters from each dimension.

Step 5: If the number of the plus elements in a dimension for the specific
storage technology is more than the minus elements, the box was coloured in
green.

Step 6: If the number of minus elements is more than the positive signs, the
box was given a red colour.
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Step 7: If the number of plus and minus elements are equal, the relationship
was considered neutral for this dimension and the box was given a yellow
colour.

Step 8: The total energy security evaluation for each energy security dimension
was calculated in the last column of the technology-dimension matrix table.

Step 9: The green box was allocated a value of +1, the red box a value of -1,
and the yellow box a value of 0.

Step 10: The values of the boxes were summed up for each storage technology.
If the summation was positive, this technology was considered to enhance
energy security. The higher the number, the better the enhancement of energy
security.

3.3 Soft analysis of energy transition from the lenses of energy security

A detailed method of how a scenario simulation is done is needed in order to carry out an
energy security analysis for any future scenarios. In this section, the detailed methods and
data formulation are described. A Best Policy Scenario for the period 2015 to 2050 is
defined. The last part of this section details the methods for the energy security analysis.

3.3.1 LUT Energy System Transition model overview

The LUT Energy System Transition model (Bogdanov et al., 2019a; Breyer et al., 2017)
was used to explore the feasibility of a transition scenario in Jordan. The LUT model is
an optimization model to investigate energy systems under numerous technical and
financial assumptions through all sectors of power, heat, transport and desalination.
Industry is not singled out as a separate category because electricity, heat and
transportation demands for the industrial sector are measured within the respective
sectors. The model operates in five-year intervals, with hourly resolution, for the period
of 2015-2050. The target function of the model is to achieve a least-cost energy system
under given constraints and assumptions.

Figure 2 shows the LUT Energy System Transition model’s process flow diagram. More
detailed explanation of the model for the four sectors of power, heat, transport and
desalination was provided by Ram et al. (2019). The schematic block diagram for the
integrated power and heat sectors is shown in Figure 3. The respective block diagrams
for transport and desalination sectors are presented in Figure 4 and Figure 5, respectively.



3 Methods of energy security studies40

Figure 2: Fundamental structure of the LUT Energy System Transition model (Bogdanov et al.,
2019a; Ram et al., 2019).

Figure 3: Schematic of the LUT Energy System Transition model for the coupled power and
heat sectors (Bogdanov et al., 2019b).



3.3 Soft analysis of energy transition from the lenses of energy security 41

Figure 4: Schematic of the transport modes and corresponding fuels utilized (Bogdanov et al.,
2019a; Ram et al., 2019).

Figure 5: Schematic of the LUT Energy System Transition model for the desalination sector
(Caldera & Breyer, 2020).

Optimization was carried out in two stages. First, demand for prosumers must be covered
in hourly resolution for commercial, residential and industrial sectors by installed
capacities of solar PV, battery storage and individual heating capacities as long as it leads
to improved economics for prosumers. The prosumers’ demand is limited to 20% of total
demand by 2050, whereas up to 50% of the total generation of the prosumers can be fed
into the grid.

Second, the demand for all sectors should be met in every hour of the applied year. The
optimization was conducted for the power and heat sectors as an integrated case, while
the transport and desalination sectors are simulated individually. The installed capacity
share of renewables was limited to a maximum growth of 20% every five years to
eventually reach a 100% renewable energy system by 2050. Additionally, no new nuclear
and fossil-based power plants were assumed to be installed after 2015. The existing
capacities, however, were assumed to continue operating until the end of their actual
lifetimes. Infrastructure of gas turbines was assumed to be active in the model, as the
sustainably produced synthetic natural gas and biomethane can substitute fossil fuels.
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3.3.2 Country data and assumptions used in the model

The LUT model was used to build an energy transition scenario for Jordan. Current
energy demand was obtained from different references, whereas future demand was
projected and extrapolated. The hourly demand profiles were generated and used as input
data. The demand profile for each power sector was taken from Toktarova et al. (2019).
The heat demand was classified into four categories: space heating, domestic hot water
heating, industrial process heat, and biomass for cooking. Furthermore, based on
temperature, the heat demand was divided into three categories: low, medium and high.
It was projected that biomass for cooking will decline the closer the transition gets to the
end. This projection can be justified with the argument that the energy system will become
more efficient and all residents in the country will have access to clean energy by 2050.
There are four types of transport modes in the system: road, rail, marine and aviation.
Each of the transport modes includes passenger and freight as a sub-category. The impact
of smart charging and vehicle-to-grid concepts was excluded in this study. The
desalination demand is collected from Caldera and Breyer (Caldera & Breyer, 2020). The
projected demand of desalinated water was related to municipal, industrial and
agricultural sectors. Final energy demands by sectors and by energy for Jordan are
presented in Figure 6.

As explained by Bogdanov et al. (2019a), weather data from 2005 was applied. Resource
profiles in high spatial and temporal resolutions for solar PV, concentrated solar power
(CSP), wind energy and hydropower were prepared. Bioenergy sustainable potential
(Bunzel et al., 2009) and geothermal energy (Aghahosseini et al., 2017) were used as an
upper limit in the model. Currently-installed power plants capacities were summarised in
annual resolution from 1960 to 2015 by Farfan & Breyer (2017).

Further, all detailed data and all the technical and financial assumptions for all
technologies were obtained from different sources and were published in Publication III
(Supplementary Material). Learning curves assumptions for all technologies were
included indirectly. Learning curves have a direct and indirect impact on future costs as
they are a crucial element for determining cost-optimal energy transition pathways.
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Figure 6: Development of final energy demand by energy form (left) and by sector (right) for
Jordan.

3.3.3 Scenario definition

Although the LUT model can be used for wide scenario variations, the choice of this
research was to emphasize a transition towards a 100% renewable energy system, which
is in line with the Paris Agreement (UNFCCC, 2015) targets, and the United Nations
(UN, 2015) Sustainable Development Goals (SDG). The Best Policy Scenario fulfils
these criteria, wherein the demand for power, heat, transport and desalination sectors must
be met in 2050 only by renewable energies, energy storage and other flexibility options,
e.g. power-to-X (PtX) technologies. The transition towards a fully renewable energy
system in Jordan was planned from 2015 to 2050. After that, a scenario simulation was
carried out using the LUT modelling setup, including all critical aspects of the power,
heat, transport, and desalination sectors.

3.3.4 Method for future scenario energy security analysis

Future energy security for a 100% renewable energy system in Jordan was analysed by
using a similar method presented for energy storage technologies analysis from an energy
security perspective. The first step was to identify the dimensions to be analysed. The
choice of dimensions is done based on their importance. For that, six dimensions out of
15 were included in the analysis: availability, diversity, cost, environment, health and
employment. The limited inclusion of six dimensions was due to the nature of the LUT
model in which many other energy security dimensions were not part of the simulation
results.

The analysis was carried out by addressing parameters of each dimension. If a parameter
or an aspect of a dimension was affected positively, then this dimension received a plus
sign. The same qualitative analysis was carried out for negative impacts of the energy
transition on energy security where a minus sign was given for negative impacts. The
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overall evaluation of a dimension was represented by a numerical sum of the plus and
minus signs.

Colour coding was used to visualise the impact of a 100% renewable energy transition on
energy security for each analysed dimension. The colour coding paradigm depends on
how many positive or negative impacts each dimension received throughout the analysis.
If the total number of positive impacts was higher than the negative ones, then a green
colour was given, otherwise it was given a red colour. If the number of plus signs and
negative signs were equal, then the colour was designated yellow.

3.4 Indicators and data collections

After all dimensions and parameters were identified and introduced in the process of
building an energy security analytical framework, proper numerical indicators were
chosen to measure each parameter. Although the most intensive proposal for numerical
indicators was done by Sovacool & Mukherjee (2011), most of these indicators cannot be
readily used to build a global energy security index that evaluates energy security
correctly because of data unavailability for most countries and the interdependence of
each indicator. In this work, strict criteria were used for the choice of numerical
indicators. Such criteria allowed for the most accurate energy security framework
analysis. The criteria for numerical indicators are:

1. Indicator values should be available for all or at least most of the countries in the
world.

2. Indicators should have their data obtained from trusted sources.

3. Indicator values can be in absolute or relative numbers.

4. Indicators should have close proximity to the parameters.

5. Normalization should be possible for all indicators.

6. Indicator values should be available for the present with the possibility to be
extrapolated to the future.

7. Indicators should be in accordance with the sustainability guardrails (Child et
al., 2018) as much as possible.

Furthermore, the methods for choosing suitable indicators are transparent. To fully track
all established relationships between dimensions, parameters and indicators, methods
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were presented in a maximum level of detail. Following all these criteria resulted in a
very well-established list of 76 indicators, see Publication IV (Table 1).

The next step in the method was to collect and obtain all needed data for each of the
numerical indicators. Collecting data was done from online datasets provided by
international organizations such as the United Nations and the World Bank. All countries
and all indicators distributed on different parameters and dimensions were put together in
Microsoft Excel. All values and their references for all indicators and parameters were
included in Publication IV (Supplementary Material).

3.5 Numerical evaluation methods of aggregations

Once all the data were collected for all indicators, then the issue of different ranges
appears as it was described in Chapter 2. Basically, there was a need to convert absolute
numbers into relative percentage values in a normalization step, so that it was possible to
have the comparable representations from all the data sets. Some indicators were already
normalized, but the ones that needed normalization had to go through this step.
Normalization was mainly done by a max-min approach in linear regression to create a
percentage indicator relative to all other countries. Equation (3.1) describes the max-min
normalization method. Usually, normalization takes place if the original indicator is not
already in a percentage value.

, =
, ( , )

( , ) ( , )
× 100% (3.1)

where (Îj,r) is the normalized indicator for corresponding specific parameter (Yj), (Ij,r) is
the absolute value of the indicator, min(Ij,r) is the minimum value in the world for (Ij,r)
and max(Ij,r) is the maximum value in the world for (Ij,r).

However, sometimes the max-min approach was improved by an optimal-worst
relationship of an indicator. This was done for the indicators where their relationship to
energy security is more complex. Equation (3.2) shows the conversion from Equation
(3.1) to an optimal-worst normalization method. Such a choice of optimal-worst
normalization was justified separately for indicators that needed such alternations
(Publication IV).

, =
, ( , )

( , ) ( , )
× 100% (3.2)
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where (Îj,r) is the normalized indicator for the corresponding specific parameter (Yj), (Ij,r)
is the absolute value of the indicator, worst(Ij,r) is the worst value in the world for this
indicator (Ij,r) and optimal(Ij,r) is the optimal value in the world for this indicator (Ij,r).

After all indicators were normalized, they were used to calculate parameters (Yj). Some
parameters are calculated by one indicator, but many other parameters are linked to two
proxy indicators or more. If so, then Yj was computed by their average. If there was more
than one indicator for any parameter, then Equation (3.3) was applied.

= , (3.3)

where (Îj,r) is a normalized indicator used for the specific parameter Yj and o is the number
of indicators.

If the relationship between indicators and energy security was directly proportional, then
their values were used as-is. If the relationship was reversely proportional (increase in a
parameter resulted in a negative impact on energy security), then normalized indicators
were subtracted from unity (100%).

The following step was to aggregate all parameters to calculate the value of each
dimension (Xi). Such aggregation was done by simple addition of the results after
multiplying each parameter by its weight. Weights represent the importance of each
parameter within a dimension. Equation (3.4) shows how aggregation is done for each
dimension.

= (3.4)

where Wj is the weight of each parameter and Yj is the value of each parameter.

In this work, all parameters were given equal weights (Wj) within their dimension, due to
lack of data for individual weighting. Also, equal weighting is used in past work (Cabalu
& Alfonso, 2013; Kamsamrong & Sorapipatana, 2014; Wu et al., 2012). Furthermore, as
it was discussed in more detail in Chapter 2, equal weights are very similar to the average
weight after a sensitivity analysis is done (Augutis et al., 2020).

The last step in aggregation was to formulate the overall Energy Security Index (ESI).
This was done in a similar fashion to how parameters were aggregated for each
dimension, but now, dimensions were aggregated for ESI. Equation (3.5) represents the
aggregation of all dimensions to formulate the ESI.
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Energy Security Index (ESI) = (3.5)

where Vi is the weight of each dimension and Xi is the value of each dimension.

The same approach of equal weighting used for parameters was again applied on the
dimensions’ weights (Vi) in the aggregation of the ESI.

Sometimes, the values of indicators do not exist for each parameter, these indicators were
set as empty cells, and therefore, did not affect the calculation of the respected parameter.
That was in the case of indicators used to calculate a parameter. In the case there was only
one indicator for a parameter, then the value of that parameter was set as the worst value
(0%). The list of missing indicators for all countries was published in Publication IV
(Supplementary Material). Furthermore, the detailed methods for formulating each of the
dimensions and their corresponding parameters and indicators, the relationships between
indicators and energy security and all normalization techniques used for each indicator
were provided in Publication IV (Appendix A).

3.6 Methods for global presentation of energy security on maps

The last aspect of the methods that were used in this work was the representation of all
ESI values for all countries with the performance of each country in each individual
dimension. Results were plotted against the world map using QGIS (OSGeo, 2016).
Shapefiles for determining the borders of each country were obtained from (DIVA-GIS,
2011). After that, values of the ESI for each country were included in the attribute tables
in QGIS. The results were then colour-coded based on their ESI performance, as will be
discussed in the next chapter, in section 4.4. All other results for each dimension were
presented in Publication IV (Section 3.2).
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4 Results

4.1 Publication I: Definitions and dimensions of energy security

Aims

The aim of Publication I was to perform a detailed comprehensive literature review on
previous research focusing on energy security and its dimensions, in order to design a
proper framework for energy security analysis, through understanding the nature and the
elements of energy security. The literature review that was published in Publication I
was not the ultimate goal, but a tool to track all previous definitions of energy security
that existed in literature and analyse them. This historical analysis was used to achieve
the goal of formulating a generic definition of energy security that allows for better
understanding of the nature of energy security.

Methods

The primary method used in this publication was a detailed literature review. An
extensive literature review was conducted to formulate the energy security definition by
analysing previous trends and following the most comprehensive recent approaches.
Furthermore, connections between energy security and all dimensions and parameters
were noted. Insights from previous researchers about what dimensions to be addressed
were considered and resulted in the inclusion of 15 dimensions that were distributed in
previous literature into one framework.

Results

Although, this literature review was performed on more than 100 publications, it was
found that, most of the publications were published in recent years. Figure 7 shows the
trend in publications to address energy security with a clear definition.
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Figure 7: Scientific documents defining energy security and occurrence percentage in time spans
from 1970s until 2016.

After that, the objective of this literature review was completed by formulating an energy
security definition that can be used in all contexts and fields. Energy security was found
to mean “the feature (measure, situation or a status) in which a related system
functions optimally and sustainably in all its dimensions, freely from any threats”.
This definition includes all perspectives and aspects of energy security with all its
elements.

In addition to the definition of energy security, the literature review provided deep
insights of what dimensions were needed to conduct an energy security evaluation.
Tracking previous research concerned with energy security resulted in finding and
formulating 15 dimensions and 50 parameters. As can be seen from Publication I
(Supplementary Material), the 15 dimensions were summarised for the first time in one
publication.

The last piece of results from Publication I was the formulation of a well-established
relationship between all dimensions and energy security and between all parameters and
their corresponding dimensions. This showed the importance of all parameters, how they
are connected to energy security, what threats for energy security there are in each
dimension and some proposals of numerical indicators to measure each parameter.

4.2 Publication II: Energy security and energy storage
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This publication aimed to test and validate the already-developed energy security analysis
framework. This framework was applied on one sub-system of the energy system,
namely, energy storage. Applying this framework was aiming to evaluate the
performance of different energy storage technologies from the perspective of energy
security.

Methods

The first step was to determine what the most commonly used energy storage technologies
in the world were. Five energy storage technologies were identified and analysed in detail.
The state of the art of each technology was provided by an extensive literature review.
After that, interactions between any aspects from these technologies with energy security
was analysed qualitatively. The analysis was done by assigning plus and minus (+/-) signs
for all dimensions and parameters. The plus sign was given if the relationship was positive
whereas a negative sign was the opposite and was given if the relationship was negative.
The last step in the methods was to build a colour-coded evaluation of all dimensions. If
the number of plus signs in a dimension was more than the minus signs, the box was
coloured in green. If the opposite was the case, then the box was given a red colour. If the
numbers of plus and minus signs were equal, the box was given a yellow colour. Green
boxes were allocated a value of +1, red boxes a value of -1 and neutral boxes a value of
0. The boxes were summed up for each technology, if the summation was positive for a
storage technology, this technology was deemed to enhance energy security. The higher
the number was, the technology resulted in a better enhancement of energy security.

Results

By the detailed analysis of the most common energy storage technologies, it was
concluded that all of them have an overall positive relationship to energy security.
However, the level of which each technology affects energy security was found to be
different. Table 4 summarizes the achievements of each storage technology with all 15
dimensions. The previously described colour coding method is used in this article.

Table 4: Summary of the energy security analysis for storage options. Dimensions are
abbreviated: 1 Availability, 2 Diversity, 3 Cost, 4 Technology & Efficiency, 5 Location, 6
Timeframe, 7 Resilience, 8 Environment, 9 Health, 10 Culture, 11 Literacy, 12 Employment,
13, Policy, 14 Military, 15 Cyber Security.

1 2 3 4 5 6 7  8 9 10 11 12 13 14 15 Total

PHES ++ - + +-- ++ -++ +- -+ + +--
+ + + + ++ - - +5

TES +++++ +++ ++-
+--

+++-
+- ++++- ++-

- + ++ +- ++ ++ + ++ -- -+ +9

Batteries +---++ +-+ ++-
+ ++ ++-+ +-+ + --- --

++ ++
-

++-
-

+ +-+ -- +-- +5
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A-CAES +-+ -- -+-
+  +++ -+- +- -+ +--

++ +- + + -+ ++ - --+ +2

Gas/
Liquid
Storage

+---
+++ +++ +--

- ++- -+-+ +-
++ +- -+-

+- -+- +++ ++-
- ++ +++ -+ + +5

4.3 Publication III: Energy security for future scenario in Jordan

Aims

The aims of this publication were to apply the already-developed energy security analysis
framework on a future scenario for the whole energy system. The purpose was to analyse
the impact of an energy transition towards a 100% renewable energy system in Jordan by
the year 2050 on energy security. However, in order to analyse the impact of this
transition on energy security, first it was needed to model a future scenario with a Best
Policy Scenario approach to reach a fully renewable system, then to apply the energy
security framework on the future energy system.

Methods

Applying a Best Policy Scenario was done using the LUT model for simulating future
energy systems. The model was used to explore the feasibility of a transition scenario in
Jordan towards a 100% renewable energy system by the year 2050. The LUT model is an
optimization model to investigate energy systems under numerous technical and financial
assumptions through all sectors of power, heat, transport, and desalination. Optimization
was carried out with two criteria: first, demand for prosumers must be covered; second,
demand for all sectors has to be met in every hour of the applied year. The current energy
demand was obtained from different references whereas any future demand was
projected.

The energy security analysis was carried out by addressing parameters of each dimension.
If a parameter was affected positively, then a plus sign was given, and a minus sign was
given for negative impacts. The overall evaluation was dependant on a colour-coding
paradigm. The assigned colour depended on how many positive or negative impacts each
dimension received throughout the analysis. If the total number of plus signs was greater
than the minus ones, then green was used, otherwise red was used. If the number of plus
and minus signs was equal, then the used colour was yellow.

Results

The results for scenario modelling showed an increase in primary energy demand from
around 90 TWh in 2015 to 140 TWh in 2050, as shown in Figure 8 (left). Although
primary energy demand would increase with this future scenario, the implementation of
a 100% renewable energy system with all its efficiency benefits would lead to a demand
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increase which is less than the demand increase with low electrification (as of today).
Figure 8 (right) shows the difference between high electrification and low electrification.

Figure 8: Development of primary energy demand by form of energy (left), and efficiency gain
in primary energy demand (right) through the transition for Jordan.

Renewable electricity and renewable heat generation capacities are needed to cover all
electricity and heat demands for the year 2050 using renewable technologies. Figure 9
shows the technology mix for generation capacities throughout the transition for both
electricity and heat.

Figure 9: Development of electricity generation capacity (left) and heat generation capacity (right)
in the integrated heat and power sector from 2015 to 2050 for Jordan.

Once modelling the future energy system was done with all the needed details, impact of
this transition on energy security was analysed. Results suggested a significant positive
impact on energy security by the year 2050. Six dimensions from the energy security
framework were analysed in detail with all of their corresponding parameters. The impact
of energy transition on energy security for each dimension with a detailed soft analysis
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was provided in Publication III (Section 4.2). The outcome of this soft analysis for each
dimension is presented in Table 5.

Table 5: Summary of energy transition impacts on energy security.

Dimensions Availability Diversity Cost Environment Health Employment

Impact + + + + + + + – –
–

+ + + +
+ – +

+ + + + + + + + +

4.4 Publication IV: Global Energy Security Index

Aims

The overall purpose of this research was to evaluate energy security quantitively with
numerical indicators. An Energy Security Index (ESI) was modelled and then applied on
all national countries globally to achieve the goal of this work.

Methods

To build the ESI, the numerous steps that were followed were detailed in the methods
chapter. The result was to correlate 76 numerical indicators to all the 50 parameters and
15 dimensions to quantitatively evaluate energy security. All the proposed indicators for
all parameters and dimensions, references, units and normalizations methods were
presented in Publication IV in detail. After designing a ready-to-use ESI, data for all
countries were collected and the ESI was aggregated using the data.

Results

Results of the exact values of the ESI for each country are presented in Figure 10.
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Figure 10: Global energy security levels. The applied colour of the bars indicates the number of
missing parameters: blue <= 5, yellow 5 <= 10, orange 10 <= 15, red > 15.

The aggregated ESI is the result of 15 dimensions, Publication IV provided detailed
results for performance of all countries in each of the 15 dimensions. Additionally, a
colour-coded world map for the overall ESI is presented in Figure 11.
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Figure 11: Global view of the Energy Security Index.

One of the best 10 performing countries globally in terms of energy security is Germany
with an overall ESI of 58.2%. The detailed achievement of each dimension for Germany
is presented in Figure 12.

Figure 12: Detailed energy security view for Germany for all dimensions, values 0-100 represent
worst to best.
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5 Discussion

5.1 General discussion of the presented result

As the results’ chapter presented promising outcomes of this research, several points can
be addressed and discussed. The first result from Publication I showed clearly how
energy security can be defined. The formulated definition is as generic as possible in order
to be applied on all aspects of energy systems, but as detailed as possible to provide a
clear understanding. Further, the proposed definition of energy security from Publication
I covers all dimensions of energy security and what threats can be imposed against it.
This result goes hand in hand with previous research where it is deemed important to
provide a definition that is generic in nature (Kirchner & Berk, 2010).

Most of the previous research work was not able to achieve the same results, but some
researchers provided similar results. Kanchana & Unesaki (2014) defined energy security
as “Access to modern energy services”. Although this definition is generic in nature and
can be applied on many aspects of energy services, it examines the topic from the end
users’ perspective, i.e. those who receive the services. Unlike the definition from
Publication I, this definition will not be able to account for security of demand in the
perspective of the producer.

Another similar generic result for defining energy security was provided by Jewell et al.
(2014). Their definition of energy security was “Low vulnerability of vital energy
systems”. This definition lacked simplicity and deviated from the nature of energy
security, which is avoided in the results of this research as demonstrated in Publication
I. Although this definition accounted for many aspects of energy systems, as vital aspects
are addressed and analysed, it turned a white spot on other aspects of the energy system
that are not as vital but are important for higher efficiency and improved performance.
The results of this research, shown in Publication I, include all important aspects of
energy security whether they are vital or just influential. Furthermore, this definition does
not consider energy security as an overall feature of the energy system but rather a
susceptibility of being damaged only. The result, as shown in Publication I, accounts for
vulnerability and threats as part of an overall feature of the system because, as was
concluded by Gnansounou (2011), the concept of threat is to be included in the definition.
In addition, unlike Jewell et al. (2014) the result of this dissertation accounts for the
environment and sustainability, as was concluded by Von Hippel et al. (2011), the concept
of sustainability has to be taken into consideration when addressing energy security.
Additionally, it was found in previous literature that with environmental climate
mitigation policies, energy security is affected positively (Matsumoto, 2015). This proves
the need to address the environment and sustainability in the discussion of energy
security; this is exactly what was presented in Publication I.

After the definition was formulated, dimensions and threats had to be identified. As it has
been presented in Publication I, this research found 15 dimensions and 50 parameters of
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energy security. Unlike other researches, this current research collected and included all
dimensions in one analytical framework. The most comprehensive previous literature
only included 13 dimensions (Lovins & Lovins, 1981), excluding literacy and cyber
security. This can be understood as their analysis was before the widespread use of
telecommunication technologies. All other researchers lagged behind in the number of
analysed dimensions, for example; 7 dimensions were addressed by UNDP (2000), 8
dimensions by Barton et al. (2004), 3 dimensions by Gawdat (2005), 10 dimensions by
Haghighi (2007), 11 dimensions by Pascual and Elkind (2010), 5 dimensions by ehuli
et al. (2013), 10 dimensions by Kucharski and Unesaki (2015), 8 dimensions by Kumar
et al. (2016), and 3 dimensions by Matsumoto et al. (2018) and Matsumoto & Shiraki
(2018). The whole list of which dimensions are included for each publication is presented
in Publication I (Supplementary Material).

After formulating the energy security analysis framework, it was applied on energy
storage as a representation of energy sub-systems. Results from Publication II showed
that Thermal Energy Storage (TES) has the lead in comparison to all other storage
technologies. This is attributed to the positive relationship between TES and each of the
dimensions. As can be seen from the results in Publication II, the only dimension that
has a negative relationship with TES is the military dimension, since TES can be an easy
target for military attacks. The results from Publication II are unique as previous
literature did not include any energy storage analysis from the perspective of 15 energy
security dimensions. Some previous research claimed to address energy security
regarding energy storage, but their claim was of limited value as they did not have a clear
view of what energy security is. For example, Strielkowski et al. (2016) misleadingly put
energy security in the title of their paper but energy security was mentioned only once
throughout the article with no evaluation on how energy security is affected by energy
storage development. The same misleading flaw can be noted in a research done by
Zafirakis & Chalvatzis (2014) where in the title, energy security is claimed to be improved
by a proposed energy storage system, but then, energy security is lightly discussed with
no analytical framework of analysis and with no comparison between energy storage
technologies in perspective to energy security. Publication II is the first novel analysis
of energy storage technologies from the perspective of energy security with a well-
established and detailed analytical framework based on the 15 dimensions of energy
security.

In contrast, the current research, as shown in Publication III, reached a result of total
feasibility of 100% renewable energy system, similar to what was found in previous
research that was done for the MENA region (Aghahosseini et al., 2020) Saudi Arabia
(Caldera et al., 2018), Turkey (Kilickaplan et al., 2017) and Iran (Aghahosseini et al.,
2018; Caldera et al., 2019; Ghorbani et al., 2017; 2020). Although benefits from
renewable energy for Jordan were found in this research, as shown in Publication III,
are similar to benefits found in previous research done by Jaber et al. (2015), Publication
III continues to provide a clear pathway for how to seize these benefits in reality, not only
highlighting its potential as was done before (Anagreh & Bataineh, 2011; Anagreh et al.,
2010). The last aspect of the future scenario, unlike earlier studies for desalination options
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with a fossil fuel based energy system (Østergaard et al., 2014), this research, as provided
by Publication III, offers a detailed desalination capacity installation scheme based on
100% renewable energy technologies. Although energy security benefits from renewable
energy systems were found by previous researchers (Matsumoto & Andriosopoulos,
2016), results from Publication III regarding positive impacts on energy security by a
100% renewable energy system with the detailed results for the 6 dimensions, are not
precedented.

The last piece of the results is the global quantitative evaluation of energy security for all
countries in the world, as presented in Publication IV. As it was shown in the results’
chapter, Publication IV, energy security levels differ from one country to another.
Although previous literature tried to provide global energy security analysis (Wang &
Zhou, 2017; WEC, 2019), Publication IV of this research overcomes their research gaps.
For Wang & Zhou (2017), their research did not include all dimensions and parameters
that affect energy security globally, thus their evaluation is imperfect, with remaining
defects. In addition, their results were clustered, and countries were grouped when the
analysis was completed. Such grouping hindered the applicability of the results on
national levels. The results of Publication IV are different as they show the achievements
of each country individually. The same shortcoming in the results of energy security
evaluation can be noticed from the research that was done by WEC (2019), in which a
very limited number of parameters are included. Furthermore, unlike results from WEC
(2019), where transparency is almost absent, the results of this research as shown in
Publication IV provide a complete track of all calculations to achieve the ESI values of
all countries. For example, results are transparent about the fact that 115 countries have
no more than 5 missing parameters, 28 countries are affected by 6-10 missing parameters,
22 countries are affected by 11-15 missing parameters, and 64 countries suffering from
more than 15 missing parameters. Parameters are missing mostly due to missing data for
non-sovereign countries or the country’s population is less than 100,000. In total, there
are 44 countries, either non-sovereign or with low populations, in the 64 analysed
countries within the lowest category that suffer from more than 15 missing parameters.

The world map representation that is shown in Publication IV provides insights on how
the energy security performance is different in different countries. Germany and USA are
among the highest ranks in the world for energy security levels. This result is different
than the results of WEC (2019) where Switzerland and Sweden were on the top. The
reason for this difference is the number of used dimensions and parameters. WEC (2019)
considered a very limited number of indicators and parameters that do not cover the whole
spectrum of aspects affecting energy security. Results from Publication IV of this current
research are more reliable as they include more aspects in the analysis.

The last point to be discussed is the path Germany and USA followed to achieve high
energy security levels. Energy security performance of Germany, shown in Publication
IV, proves that lacking in natural resources does not hinder energy security if political
will exists to advance resilience and regulations. USA has a more balanced distribution
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of the dimensions on a high level. Also, results from Publication IV suggest that lagging
behind in one dimension can be compensated by a higher performance in other
dimensions and such a situation should not hinder development. This point confirms the
need of a multi-dimensional evaluation of energy security in order to compile a
comprehensive analysis.

5.2 Global policy implications

As the results of this research are diverse and on multiple fronts, many utilizations and
policy implications can be drawn to provide policy makers with deep insights of how to
benefit from these results. As this research is focused on a global-national analysis, so
could the policy implication.

The first policy implication for researchers and governments may be to use the formulated
definition of energy security in their future research. Although Ang et al. (2015)
concluded that it is unlikely to have a commonly accepted procedure to formulate an
energy security definition and framework, a widespread adoption of our generic
definition, with its ability to be applied on all aspects of energy security, may make energy
security analyses more coherent, precise and reliable.

This acceptance can be seen as a reality if governments would start to adopt such a
definition in their official publications. Although there are some attempts from
international organizations to provide such a definition (IEA, 2001; 2007; UNDP et al.,
2004; UNDP, 2000; 2011), their efforts were not successful as their view on the energy
security definition were similar to the current situation of vagueness and no-consensus
(Checchi et al., 2009; Kruyt et al., 2009). Also, their framework lacked many aspects of
energy security, as was discussed in detail in Publication I.

Once there is a broader consensus, then a discussion and evaluation of energy security
could be more comparable, and it can be evaluated and compared globally. As Aristotle
reputedly said, “he who controls the definition, controls the debate.” (Sovacool, 2011b),
results from Publication I implicate policy adoption of the formulated definition and
framework to overcome the complexity of the concept, as was the policy implication from
Kirchner & Berk (2010). Similar policy implications may be obtained from adopting the
15 dimensions framework presented in Publication I. It makes the elements of energy
security well known and thus easier to evaluate and compare. More reliable and
comparable evaluation will give policy makers in various countries valuable insights on
how to enhance energy security in their territories in comparison to others. In addition, as
was concluded by Sovacool (2013c), policies for adopting an energy security definition
should have a consistent polycentric approach with emphasis on engaging stakeholders
at multiple geographic scales.

The second potential policy implication is the regulations and rules that could be put in
place in order to ensure the use of a portfolio of the most secure energy technologies. In
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this research in the exemplarily analysis for energy storage, TES, was found to be the
most secure energy storage technology, and thus policies to favour this technology may
be beneficial for both production and installation. As the magnitude of the energy security
benefits depends on the energy security profile of the sub-system (Lefèvre, 2010), policies
favouring TES can enhance energy security levels of the whole system. The application
of such a policy could be broadened to more categories of energy technologies.

As found by Sovacool (2013c) policies on a carbon tax can be a useful tool for promoting
energy security through renewable energy. Similar implications might be noticed from a
rare earth metal tax to channel the use of TES. However, Sovacool (2013c) clarifies that
even such a tax does not affect the overall economy, he states that this is not the same for
all countries. For that, the results from Publication II imply that at least policies could
propose requirements for energy storage permits. Such requirements make energy
security analysis of different storage technologies very valuable. Such regulations and
requirements may ensure customers and producers to opt for more secure energy storage
technologies. Alternatively, such policy implications might result in more research to
improve storage technologies to have higher energy security levels. Although many
storage technologies were discussed in detail (Akinyele & Rayudu, 2014; Barnes &
Levine, 2011; Evans et al., 2012; Zhao et al., 2015), previous research was not done from
the perspective of a detailed energy security analysis. Therefore, this exemplarily energy
security analysis for energy storage technologies could encourage governments and
policy makers to propose a starting point for a more systematic analysis of all
technologies potentially used in comprehensive energy systems.

The third policy implication can be derived from the proposed future scenario for Jordan.
On a global level, Jordan can be an example of feasibility and applicability of a 100%
renewable energy system. Policy makers in Jordan and elsewhere can draw suitable rules
and regulations to transfer the scenario into reality. Also, results imply that an energy
transition does not happen overnight, but over a timeframe of 30-40 years. This is the
same conclusion of Smil (2010) where he wrote that energy transitions always require
much time. Furthermore, results of the scenario did not only show the feasibility and
possibility of energy transition, as was mentioned by Sovacool (2013c), but also in
particular, the financial benefits together with co-benefits for the environment and
employment. Such benefits are regularly a target for policy makers. In addition, impacts
on energy security are very positive from the perspective of a 100% renewable energy
system. The link between energy security and national security (Dyer & Trombetta, 2013;
Phdungsilp, 2015) makes it important for national strategy planners in all countries to
adopt regulations that make energy systems more secure, a 100% renewable energy
system can serve such needs. Furthermore, the results imply that if the proposed scenario
is not preferred by policy makers in any country in the world, but another scenario of their
own is preferred, energy security analysis may be an additional tool for advice. Such an
energy security analysis linked to the developed framework of 15 dimensions and 50
parameters can provide valuable insights when deciding among scenarios for future
energy systems. As Yao & Chang (2014) found, policy makers should adopt policies that
reduce carbon dioxide emissions and include as many and as diverse energy supplies as
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possible. Such an implication provides policy makers with a tool to choose from different
scenarios.

The last implication that can be seen from the results is the need for all countries to
enhance their energy security levels. As energy security should be considered when
energy policies are formulated (Ang et al., 2015), results from this research imply that
policy makers in all countries should better analyse results of the performance of their
country and spot the shortcomings and supportive actions for improvement. Numerical
results of the ESI show clearly where each country is lagging behind and therefore policy
makers in those country can develop suitable policies to improve ESI values.
Furthermore, cooperation and exchange between different countries can be one of the
policy implications on a global level that are obtained from the results.

5.3 Limitation of the current research and future research prospects

The main limitation of this research is the unavailability of some information and data.
The first limitation was faced in Publication I when conducting the detailed literature
review. Although many previous literature pieces addressed energy security, only a
limited number provided a clear definition of energy security. In addition, definitions of
energy security are diverse with no consensus. This kind of unclarity and vagueness of
the term channelled the current research to formulate a new definition as presented in
Publication I. Overcoming this limitation could be enabled if future research adopts one
definition with consensus. It is encouraged to use the provided definition of this research
because of its strict criteria of formation and because of its ability to provide all needed
and generic analysis.

The second piece of limitation due to the unavailability of information, comes from the
kind of dimensions that are included in literature. Many of the dimensions are not well
discussed and addressed in detail when energy security is analysed, as was presented in
Publication I. For example, cyber security is rarely mentioned in previous studies as an
important aspect of energy security. This limited the research and formulation of these
dimensions to be built on what is available in previous literature. To overcome these
limitations, future research is needed to provide a profound understanding of the
relationships between energy security and each dimension, together with relationships
between dimensions and their corresponding parameters.

Another limitation that was faced in Publication II of the current research is the existence
of diverse energy sub-systems. Although energy storage was chosen in this research to
represent an exemplarily energy sub-system, and designated as a subject of energy
security analysis, other sub-systems can be analysed. Existence of different energy sub-
systems on which energy security analysis can be applied on, makes it difficult to decide
which sub-system to be analysed, especially, if this application is used as a test and
validation for the framework. Future research can overcome this issue by focusing the
analysis on applying the energy security framework on all major energy sub-systems, for
instance: transportation.
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Even after determining one energy sub-system (energy storage) to be the subject of energy
security analysis, limitation were faced in Publication II because of the diverse
technologies that are available in the market. To cope with this limitation, the research in
Publication II focused the analysis on the five most used technologies. Future research
can analyse energy security for a more comprehensive set of storage technologies.

Another category of limitation that was experienced by the application of the energy
security analysis framework on an exemplarily future energy scenario for the case country
“Jordan” was the limitation of the pre-assumptions that are used in the model, presented
in Publication III. Although all these assumptions are scientifically accepted and
obtained from respected references, there is always room for further improved
assumptions that can be provided by future research. For example, the assumption of the
building speed of power transmission lines can be limited to the reality of population
concentration in big cities with the rest of the country as desert.

Another limitation in Publication III of this research was the absence of some aspects of
the future energy outlook. This limited the choice of important dimensions to only 6
dimensions of the total 15 dimensions presented in the energy security analysis
framework. This limitation shows the complex relationship between qualitative and
quantitative analysis. For the qualitative analysis, only the framework is needed, and it is
less objective and usually does not require choosing among the dimensions that were
developed in the framework. On contrast, the quantitative approach may be more realistic
and may provide more concrete conclusions of what needs to be done. This limitation can
be overcome in future research by modelling a future scenario that results in more details
about all aspects of the whole energy system and its interactions with other systems in the
socio-economic or environmental sphere.

Another limitation was linked to the projected future scenario presented in Publication
III. The goal was to have a Best Policy Scenario which leads to a 100% renewable energy
system with more emphasis on what technologies are used, how fast switching to low-
cost solutions is possible and how fast one can adopt clean water supply and electric
vehicles, etc. This objective is not the same as achieving the most sustainable energy
system. Moving towards a fully sustainable energy system can be done by future studies
that model an energy system with higher standards of living where electricity
consumption per capita is equal to the average OECD consumption per capita. Another
example is the studies that compare different scenarios to see their relative impact on
energy security, in particular, scenarios describing little to no progress for a sustainable
development. Comparing impacts of different scenarios on energy security can provide
valuable insights in future research about how sustainable energy systems can be enabled
for the case country “Jordan”. Such an analysis can be then expanded to other countries.

The last three limitations are attributed to the main limitation of this research, data
unavailability of some indicators’ values, far proximity of some indicators and weighting
values. The issues of data unavailability was addressed in Publication IV. Although best
efforts were applied to choose suitable indicators for which data is available for most
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countries, some indicators have a significant unavailability. Future research is needed to
investigate the reasons of data unavailability from these sources and build a suitable
replacement for the absent values. The second limitation in Publication IV was the
inaccuracy of some indicators as they are used as a proxy to measure the correspondent
parameter. Future research is needed to design more accurate indicators for each of the
parameters. Furthermore, the last limitation is the absence of valid justification to use
different weights as was described in detail in Publication IV. Future research could
provide a proper scientific investigation to justify different weights instead of equal
weights that were used in this research.
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6 Conclusions
Going through this extensive research about energy security provided significant value
and additional resources for research communities, policy makers and other stakeholders.
The importance of energy security, as a global concern, has been growing rapidly with
the current state of globalization and interconnectedness. In order to address these
concerns with an objective evaluation that can have implications on policy, this
dissertation provides tools and results to be used for existing energy security questions.
Key results were obtained from Publications I-IV.

The first fundamental development shown in Publication I was  the  formulation  of  a
generic definition of energy security together with a detailed framework of 15 dimensions
and 50 parameters to analyse and evaluate energy security. Such a highly detailed
framework was concluded to be needed for current and future energy security analyses.
Also, it is concluded from Publication I that adopting such a generic definition by
researchers, policy makers and public audience may facilitate the discussion about energy
security, as a common understanding could be established of what is meant with energy
security and what it consists of.

The second outcome was the proof of validity and applicability of the formulated
framework to evaluate energy security for an exemplarily energy sub-system. This
outcome was discussed in detail in Publication II. Also, it was found that thermal energy
storage (TES) has the best performance from an energy security perspective. Many
conclusions can be drawn out from these results. First, it was concluded that energy
security analysis with a comprehensive framework is needed whenever a comparison
between energy storage technologies is implemented. This is important, particularly for
customers who need to make decisions on what energy storage option to choose, if the
technical applicability allows various options. Secondly, it was concluded that, for policy
makers, developing regulations that enhance energy security with stricter criteria is
needed for what energy storage options are allowed to be installed. Also, policy makers
can make it a requirement to have an energy security analysis carried out before permits
are given to install energy storage facilities. Lastly, it can be concluded that improvement
is needed for some energy storage technologies in order to enhance energy security.

The third major contribution was linking the energy security framework to a future energy
scenario that aims to achieve a 100% renewable energy system. This contribution was
discussed in detail in Publication III. A future scenario of the energy system was used
to validate the applicability of the formulated energy security framework for assessing
future energy systems. The formulated energy security analysis framework was found to
be applicable even for future energy systems. Furthermore, it was found that the modelled
Best Policy Scenario substantially enhances energy security in the future. From these
results presented in Publication III, it can be concluded that a 100% renewable energy
system is feasible for Jordan and for other countries as well. Additional to the improved
energy security levels, it was concluded that such a 100% renewable energy system can
present many economic, environmental and social benefits. Furthermore, it was
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concluded that policy makers in Jordan should make strategies today for implementations
of such a Best Policy Scenario if they want to achieve a higher level of energy security
by the year 2050, as presented in Publication III. Delaying the start of the transition
process will either mean a delayed achievement of higher energy security levels or mean
the need of very progressive actions in a shorter period of time.

The fourth major result, as highlighted in Publication IV, was the presentation of the
global energy security achievement of all countries by a newly introduced Energy
Security Index. The first result from Publication IV was designating of and collecting
data for suitable numerical indicators to measure each of the proposed parameters and
dimensions of the energy security framework. It was concluded from this result that
measuring dimensions and parameters of energy security is possible by proxy numerical
indicators. This conclusion should drive researchers to put more emphasis on reliable
sources and trustworthy sets of data. The second major result from Publication IV was
the design and application of a comprehensive Energy Security Index. Applying this
index helped draw many conclusions about diverse performances of different countries
in the world. It was concluded that the energy security levels are not the same in all
countries but rather, they differ vastly. Also, it is concluded that a high energy security
level can be achieved through different pathways, and there is no one recipe. Energy
policy makers in each country may investigate the performance of their countries and
compare it with other countries. Such a comparison can provide profound insights of what
strategies are needed to be adopted in order to achieve higher energy security levels.

On a different note, the methods used in Publications I-IV provided conclusions on how
the energy security framework can be built and applied. It is concluded that in order to
build a comprehensive energy security analysis framework, robust and transparent
methods are needed, starting with detailed literature reviews, to testing and validation,
and finally, to application and analysis. Such a conclusion invites researchers to adopt
methods in this current research work to design an energy security framework.

Furthermore, this dissertation does not contribute only to the discussion of energy
security, energy storage, future energy transition projections up to 100% renewable
energy systems, and an analytical framework design, but also to the discussion of energy
policy and national security. It is concluded that the link between national security and
energy security is significant and achieving higher levels of energy security will enhance
national security.

Lastly, it is concluded that total transparency of all assumptions, methods and results
compensate for limitations faced in this dissertation. In addition, it is concluded that this
transparency can encourage future research to fill this gap by providing reasons for the
missing data and propose suitable replacement.
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This paper sheds light on an integral aspect of the global energy system: energy
security. Energy security is a universal topic that shapes policies and regulations
in order to achieve higher levels of energy security and thus provides societies
with a better life. Understanding the concept and its implications requires a
holistic definition, but current research literature lacks a commonly accepted,
precisely defined definition. Therefore, the research gap is the absence of a com-
prehensive definition that takes into account all energy security dimensions, and
the absence of well-studied relationships between energy security and its dimen-
sions. Taking that in mind, the gap is addressed by a systematic review of energy
security definitions and by building a structural dimensionalization of energy
security. Thus, this review aims to track changing definitions of energy security
in modern times and formulate a concise and comprehensive definition. Further-
more, using a structural approach, 15 dimensions, and related parameters of
energy security are determined and categorized to illustrate the range of issues
covered by the term and to enable precise evaluation of the energy security of
energy systems. The results of this review show clearly how energy security
could be defined generically to account all dimensions, and show the relation-
ships between these 15 dimensions and energy security. Understanding all
dimensions of energy security provides insights for policymakers to formulate
policies that account for all of these dimensions. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Energy security, as a universal concern,1 has
received great attention and has been the subject

of many studies2–4 within different fields of science,5

policymaking,6,7 national energy policies,8 politics,9

international relations,10 and as a national security
issue.11 The importance of the topic stands behind its
ability to shape policies and countries behavior.12

Policymakers need to address energy security issues
when regulations are made because energy security
has an urgent priority.13 As policymakers aim to

ensure consumers’ daily needs of energy are
covered,14 actions should be taken to ensure energy
security, and thus the ultimate goal of making socie-
ties lives better is achieved. As the last end of the
imposed policy in any country is to ensure people’s
well-being, the importance of energy security consid-
eration is its impact on how to promote citizens’
well-being.

Although the energy security concept is ‘as old
as fire,’15 analysis following scientific research princi-
ples only started around 1975.16 Ang et al.1 state
that publications on energy security were rare before
2001, but in the 21st century, the topic has emerged
as one of a great importance.17 There are many rea-
sons for this growing interest: increased energy
prices,2 the growing dependence of industrialized
economies on energy18 as an engine for economic
growth3,19 and a driver for civilization20 and
society,21 the global energy supply crisis,22 climate
change,23,24 energy demand and competition,2
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political conflict,9 social development,16 major dis-
ruptions in oil markets5 related to military
upheavals,25 complex global markets,26,27 threats to
the energy system,28,29 and the mindset that consid-
ers energy security as equivalent to national secu-
rity.30 In general, energy affects every aspect of life31

and energy is thus crucial to the survival of a func-
tioning modern society.3,32

In view of the importance of the topic, there is
a need for a comprehensive understanding of the
term ‘energy security.’1 Only few works have
attempted to clarify the nature of energy security,2

for example, Ang et al.,1 but most studies have been
regionally focused such as Hossain et al.33 This
review article attempts to address this gap by provid-
ing an overview of energy security definitions, pre-
senting a chronological analysis of the definitions
offered, and creating a dimensionalization of energy
security.

The paper is constructed as follow: First
section considers drivers behind the need for a uni-
versally accepted definition of the concept. Second
section provides a broad overview of key aspects:
energy security definitions resulting from different
standpoints34; evolution of definitions over time,
where it is noted that in the literature there is neither
good understanding26 nor a trend analysis1 but only
a confirmation of change35; reasons behind the vari-
ous definitions; and a proposal for a common defini-
tion for energy security.

Third section details dimensions and para-
meters of energy security. Energy security is a multi-
dimensional concept5,34 with many parameters,26

some of which are interdependent and others are
independent.6 This dimensionalized analysis compiles
dimensions of energy security established by previous
research to provide a comprehensive definition and
to empower assessment of the impact of the different
dimensions and their interactions.

Fourth section concludes the paper and presents
recommendations for utilization of the dimensional
view developed in the work. In addition to being of
value to the research community, the discussion in
this work provides governments and policymakers
with insights for energy security.

These four sections attempt to identify the gaps
in previous research, and address them with novel
solutions. The gaps as mentioned before are the
absence of a comprehensive term for energy
security,1 the locality of previous studies,33 and the
selective dimensionalization of energy security. The
novel approach of this review paper is to follow the
definitions of energy security in a chronological way,
in order to identify the dimensions considered in

literature. Furthermore, the novel systematic con-
struction of 15 dimensions and their parameters is
not preceded before in literature. The arrangement of
the dimensions and their parameters with deep
understanding of the interrelationships between them
and energy security is new. The novel solution pro-
vided in this review paper is the promotion of consid-
ering all of these dimensions and parameters in the
decision-making and the policymaking.

Definition of Energy Security
A clear definition of energy security is critical, since
energy security is a concept rather than a policy26 or
a strategy. Enhancement of energy security is a key
goal of society2,8,36–40 and sustainable energy strate-
gies41 because energy security is required to fulfill
basic human needs.42 Personal and national energy
security are paths to achieve freedom of choice,
which allows progress to self-actualization in
Maslow’s hierarchy of needs.42

However, targeting increasingly higher levels of
energy security may result in overinvestment in
energy security, resulting in nonoptimal use of
resources that may be more valuably invested else-
where. Consequently, the question arises: ‘what is the
needed level of energy security?’ A wide range of
diverse answers based on many different assessment
tools and approaches30,43–46 have been proffered,
depending on the definitions and dimensions used in
the assessment. The need to address the issue of the
optimal level of energy security provides further
motivation for investigating definitions and dimen-
sions of energy security.

Setting a goal of improved energy security
requires a clear understanding of the concept of
energy security itself. However, as concluded in
many studies, the concept is not defined clearly,5,6 or
is defined narrowly and disparately34,47,48 with no
common consensus.49,50 The definitions are context
dependent and polysemic in nature2,9,26,49 and the
topic is approached with different assumptions31 and
from different viewpoints. Consequently, researchers
have described the term as abstract, elusive, vague,
inherently difficult, and blurred.5,26,50–52

Chronological Analysis of Energy Security
Definitions
As mentioned earlier, the concept of energy security
is as old as fire. Early humans had to secure a source
of fire (e.g., wood) for heating, cooking, and
protection,15 which met human needs at the time. As
human civilization developed and new societal
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structures, fuels and modes of transport were
adopted, energy security became increasingly com-
plex. Although the need for energy security has been
ever-present, documented definitions of energy secu-
rity are relatively new.16

Study of the evolution of a definition can pro-
vide insights into key aspects of the concept; there-
fore, a trend analysis of documented definitions of
energy security is presented. This analysis considers
only direct definitions of the concept; literature
related to energy security but not explicitly defining
the term is not considered. Moreover, definitions that
neglect an essential part of the concept are also
excluded. For example, the definition ‘security of
supply’49,53–58 is an obviously misleading definition
because security of supply is only one part of the
concept of energy security, as it excludes dimensions
such as the environment, continuity of demand, and
efficiency.51 The analysis traces the development of
definitions of energy security from 1970 to 2000 in
10-year intervals and uses 5-year intervals for 21st
century definitions. Some definitions are reused by
later authors. The definitions and the literature where
they are presented is summarized in Table S1
(Appendix S1, Supporting Information).

As stated earlier, the analysis in this work begins
in the 1970s, where the first available record of a defini-
tion of energy security is by Willrich,59 shortly after the
energy crisis of 1973, and a part of the ‘environmental
awakening’ witnessed in the 1970s and the 1980s.
Drawing on research such as,60–62 Willrich59 defined
energy security as: ‘Assurance of sufficient energy sup-
plies to permit the national economy to function in a
politically acceptable manner.’ Although the focus of
this definition is on the economy, politics and supply,
many other dimensions were discussed in the article.
The same definition was used by Miller et al.63 but
fewer dimensions were discussed in their work. Later,
Deese64 introduced the notion that energy security is a
condition, a situation, or a status rather than a policy
or an attitude. Deese emphasized the ‘nation’ as a
whole rather than considering individuals and sub-
groups. Availability of resources is the focus in these
two definitions, reflecting prevailing global conditions.

The 1980s saw few attempts to define energy
security, an indication of greater international stabil-
ity. Lovins and Lovins65 introduced a definition that
argued that energy security is to be reconsidered with
more dimensions than merely the ability to keep the
oil flowing (or energy availability).

In the 1990s, following the Gulf War, energy
security was defined by Bohi and Toman47 by defin-
ing its opposite, i.e., the loss of welfare because of
process changes (e.g., oil price fluctuations due to

conflicts). In this decade, the notions of national
security and regional security were emphasized by
Neff.66

At the beginning of the 21st century, research
literature started to provide more precise definitions,
and energy research started to see greater involve-
ment of international organizations. The definition
by the United Nations Development Program
(UNDP)67 introduced new notions of locality, supply,
and import, in addition to availability. A similar
approach was taken by the International Energy
Agency (IEA) by defining the term using the notion
of physical availability of supplies.68 While the avail-
ability of local physical resources is clearly an impor-
tant dimension of energy security, such availability
can result in what has been termed as ‘energy
curse.’69 In addition to price, supply reliability was
later introduced into the definition.3

Two years later, the definition was developed
by the inclusion of the state of being free of risks and
disruptions,70,71 which was a notion that had previ-
ously been discussed by Neff.66 The Iraq and
Afghanistan wars affected energy perspectives, result-
ing in a necessity to include freedom from risks in the
definition. The focus on possible risk spurred the
UNDP72 to update their definition by adding a fur-
ther dimension to energy security—the environment.

The trend of adding more dimensions to the
definition of energy security continued in 2005 with
the inclusion of infrastructure,73 national power,74

and sustainability.75

The period 2006–2010 saw considerable devel-
opment in study of energy security, and 21 different
definitions can be found in the literature. The
approach of adding more dimensions to the defini-
tion and attempting to define the term by the sum of
its components continued. Hughes76 refers to the role
of governments and polices, Bruusgaard77 empha-
sizes the notion of the state, and Yergin17 focuses on
two dimensions (availability and cost) to define
energy security. Inclusion of the timeframe dimension
was seen in 2006.78 Through the whole period, defi-
nitions introduced a variety of new and extended
notions ranging from the availability dimension,79

the environment dimension,80 the cost dimension,81

the efficiency dimension,82 the sustainable
considerations,10 and the military dimension83 to the
notion of risks and threats to the economy.35 A new
element was introduced to the definition when the
new term ‘sustainability’ was added.84

Many definitions tried to simplify the issue of
energy security by including important parameters in
the definition. However, some dimensions are still
missing (e.g., culture, environment, and technology),

WIREs Energy and Environment Definitions and dimensions of energy security

Volume 7, January/February 2018 © 2017 Wiley Per iodica ls , Inc. 3 of 34



making the definitions deficient. A further change
occurred with the inclusion of electricity in the
definition,85 whereas previously oil had been consid-
ered the main source of energy.

The years since 2010 have witnessed different
approaches to formulating a definition of energy secu-
rity. In the beginning of this period, researchers tried
to add as many different dimensions as
possible,33,86–92 which was a continuation of the pre-
vious trend. A feature of this approach is that the defi-
nition of energy security became longer and longer, as
researchers found more dimensions worthy of consid-
eration. An alternative approach to formulating the
definition was seen in 2012, when researchers aimed
to resolve the question of ‘What is included in energy
security?’ by simplifying the definition so that it can
be used for different sectors with different perspec-
tives. The first innovation was by Johansson and
Naki�cenovi�c,93 who provided a definition that can be
used with any energy system, whether oil, gas, or elec-
tricity, etc. The notion of risk and threat was partially
presented. However, a weakness with their definition
was that it was limited to the energy provision point
of view (services) and failed to account for the
producers.

From the research point of view, simplification
of the definition seems attractive as long as the defini-
tion includes all sides. In 2013, �Cehuli�c et al.94

attempted to formulate a very simple definition by
defining energy security as: ‘The freedom from dis-
ruption of energy supplies for whatever reason.’ This
definition has the advantage that it can be used for
any perspective in any dimension but the drawback
that it focuses only on the supply side. Another inno-
vative definition was provided by Jewell et al.95,96

Their definition: ‘Low vulnerability of vital energy
systems,’ is conceived in very wide, general and
vague terms, and thus needs further explanation.
According to their approach, the meanings of vulner-
abilities, vital and the systems in consideration need
to be defined, i.e., the terms need reformulation to
give better understanding. A further attempt in pro-
viding a simple definition was undertaken by
Kucharski and Unesaki.48 They defined energy secu-
rity as ‘Assessing various types of risk in the energy
system.’ The drawback of this definition is the notion
of energy security as an action. While assessing the
risks can be a part of having a higher level of energy
security but it does not cover all aspects. Making
new laws, for example, is a step subsequent to evalu-
ation and is a part of the energy security concept.
However, the use of the term ‘risks’ is important for
the definition, as will be discussed later.

Noticeably, the number of researchers provid-
ing a definition for energy security increased vastly in
this period. The 29 different definitions within 5 years
show the disagreement in the scientific community
regarding how to deal with the issue. As can be seen
in Figure 1, the number of researchers providing defi-
nitions of energy security has increased over time.
The second trend is the way in which researchers
have approached the concept; at first, the definitions
are simple and general but sufficient for their time.
Then, researchers started to include more terms
within the definition to show that different para-
meters are involved. The last change was simplifica-
tion but with provision of more comprehensive terms
so that subparameters were removed but references
to them were included in the definition.

As mentioned earlier, other researchers have
tried to discuss the concept but have confused it with
other terms (e.g., security of supply is the focus of
most researchers97) or have not provided a clear defi-
nition. There is an obvious difference between energy
security and security of supply,18 which fails to
include important dimensions of energy security. For
example, Hoogeveen and Perlot54 state: ‘Security of
supply is a general term to indicate the access to and
availability of energy at all times.’ The same limita-
tion can be found in other literature.5,49,53–58,98–104

Only recently, scholars such as Erdal et al.105 have
started to differentiate between energy security and
security of energy supply, providing different defini-
tions for each concept.

Adopted Definition
As Aristotle reputedly said, ‘he who controls the defi-
nition, controls the debate.’32 Thus, a suitably
generic term to cover all aspects of the concept is
needed to overcome the complexity of the term.10

The first step in formulation of such a definition is to
include the three parts of the energy system, supply,
demand, and transfer, as UNDP et al.72 suggest that
energy security should not only be focused on secu-
rity of supply. Furthermore, if energy security is to be
defined comprehensively, the concept of sustainabil-
ity has to be taken into consideration.106 Also, the
concept of threat, risk, and vulnerability, i.e., the
degree to which the system is unable to cope with
events,107 should be included.

Energy security has two words ‘energy’ and
‘security.’ According to the Oxford dictionary,
energy is the strength or the power that can result in
work. From another perspective, energy can have dif-
ferent forms but never disappears nor is created from
nothing; it changes from one form to another (first
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law of thermodynamics). Energy is thus: kinetic in
moving objects, heat in small particle movement,
electrical in electricity grid, chemical in molecular
bonds (e.g., oil or gas), electromagnetic (e.g., solar
irradiation), and so forth.

On the other side of the term, ‘security’ means:
‘the state of being free from danger or threat,’108

‘freedom from harmful threats’71 or in the words of
Arnold Wolfers, ‘the absence of threats to the
adopted values.’109

Therefore, in this work, energy security is
defined as the feature (measure, situation, or a status)
in which a related system functions optimally and
sustainably in all its dimensions, freely from any
threats. By this definition, all perspectives are taken
into consideration, any dimension can be included,
and all risks can be accounted for.

DIMENSIONS AND PARAMETERS OF
ENERGY SECURITY

Following the definition of energy security in the pre-
vious section, the paper next considers dimensions
and parameters of energy security and their relation-
ships. Previous work has listed a large collection of
dimensions and parameters that are important for
energy security (Table S1, Appendix S1, Supporting
Information), and the literature has diverse
approaches to determine factors to be considered
when dealing with energy security. Some researchers
use dimensions32 and some use aspects.93

The use of many parameters has been criticized,
because the term should not be too specific and more

indicators do not guarantee a better assessment.30

However, any dimension or parameter that has a
relationship with energy security should be addressed
because, as Yergin17 states, ‘energy security discus-
sion should be expanded to include more
dimensions,’ because energy security challenges are
heterogeneous.32 The degree to which each parame-
ter is linked to energy security and its significance dif-
fers. Thus, there is a lot of index analysis in
literature51 in which researchers try to give a numeri-
cal value to energy security parameters in order to
make a general evaluation51 of the security of a sys-
tem against certain threats.

The methods to measure energy security differ
a lot in literature. As summarized by Ang et al.,1

there are many different ways to measure energy
security based on the interest of the authors and the
dimensions they include. First, authors attempt to
study a specific location or period of time. Then, they
choose their focus area of which dimensions are
important to them. After that, indexes are formed to
cover only the wanted dimensions from energy secu-
rity. The methods to construct numerical indexes
vary. First, each dimensions or parameter is given a
value. Then, these values are normalized to one
another. Normalization can take place by a min-
max, distance to a reference point or standardization.
After the studied dimensions and parameters have
the same meaning of their values, the impact of each
value in the course of energy security evaluation is
given a weight. Weighting can be done in several
ways, for example, equal weights, principle compo-
nent analysis (PCA), or analytic hierarchy process
(AHP). The last step in these methods is to put all the
values for dimensions and their weights in aggrega-
tion. Aggregation of all the informative data inher-
ited in each dimensions provides a numerical energy
security index.

However, it is out of the scope of our article to
give numerical values of how a parameter can be
measured. Here, the aim is to address all possible fac-
tors, even though some of them might be intercon-
nected, but as none of the parameters is identical, all
parameters can provide information and insights.
How to measure the exact parameter and how
important it is differ based on the perspective, the
interest, and the desired result.

To analyze energy security dimensions and
parameters, our approach has three main parts: ana-
lyzing the different dimensions and parameters one
by one, illuminating the relationship between the
parameter and energy security, addressing the threats
to each dimension, and discussing indexes that can
be used to measure energy security parameters.
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In most of the dimensions, the energy system is
described by three parts: The energy source (produc-
tion), the energy services (consumption), and the
transfer from the production to consumption.48 Fur-
thermore, the first-order relationship and impacts
between energy security and different parameters is
to be taken into account.25

Availability
This dimension is a critical dimension for energy
security. Availability is always included in the discus-
sion.50 The importance of energy availability lies in
its support of economic and welfare growth; when
availability is weakened, it limits economic expansion
and lead to changes in technological and consump-
tion patterns.89 In that sense, availability is discussed
in relation to access to services,6,51 to sufficient
supplies,36 or to the availability of consumers.110

Therefore, availability has three parameters: availa-
bility of energy resources, e.g., oil or gas, availability
of means to transform resources into services,
e.g., energy infrastructure or pipelines, and the avail-
ability of energy consumer, e.g., public use of energy
or industrial use.

The principle meaning of availability is exist-
ence. Therefore, the three main parameters of the
availability dimension should exist. If energy
resources do not exists, there is no notion of energy
system, so the first parameter is that energy resources
have to be available. Nowadays, the current energy
system has no problem with energy resources. The
global coal reserves are 1�107 TWh, the global oil
reserves are 2.5�106 TWh, and the global natural gas
reserves are 2�106 TWh.111 The global energy assess-
ment (GEA) has ranges for the reserves based on dif-
ferent literature and differentiating between
conventional and nonconventional resources. The
values are for global coal reserves 0.48�107–0.6�107
TWh, oil reserves 2.4�106–3.7�106 TWh, and gas
reserves 0.7�107–2.1�107 TWh.93 Another estimation
for the current resources is made by Perez and
Perez.112 The global coal reserves are 7.9�106 TWh,
the oil reserves are 2.1�106 TWh, and the gas reserves
are 1.9�106 TWh.111,112 Based on current global
energy consumption, oil reserves are enough for
more than 55 years,111 52 years of current
production,113 or for 23 years if global consumption
grows by 5% annually.114 Also, the world’s proven
reserves of coal are estimated to last for 122 years of
production at current rates,113 proven reserves of
natural gas (conventional and unconventional) are
estimated to sustain current production levels for
61 years.113 In addition to these resources, there

exists what is called ambient/renewable energy
(e.g., wind power, solar energy, flow-of-the-river,
and marine energy), which principally can be used to
cover the demand.82 For example, the theoretical
potential of solar energy alone is (89300 TW),115

that is approximately 7000 times the global energy
consumption in 2013 (162 TWh).116 Therefore,
energy exists plenty and sufficiently to cover all
global demands as per se for the foreseeable future
and hence many energy analysts, from the past as
(1970s) and the more recent (2000s), agree that there
is enough energy to meet global demand.84,117 Thus,
there is no energy security issues in regards to availa-
bility of the energy sources on a global level.67,72

However, the resources (mainly fossil fuels) and the
demand are not distributed evenly around
globe.60,67,118 Therefore, existence of energy
resources can be a constraint to achieve energy secu-
rity if the perspective is narrowed down to a specific
small populated area (e.g., Shanghai). On the other
hand, if renewable energy (solar, wind, biomass, and
hydropower) sources are taken into consideration,
there is a more balance between the existence of
resources and demand. The distribution of these
resources is much more even than fossil fuels and
thus the demand in different places is covered by
nearby renewable resources.

The second parameter of the availability dimen-
sion is the consumers (demand perspective). The
demand parameter is as legitimate preoccupation as
the resource parameter for countries where their rev-
enues are from energy exports.90,119 Nowadays, the
discussion about the demand side is taken place as
part of energy security as what is known as ‘security
of demand.’17 From energy producers’ perspective,
energy security denotes a quest for a market for their
energy exports which correlates to increased (govern-
ment) revenues.10 Today’s population is around 7.35
billion and still expected to increase to 11.21 billion
in 2100.120–122 Thus, people will continue to demand
energy for various needs. Hence, as long as humans
live, there will be available consumers for the availa-
ble resources. Furthermore, the need for energy in
different sectors of an industrialized society is high.
Thus as long as the civilization continues, the energy
demand will continue. However, the level of demand
is a matter of disagreement, but for humans to live
comfortably, individual consumption should reach at
least about 40 MWh/cap.123 These numbers seem
incredible in contrast to the figure of 1.6 billion peo-
ple (20% of global population) who do not have
access to modern energy services.124 Therefore, in
order to live a sustainable future, all those people
should be provided with energy (electricity) to reach
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the individual consumption demand. That picture
confirms the increase in demand predicted by many
agencies.113 This means ‘security of demand’ is
assured. The final question is how to utilize these
resources for the growing demand in a sustainable
way, the answer is renewable energy as Breyer
et al.123 conclude.

The last parameter of the availability dimension
is access to these energy resources transferring them
to energy services for consumers, which is usually the
concern for researchers. Having access to the energy
services was a concern through the history.125 Indivi-
duals, societies, and countries paid a huge cost to
obtain such access. Full access that results in the pro-
vision of needed energy services to consumer is con-
sidered to enhance energy security and hence drives
the development path of a society.89 On the other
side, less access reduces energy security. The access
importance is infrastructure-related. Secure infra-
structure and transport routes are essential for energy
security90 because energy infrastructure is one of the
most vulnerable elements of modern societies.80 For
such, breakthroughs in developing infrastructure are
needed to enhance energy security.126,127 For exam-
ple, developing new technology to harvest solar
energy or new methods to generate electricity from
water, both as sources of renewable energy.

Nevertheless, there are comprehensive risks and
threats associated with the availability. Energy exist-
ence abundantly in one location with ultimate access
can deteriorate energy security resulting of many pro-
blems such as the ‘Dutch Disease’128 or ‘Resources
Curse.’69,129 The Dutch disease occurs by the over-
valuation of the currency of a country usually
because of the export of natural resources.130 This
leads to the loss of competitiveness and thus deindus-
trialization of the economy. As was found by Caval-
canti et al.,131 abundant availability is not the driver
for Dutch disease per se but rather its volatility. The
other burden is the resources curse. Principally in
most of the cases, energy availability tempts those
who are in power to use it for their own benefits even
if it is against the benefit of their people. The situa-
tion follows the political environment of when the
resources were found; if a country is stable with
determined roles for people in power and legitimate
body to check on them, the newly found resources
are less probable to be a curse. Otherwise, if there is
no questioning to those in power, the resources are
highly probable to be a curse.132,133 In other cases,
other nations or governments decide to control the
access to an energy resource by overthrowing current
controllers or owners, starting a war against energy
rich countries (resource war). Resource wars, defined

by Ciut�a31 as hot conflicts triggered by a struggle to
grab valuable resources. Furthermore, disrupted or
limited access to the required energy like absence or
ruin of infrastructure134 will result of what is referred
as energy poverty.126 Energy poverty increases social
difference and political tension and blocks the way to
development.80 In real life, destruction of production
or processing infrastructure comes with the biggest
risk.21 Another threat to the energy system is the
depletion of energy sources,135 which is sometimes
exaggerated.127 If it happens to utilize more of
renewable energy rather than fossil fuel, it will hap-
pen not because of fossil fuel depletion. As Sheikh
Yamani, the former Oil Minister of Saudi Arabia,
said ‘the Stone Age did not come to an end because
of a lack of stones,’127 but due to economic rea-
sons.136 Furthermore, poverty can be worsened or
alleviated by the energy access level32

The numerical indexes that can be used are dif-
ferent, for example, reserve to production ratios,49,82

reserve per capita,51 resource estimates,137 or total
energy resources per capita.36 However, many of
these indexes will be of no use in a future energy sys-
tem that relies on renewables because they were
designed for a fossil-based system. Therefore other
indexes will make more sense to measure this dimen-
sion, for example, final energy consumption per
capita.29 Last, since energy exists excessively on the
global level, the question is left for us (humans) to
decide how we want to live on our planet; whether
to collapse or to succeed.138

Diversity
Diversity is also highly pointed out as an important
dimension to enhance energy security.126 Since the
beginning of the 20th century, Winston Churchill the
First Lord of the British Admiralty made his famous
statement that energy security lies in variety and vari-
ety only.125 The concept of diversity is portrayed by
the expression: ‘Don’t put all your eggs in one bas-
ket.’53 In principle, more diverse systems are more
secure.127,139 In that sense, if one part of the energy
system malfunctions, other alternatives can replace
it.17 It is unlikely for all parts to fail at the same
time.67 Thus, the impact is spread among the other
parts of the system.48

As Stirling140 presents, diversity’s main para-
meters are diversity of fuels (energy carriers), diver-
sity of sources, diversity of means to make the energy
available to end-users (e.g., technologies and trans-
portation) and diversity of consumers (e.g., markets
and sectors).
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Energy carriers can be in form of matter-based
chemical materials (oil, gas, or coal), or in form of
nonmatter-based electromagnetic fields (electricity).
A system depending only on oil is less secure than a
system depending on oil and gas. The same is to be
considered for the source and its location. An energy
system that relies on one power plant is less secure
than a system with power plant and electricity
import.

Diversity of sources is the second parameter.
This parameter is related to the notion of dependency
(to be discussed below). Simply, if the energy system
has only one source, it is less secure than the case if
there are different sources. For example, many
European countries relied on Russia as their source
of gas. This situation resulted in a ‘crisis’ in 2012.141

Germany and other European countries had less gas
than needed to cover their gas demand. Should these
countries have had a divers set of sources and suppli-
ers, the situation would have been easier, and energy
security would have been preserved.

Diversity of technology is important because it
allows for more options. Development of renewables
promotes new energy sources utilization142 and
hence enhances energy security.40 For example, Ger-
many witnessed an enhancement in energy security in
January and February 2017, in contrast to France.143

Because of security failures of French nuclear power
plants several short-term shut downs led to power
supply shortage in France and imports from neigh-
boring countries had been required to keep the
French power system stable during the winter, due to
an ill-balanced diversity of technology in France. In
contrast, Germany, with a much higher share of
renewable energy (wind and solar) and substantial
less nuclear energy than the highly nuclear energy-
dependent France, balanced the energy system, in
addition to utilizing coal and gas plants output.143 In
this sense, a more diverse system that comprises
renewables is more secure and decreases the threat of
electricity blackout. The same concept applies for
transportation, what routes are used (land or water),
how many routes are used, and what methods are
used (pipelines, LNG terminals, grid, ships, etc.), all
play a role in the diversity dimension. For example,
diversification of transport routes diminishes motiva-
tion for terrorist attacks,127 since it may not cause a
significant level of harm.

The last parameter is the consumers’ profile.
Having one market (one country) is less secure in
comparison to having more markets. Also, being able
to provide energy services to more diverse users
(industry, commercial, residential, military, etc.) is an
advantage for the energy system.

However, this concept of diversity to enhance
security can be applied only if all other dimensions
are neutralized. Diversification alone is insufficient to
enhance energy security if costs or compatibility are
not to be taken into account.48 For example, it is
more divers to use coal and oil rather than using oil
alone, but the environmental and health impacts of
this diverse system reduce energy security as it affects
other dimensions. Furthermore, renewable energy
takes the lead in building a more diverse and more
secure energy system.144 In addition, in many cases
the enhancement does not have counter effects on the
cost of the new system (renewables are cheaper),
environment (renewables are cleaner), health,
employment, etc.

To carry on, following the urge of nations to be
independent, energy dependency is a term discussed a
lot in literature.31 However, complete energy inde-
pendence is merely a myth.29 Total independence is
not a guarantee of energy security at all,21 neither is
dependency alone a concern to be triggered.145 A
dilemma has to be solved first, a total independence
means less diversity and more threats by accidents,
strikes, or newly discovered environmental effects.66

Furthermore, many parts and devices of the energy
system have to be imported.29 Therefore, there
should be an optimal choice between dependency
and diversity. On the same tone, dependency on one
country or region is usually discussed in literature.
The example that is widely reported is the European
reliance on Russian natural gas.146–148 Discussing
this example can provide the cut point between diver-
sity and dependency. If a country gets all of its
energy from Russian natural gas (total dependency),
energy security deteriorates. On the other hand, if a
country relies on Russian natural gas among other
sources of energy, their energy system is more secure
(diverse). However, if this country decides to run all
its energy system on nuclear energy built within its
borders (total independent), the system will be less
diverse and less secure, not to mention the intrinsic
technical risk of nuclear. Furthermore, a country
relying totally on nuclear energy within its borders
has other negative consequences, such as becoming
joint targets in wars149 or targets to seize and control
as an energy resource. It could be argued that for
economic reasons, blackouts should be avoided at
any cost and nuclear would be the best option for a
base load power generation. However, an energy sys-
tem can be run without base load power generation
and new plants face very high cost150 and the cluster
risk of nuclear energy is also high; the cost of its fail-
ure on economy, environment, and society is much
higher, as documented again in Fukushima.

Advanced Review wires.wiley.com/energy

8 of 34 © 2017 Wiley Per iodica ls , Inc. Volume 7, January/February 2018



Some of the indexes to measure diversity’s
impact on energy security are the diversity of energy
sources in the total primary energy supply (TPES),
electricity generation and the transport sector,96 Her-
findahl Hirschman index (HHI) for energy supply
diversification corrected for political risk,51 energy
trade per gross domestic product (GDP), energy
import dependency,29 Shannon-Wiener index
(SWI),30 and share of renewables in the energy
system.82

Cost
An interesting dimension that is often treated unfairly
is the cost dimension. It is usually regarded as afford-
ability of energy services (the price to be paid for
energy). In our view, this is only one parameter for
the cost dimension; there are other parameters to be
addressed. Since there is a high correlation between
energy and economy,151 this study will consider the
different parameters of the cost dimension.

The first parameter is the relation between
energy price and energy security. In terms of end-
users and economy, a cheaper energy price is better
because it can increase industrial production,
enhance the economic growth, and encourage con-
sumption.126 This seems to enhance energy security
but it is not as simple as that. Since energy security
relies heavily on large-scale investment,78 cheaper
energy prices puts a burden on future planning. Also,
scarce fund for investment has a structural impact on
future prices152 and hence energy security. Cheap
energy prices are a long-term problem because they
lead to a false sense of instant security,153 specially if
there is no guarantee of such cheap prices for the
future. When there is no guarantee for cheap prices
in the future, societies and buyers become vulnerable
to any price shocks.126 On contrast, higher energy
prices will reduce demand and encourage develop-
ment of alternative energy resources,17 but at the
same time limiting growth of energy-importing coun-
tries.154 For example, an increase of $10 in the price
of a barrel of crude oil is likely to reduce economic
growth in the industrialized countries by around 0.5
percentage points.25,68,72,79

For producers, cheaper prices mean less revenue
and may result in an economic loss. For a country, a
nation or a society, such economic losses affect other
services. So, does that mean a higher price achieves
energy security for them? Up to a certain point, yes,
because higher energy prices mean in the short-term
higher profits,84 growth in new supplies,17 and an
increased capital investment126 that can be used to
establish a sustainable energy system155 and to

achieve energy security.146 However, on the other
hand, higher revenue can cause the previously dis-
cussed ‘Dutch disease.’

In regards to the first parameter (energy price),
the last point is the nature of the pricing system. Sta-
bility of energy prices,142 price volatility,82 pricing
system,155 energy poverty,114 and peak oil139 are the
most discussed issues. Volatility of energy prices and
their impact are the main challenges for energy secu-
rity4 because a sudden change in energy prices may
disrupt the whole economy.156 As the World Energy
Council states, volatility of energy prices has a criti-
cal uncertainty of the future economy.155 For the pri-
cing system, it follows the political discussion to
come in a later sections, principally if energy to be
subsidized by the government or not. International
Monetary Fund estimates that there is 5 trillion USD
of direct and indirect public means allocated to subsi-
dize fossil fuels globally.155,157 Such subsidies affect
the choices and the options for energy sources
because real costs are not embedded in the price. The
nature of the energy price might result in energy pov-
erty, ‘the absence of sufficient choice in accessing
adequate, affordable, reliable, high-quality, safe, and
environmentally benign energy services to support
economic and human development.’158 This lack of
choices can be the result of different causes but artifi-
cial taxes and subsides can be a major reason.
Another simpler definition for energy poverty is a sit-
uation where individuals spend more than 10% of
their income on energy services.114,159 Such energy
poverty means the consumer is unable to benefit
from the available energy, making it useless and thus
deteriorate energy security.134 Last, it will be worth
when talking about the nature of the pricing to notice
the significance of the debate about peak oil.160 The
discussion is more about the increase of prices due to
decrease in production, beyond the inflection point
(supply is less than demand).139 Such situations
reduce energy security. As Zittel et al.160 conclude,
the combined peak of all fossil fuels may occur
before 2020 and nuclear fuels’ contribution is too
low to have any significant influence. Thus, the
future needs to be seen and planned accordingly. In
that sense, renewable energy is the key for a cost-
effective future energy system. The continuous reduc-
tion in solar energy cost is a pillar for the future if
sustainability is to be achieved.161

The second parameter discussed in literature is
the cost of energy security in terms of supply disrup-
tion.4 In other words, how much it costs if there is any
disruption in a running system. The higher the cost of
disruption and the more frequent it happens, the less
secure the system is. Old estimates for the cost of oil
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disruption in the American economy are 936 bUSD2016

(323 bUSD1980) for each 10 million barrels per day for
1 year.162 Where recent estimates show the expected
cost of oil disruption in some scenarios to be between
29.5 and 31.6 b€/a for EU25.163 Another study esti-
mated Iraqi losses as 7 mUSD a day as a result of pipe-
line attacks in 2003.77

The third parameter is how much it costs to
make an energy system more secure. Energy security
comes at a cost and it is not a question of achieving
it at any cost.18 Since, this parameter is rarely
addressed in literature, it is the most difficult to for-
mulize its relationship with energy security. With its
well connection to all other dimensions, it is a bal-
ance between what is paid and what the benefit
is. An example of this parameter is the diversification
cost; if an energy system runs only with nuclear
energy and then it is proposed to be run on nuclear
and solar energy, there should be a balance between
the cost and the value of energy security to be
attained. Many points are involved: the infrastructure
cost for the whole system, the cost of environmental
impact, the cost that will be paid for healthcare, the
cost of military deployment to protect the sources,
the cost of educating people about the action or the
cost the society will pay in terms of welfare. There-
fore, if the diversification step pays for all of these
costs and others, it will increase energy security, oth-
erwise, it will not. An obvious example is the esti-
mate that the United States spends about 50 bUSD a
year on security in the Middle East, without counting
the costs of special operations like the war in Iraq,
which costs more than 100 bUSD a year,164 which in
comparison to Department of Defense Homeland
Security expenditures is very huge.164 In addition, the
estimated cost of U.S. force projection in the Persian
Gulf for 1976–2007 is found by Stern165 to be 6800
bUSD2008. The question that needs to be answered is:
Is this spending justified to enhance energy security?

In that aspect, many researchers seek to find
low-cost solutions that enhance energy security far
from military deployment but by renewable
energy.136 As a cheap option in the long run, renew-
ables can make the energy system more secure.166 It
starts with the structure of the cost and then the ben-
efits. Mostly, renewables require capital expenditures
with less operational expenditures. Thus, an energy
system with only an upfront payment and almost
zero running costs is considered more secure. In addi-
tion, renewables are environment friendly sources,
thus reduce the carbon emission costs, making them
a more cost-effective option.

From the different parameters, the threats on
the cost dimension are diverse. Price volatility and

investment risks are threats to energy security31

because rapid changes in energy prices can disrupt
the economy156 and destabilize financial structures.66

If prices change rapidly, the risk is the inability to
calculate failure probabilities.65 Another threat is the
impact of energy poverty, such situations can rise
internal political unrest,82 for example, Haiti and
Cameron.167

Last, the exact cost for energy security should
be addressed with full consideration of all dimen-
sions not only the price of energy disruption. As Jun
et al.4 tried to provide an index to measure the cost
of energy security, they had to limit themselves to a
very narrow definition of energy security and they
confessed that many other costs are not taken into
their consideration. Other indexes measuring the
cost are the fixed capital stock renewal factor or
GDP per each percent of energy price change,91 the
price’s volatility,51 market costs of energy in
€/MWh,8 economic costs of carbon price,82 or value
of the energy not provided, such as value of lost
load (VoLL).85

Technology and Efficiency
Since technology is required for utilizing energy,142

energy security has a strong relationship to the tech-
nology advancement, directly and indirectly. In that
sense, new technological solutions for production,
transportation, conversion, storage, and distribution
affect energy security.126 Thus, new technologies pro-
vide new energy sources and hence increasing energy
security. For example, introduction of new electroly-
sis technologies gave the energy system a new alter-
native energy carrier (hydrogen), apart from fossil
fuel. New advancement in renewables results in more
access to energy, though it is doubted by some
researchers156 but strongly emphasized by others161

to be a key for a ‘more secure energy future.’168

Apart from the direct impact of new technologies on
energy security, indirect effects are huge. For exam-
ple, advancement in surveillance technology provides
early warnings of threats to the critical energy infra-
structure, which diminishes the need for large troop
deployment.77

The second parameter for this dimension is to
enhance the efficiency of the energy system.119

Energy efficiency plays a significant role toward
achieving energy security.155 The goal for R&D is to
increase efficiency. It was known long time ago that
increasing efficiency by technological development
does not only make the energy system more
secure40,61,114,169 but also provides a double-win for
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the climate traits.154 Efficiency is maximizing the out-
put units per one unit of input119 by improving the
performance of energy equipment or altering con-
sumer behavior.114 Consumer efficiency is the ratio
of energy service to the energy required to deliver
that service.85 When increasing this ratio, increased
efficiency will increase availability of energy85 for
other uses. Although efficiency should be considered
in energy security,170 it should not be separated from
other dimensions. Efficient systems will affect the cost
dimension, because increasing efficiency requires
investment that needs to be justified in regards to
other costs.

However, the largest gain in energy efficiency is
the shift to renewables and energy sector integration
on basis of electricity; it was proposed very early by
Lovins62 as a soft path instead of increasing reliance
on dirty fossil fuel. In conventional thermal power
plants, about two third of primary energy input is
lost.113 This loss can be mitigated by using modern
renewable electricity technologies, such as solar pho-
tovoltaic, wind energy, and hydropower. The transi-
tion from burning fuels for space heating toward
(renewable) electricity powered heat pumps increases
the energy efficiency by a factor of 3–4. The same
gain in efficiency is achieved for the transition from
low efficient internal combustion engine to battery
electric vehicles. Furthermore, the huge loss of low
efficient nuclear and coal power plants will be eradi-
cated by high efficient solar and wind systems. This
means gradual efficiency improvements of current
appliances do not fix the fundamental problem of an
energy system that is still based on burning fuels,
which is the main reason for its poor performance in
efficiency. Thus, a shift to high efficient solar and
wind systems will eradicated the huge loss of low effi-
cient nuclear and coal power plants and result in a
dramatic increase in the efficiency of the energy
system.

The third parameter is energy intensity. Energy
intensity is the amount of energy required to produce
one unit of GDP.67 It represents how much energy is
consumed to produce added value.84 Energy intensity
can be used to measure the efficiency of the sys-
tem.171 Thus, to improve energy security, energy
intensity should be reduced (reducing the dependence
of the economy on energy).67 However, the historical
development has shown that developing countries
first have to increase their energy intensity while
building a modern infrastructure and on a more
developed level less energy intensive investments are
needed for further development.93

The last parameter is energy conservation.
Energy conservation is an inclusive term to describe

the actions that result in energy demand reduction134

by users foregoing some of the services derived from
energy use.85 Energy conservation has a substantial
impact on energy security but not automatically an
enhancement,134 because it provides a temporary
demand reduction without a permanent behavior
change.85

However, technology advancement does not
always lead to a more secure system. For example,
cultural barriers to utilize new technologies can make
them useless.172 In addition, nuclear energy and
nuclear proliferation brought a huge risk to the sys-
tem as its negative impacts on the society and on the
environment concern many.127 Also, the develop-
ment of nuclear weapons with the mass destruction
capabilities carries a huge threat to the energy secu-
rity.77 Furthermore, because of the rebound effect,
enhancement of energy efficiency does not always
improve energy security. The rebound effect is the
loss in expected efficiency benefits due to behavioral
tendency to use more energy services that are made
cheaper (backfire).173 It is generally expressed as a
ratio of the loss compared to the expected benefit.174

However, a recent review study by Gillingham
et al.175 concluded that a lot of support for the back-
fire hypothesis is not found due to the limited under-
standing of the macroeconomic rebound effect.

Although quantifying technological improve-
ment and efficiency improvements is a difficult
task,126 some researchers tried to quantify this
dimension with metric indexes, for example, expendi-
ture on research and development,44 share of equip-
ment with expired service life91 or electricity
distribution losses,44 and more commonly energy
intensity.105,171

Location
This dimension deals with the spatial features of the
energy system and its relation to energy security.
Studies about energy security differ from local to
global, from urban to rural, and from national to
international, based on the different needs of each
study.33 Haghighi21 argues that energy security is not
only about internal national but also about the
regional security. Policymakers, on contrast, are con-
cerned only with national energy security.96 There-
fore, many parameters are to be involved.

The first parameter is about the energy system
boundaries. When analyzing any energy system, the
location, the size, and the boundaries should be
determined. Two main points are needed to be identi-
fied; first, control area, i.e., the jurisdiction within
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which the energy system is to be studied, second, size
and area of where the system has an impact.82

The second parameter is the location of energy
source. As discussed earlier, the existence of energy
resources in a specific location can result in deteriora-
tion of energy security. In addition, the location of
the resources affects its accessibility, e.g., difference
between oil resources in Saudi Arabia and Venezuela,
such different accessibilities cause more cost to get
the energy from specific resources.

The third parameter is the density factor. The
density factor can affect energy security positively or
negatively. Although, dense systems have higher
energy efficiency, better environmental performance,
and better social effects,176 energy resources in a
small area, e.g., oil fields or oil countries are military
targets, as seen in World War II (WWII).125 Such
situations reduce the energy security because it
requires more protection for the transportation
routes as was seen in the WW II when United States
blocked oil from going to Japan.125,162 This example
supports the view presented by Müller-Kraenner80 in
which he argues that in a decentralized system there
are less pipelines and water paths to be guarded by
military.

The two perspectives shape the debate between
centralized–decentralized systems. Another advantage
for a decentralized system is the impact the threats
cause on the whole system. Centralized systems are
enemy targets and thus reduce energy security.162

They are much vulnerable than decentralized
systems,65 especially if technical failure probabilities
and social acceptance are taken into consideration.
For example, in a centralized system, bombing of a
single substation enabled a military coup in Chile.125

On contrast, in a decentralized electricity generating
system, an earthquake in one region will not affect
the whole system as much as centralized facility
affected by an earthquake.162 For this, Franki and
Viškovi�c8 argue that decentralized systems that use
renewable energy enhance energy security, because it
combines the advantages of a centralized system
(higher energy efficiency, better environmental per-
formance, and better social effects176) with the secu-
rity advantages of the decentralized system.
Therefore, developing decentralized renewable energy
systems is the future to enhance energy security.

The land use is the next parameter. The concept
of deforestation is usually discussed in literature. For-
est that is cut to generate energy with all the negative
impacts of carbon dioxide (CO2) emissions, reduc-
tion of natural habitat, and causing visual pollution
shows obvious negative impacts of energy use.60 Fur-
thermore, usually the landscape is altered135 and the

land is left in an unromantic moon landscape as in
lignite coal mines.80 The food-energy nexus is a clear
example of how the conflicts between the land use
for energy and for food production can take place.
Moreover, another point is the energy waste, such as
nuclear waste.177,178 Currently, the waste is just
stored somewhere. The storage location (which is
usually designed for an extremely long term) can
cause a lot of conflicts especially if it is close to
human activities, because of its health, environmen-
tal, and social impacts. Furthermore, as will be seen
in the culture dimension, awareness about energy
technologies increased, thus a new concept evolved
‘Not In My Back Yard’ reducing the available lands
for energy production. Many people refuse to have
the energy generation or processing close to them,
but do not show such concern for locations far from
them. The concept ‘NIMBY’ (Not In My Back Yard)
differs between people depending on what informa-
tive streams they are encountered with, but also
whether they receive direct or indirect benefits. Thus,
many people resist having nuclear or coal-fired
power plants near them because of the harmful
impact, but others resist renewable because of the
false information that they were given about certain
technologies or because of ill-balanced benefit
sharing.

Another parameter is globalization. Since the
future of energy system is seen with mutual benefiting
and fair competition in a globalized world,70 regional
and international interconnection will enhance
energy security.155 The dilemma with such a globa-
lized system is the definition of control area (defined
by national borders with a state). The states are chal-
lenged by global processes from above, and by the
forces of regionalism and localism from below.97

However, a recent research indicates that a decentra-
lized renewable energy system is possible without
global trading of energy thus reducing risks.136,179

Furthermore, the human settlement and popula-
tion distribution play a role in shaping the energy
security. As humans are the end-users of the energy,
historically, they used to settle close to energy sources.
However, nowadays the situation is the opposite. The
energy producers should have access to more consu-
mers to assure continuous demand. More population
in one region means more market and more demand.
Energy resources found in Alaska are transported to
where the demand is rather than people moving to
Alaska. However, such global interconnection with
long distances between the energy source and end-
users increases risks of energy security.65

On the same tone, the location’s geography
affects the energy security. For example, geography
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of Strait of Hormuz has more importance for the oil
pathways out from the gulf region (20% of the
global crude oil trade)90 or strait of Malacca where
80% of Japan and Korean oil passes17 and 30% of
shipped oil around the world.90 The threat of disrup-
tion is higher in smaller areas. Thus, high traffic den-
sity and less diverse rout options with more military
deployment reduce energy security. On the other
side, during WW II, America managed to find plenty
of different routes to supply Europe with energy
through the wideness of the Atlantic Ocean. Further
and apart from the military consideration, dense
energy industry is a threat to energy security, 97% of
mankind industrial production come from fossil
fuel.60 Larger power stations tend to have complex
failure modes, more difficult repairs and higher unit
costs of spare parts.65

The last parameter is industrial intensity.
Energy intensive industries are vulnerable to energy
disruption. Therefore, redistributing energy intensive
industries within a country or to other countries
reduce the risk to the economy and increase energy
security.66

Many indexes can be used to evaluate the loca-
tion’s effect on the energy security such as nuclear
waste per m2, environmental footprint of energy
facilities or the distance for energy delivery from sup-
pliers to consumers.102

Timeframe
This dimension is related to how the energy security
is seen. Does energy security need to be considered
on a long run (+500 years) or a short term (one year
or less) to provide relevant information?82 Moreover,
what is the optimal time span for energy security to
be studied? Short-term considerations attract atten-
tion of private stakeholders82 and policymakers.96

For long term, key concerns are for policy analysts
and informed policymakers.82

On contrast, energy-related decisions made
today have long-term implications for how energy is
produced, stored, and used.126 Because, the future
energy system is likely to differ than today’s energy
system,151 in the long run, energy security depends
on the risk management of the present.180 The rela-
tionship between the timeframe and the energy has
three parameters as summarized by Sovacool32: to
look forward or backward, time an event takes to
cause an impact and how long an impact lasts.

The first parameter is to determine where to see
the current energy system in relation to the timeline.
It has the two notions of forward and backward. To
look to the past and analyze how the current system

was achieved. On the other side, to look to the future
and predict how the future energy system will look
like to be secure.

The second parameter, length of the event, is
related to events that occur in the system, how long
an event needs to last in order to build up and be
able to cause harm on the system.97 Stress or sudden
events affect the energy system differently. Long-term
rising prices for energy import affect the economy
differently than a sudden price hike.25

The last parameter is the length of a struggle in
the energy system due to a specific event. For exam-
ple, the formation of IEA was due to the 1973 Arab
oil embargo (event), but (the impact) is still seen as
the continuous operating of IEA.

Wrong analysis of the system due to wrong
timeframe use is the biggest threat. The enormity and
longevity of the energy investments require consu-
mers to participate actively126 to avoid deterioration
of energy security. Dealing with the threats has
short-term component and a long-term component.
For the short term, emergency measures such as
coordination of energy stocks are needed. For the
long run, policies to diversify the energy system, to
enhance flexibility, and to increase energy efficiency
are needed.68

An index to determine the optimal time span
would be life expectancy index,181,182 technology
cycle,170 or timely bilateral agreements.

Resilience
Resilience had a lot of discussion in recent
years.15,183 Resilience means the ability to withstand
diverse disruptions93 without experiencing a change
in the energy security baseline,33 an adaptive
capacity,36,48 or the capacity to tolerate disturbance
and continue delivering services184 with the same
function, structure, identity, and feedbacks.89 Yer-
gin17 refers to resilience as security margin because in
general a more resilient energy system results in
enhancing energy security21,96 as long as other
dimensions are not worsened, e.g., significant unjusti-
fied cost.68 Thus, the whole point of resilience dimen-
sion in these definitions is the ability to function after
disturbance. For this, Johansson and Naki�cenovi�c93

link resilience with diversity dimension, that, if one
part fails, the system switches to other alternatives. A
resilient system can switch between different energy
suppliers, different energy transition pathways and
energy carriers, and different consumers.102

For the energy supply, there should be emer-
gency stockpiles.48 These stocks, e.g., stored energy
in batteries or hydro reservoirs or oil tanks, are
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stored until they are needed. Creating such spare
capacity enhances energy security.84,126 For the
energy transfer facilities, the system needs to absorb
the disturbance and still functions, for example, the
ability to switch immediately to another fuel, other
equipment, or infrastructure.68 For the consumers’
side, energy producers should be able to sell their
energy to other customers if a disturbance takes
place. Also, they need to have spare capacity in order
to increase production when energy is more
demanded.127

The risks resilience lies in two parts, being rigid
and being static. Both follow the concept of passive
resilience and active resilience.65 Passive resilient sys-
tems can bounce without breaking, trying to get back
to their stable situation till the disturbance is gone.
Active resilient system can learn, adapt, and profit
from the change or the stress by using the events of
failure.65

Several indexes can be used to evaluate resil-
ience, for example, emergency stockpiles or capacity
margins,36 spare production backup supplies and
storage capacity and national emergency plans,17

resilience capacity index (RCI),183 or ratio of total
primary energy supply to GDP.185

Environment
Environment is what surrounds us. When energy sys-
tems are to be considered, the environment is
regarded as an important dimension. Therefore, an
environmental view of energy security needs to be
considered internationally.142 For that, there are
many parameters to be included.

The first parameter consists of energy resources,
rate of exploitation, and location shape after exploi-
tation. The issue of earth resources is an important
determination of the environment.29 Resources
should not be depleted faster than the natural ability
of regeneration135; else, energy security is reduced. In
history, humans plundered the plant resources with-
out considering the negative consequences.135 Even
nowadays, humans use 140% of the resource and
absorption capacity of planet earth with a tendency
to increase.186–188 This massive impact of human
activities on planetary systems initiated even a new
age, called Anthropocene.189–191 Rebalance of
human activities to the limits of planet Earth had
been already identified by Meadows et al.60 but it
took long time to find first indications that it could
be done without shrinking population or economic
activities, but on basis of 100% sustainable and
renewable energy systems.123 Such fast exploitation
of the resources makes the land useless for food

production with projection to be severely compro-
mised by climate change.154 Last, energy resources in
many cases are hazardous material32 with negative
impacts on the environment and the people using it.

The second parameter is the extraction methods.
The extraction methods themselves should not cause
harm to the environment. In addition, the methods
for the energy transfer should be secure environmen-
tally. An obvious example is the oil spills in different
oceans, killing the sea environment (flora and fauna).
Energy security is deteriorated by such events. The
method of extraction for wind energy depends mostly
on wind turbines that can affect avian mortality.32 In
addition, CSP (concentrated solar power) has the
threat of high temperature spots that might cause
death to flying animals. However, the death of birds
per generated energy unit is substantially higher for
coal-fired power plants due to the very harmful heavy
metal emissions.192 Furthermore, extraction of
nuclear energy generates a lot of radioactive waste.
The disposal of such waste is an unavoidable dilemma
when it comes to energy security.193 And recently, the
fracking technology of shale stones to extract shale
gas is very dangerous for the environment because of
the used chemicals and the need to destroy the earth
layers all the way down to the shale.194

The third parameter is the outcome of the energy
usage. It is the most noticeable impacts of humans
using energy systems. The CO2 and greenhouse gas
emissions, global warming,60 climate change,106,195

heavy-metal emissions, water contamination,87 acidic
rain,106 air pollution,196 and indoor suffocation197 are
among the environmental challenges resulting from
energy systems. One example of energy use impacts on
the environment is nitrous oxide production. Nitrous
oxide diffuses up to the stratosphere, where its photo-
chemical products attack the ozone layer allowing
harmful ultra violet (UV) irradiation to penetrate to
the earth.65 For these considerations, the energy system
is more secure with less harmful environmental
impacts. The developed concept of ecological footprint
measures the impact of humans’ consumption includ-
ing energy and food.186,198,199 It is simply, the amount
of nature that humans occupy in order to live with
modern consumption of energy.200

The fourth parameter is the effect from climate
conditions and climate change on the energy security.
Some natural events happen regardless the energy
system, such as earthquakes and volcanoes whereas
some disasters occur because of humans activities as
a result of climate change.195 These events affect
energy systems profoundly.126 The effect can be posi-
tive and can be negative. For example, the environmen-
tal conditions of climate change can enhance energy
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security by reducing heating demand, providing new
trade sea-routes, revealing new energy exploration
locations for oil and gas, generating the possibility for
more biomass converted from increased CO2 levels
and utilizing more of wind energy.124 As Johansson
and Naki�cenovi�c93 describe, energy security can be
enhanced by the new opened marine transportation
routes as a result of a retreat of Arctic Ocean. How-
ever, on the other side, the negative impacts are seen to
overthrow the positive ones by orders of magnitude,
that is, environmental conditions can deteriorate to a
point on which societies cannot function anymore and
nations reach the point of collapse,114 even humans
cannot live outside anymore.201 Such situation
impinges energy security and many examples can be
drawn up. If the entire inland ice of Greenland melts
due to climate change, the worldwide sea level will
increase by 7 m.80 Taking in mind that most of the
worldwide assets are located on shorelines, the severity
of such event is clear. Even if such an event will not
have an impact on the society and the assets, rising sea
levels will require redesigning and reconstruction of the
energy systems,126 which will cause incredible high
cost. The example of societies becoming close to the
collapse point is what was seen in Hurricanes Katrina
and Rita (August and September 2005) which affected
the electricity and gas energy systems.17,202 Therefore,
tougher and unstable climate conditions reduce energy
security. Thus, weather patterns are a major energy
security concern for the global community.155 The
German Advisory Council on Global Change reported
the impacts of the climate change on: freshwater
resources, food production, storm and flood disasters,
and climate migration.203 All these four have direct
and indirect effects on energy security of the energy
system. Scarcity of freshwater will lead to conflicts and
water wars destroying energy systems. Deterioration of
food production will result in conflicts that are initially
limited to local levels then worsened to destabilize
neighbor countries through refugee flows, arms traf-
ficking, collapse of social systems, and violent conflicts.
Storms and floods resulting from climate change
destroy energy routs and transfer infrastructure, gener-
ation, and extraction facilities; thus, the energy security
of the system is deteriorated by climate change. The cli-
mate migration is predicted to be a huge issue, because
climate change induced refugees fleeing tough condi-
tions will head toward safer places, which will result in
more demand and pressure on energy resources.

The fifth parameter is the energy-water nexus
(interdependence between water and energy).204,205 An
important part of the environmental dimension for
energy security is water. An increase in energy demand
will lead to an increase in water demand and vice

versa.111 Water is required for energy generation, heat-
ing, and extraction of natural resources. Also, water
needs energy for its extraction and treatment. There-
fore, there should be a balance between the consumed
energy to produce drinkable water and the water
needed for energy generation.206 A secure energy sys-
tem is the one that achieves that balance. Thus, many
researchers try to find that balance. For example, Cal-
dera et al.207 propose renewable electricity based sea-
water desalination to achieve the balance.

The threats to this dimension are diverse
including, but not limited to, the impacts of climate
change such as storm surges.126 The impact of cli-
mate change and the failure of good adaptation poli-
cies are considered in 2016 as the most threatening
risks for years to come.208 Another threat is the igno-
rance of the relationship between the environment
and the energy system; some researchers argue that
there should not be an environment dimension for
energy security.96 In that view, climate and energy
security are district concerns and should be addressed
by different communities of policymakers because of
the lack of proof that climate change would necessar-
ily reduce energy security.124 Our stance is different,
environmental concerns should be a dimension in
energy security, because there are risks and threats
related to the environment involved in the energy sys-
tem. One obvious argument to support our point is
the radioactive nuclear waste. Many researchers
found that there are a well-connected relationship
and sever impacts from nuclear materials (as part of
the energy system) on the environment.209–211 Also,
radioactive waste must be managed properly so as
not to cause harm to people or permanent damage to
the environment.212 But, until the moment, there is
no any satisfactory solution to nuclear waste prob-
lem.32,213 The energy system strongly affects the envi-
ronment and thus the environmental dimension is to
be included in the energy security discussion. As Jun
et al.4 put it nicely ‘No form of energy production or
use is without environmental impact.’

Last, many indexes are used to evaluate the envi-
ronmental dimension. For example, generation of
energy related radioactive waste, lifecycle carbon emis-
sions, or water withdrawals per kWh36 water stress,111

CO2 emissions per capita,30 and carbon intensity,
i.e., CO2 production per kWh consumed171,214 are all
possible indicators. One indicator that was addressed
before is the ecological footprint.215–217

Health
From the surrounding (environment) to the main
concern (humans), energy security affects and is
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affected by the health of people; healthy life is a uni-
versal human desire.60 In this sense, there are two
main parameters for the health dimension with many
points within each parameter.

The first parameter is the impact of healthy
individuals and society on the energy system. Starting
from people who are involved in energy production,
they must be in a good health to do their tasks. Heal-
thier workers have a higher productivity218,219 and
thus the energy system will function more efficiently
and hence enhance energy security. The second point
is the health of people involved in the transfer sec-
tion. All energy sector employees are to be con-
cerned. Less sick absence means less expenditure on
healthcare. In addition, productivity of energy sector
workers increases with healthier workers. The last
point in this parameter is the impact of healthier con-
sumers. Healthier consumers use energy more effec-
tively and thus enhance energy security. A healthier
society reduces the healthcare expenditure and hence
enhances the national economy, which in return, will
make the energy system more secure. They can spend
more on sustainable options and thus more efficient
systems. Alternatively, they spend the money on
developing new technologies that enhance energy
security.

The second parameter is the impact of the
energy system on the health of individuals and socie-
ties. If the energy system affects national and interna-
tional health negatively, its security is deteriorated,
and vice versa. In this parameter, there are three cate-
gories of people affected by the energy system. People
involved in the energy industry in any of its stages.
End-users and consumers of energy services. Last, the
national and international society that is affected by
the energy system even if they do not use it.

In general, effects on workers in energy indus-
tries are the second biggest health impact globally.93

If the energy exploitation affects workers’ health, it
reduces energy security. Many examples are there,
for instance, though negative effect of nuclear energy
is aimed to be avoided,184 many workers suffer long-
term diseases. Furthermore, German Federal Consti-
tutional Court decision about the accelerated nuclear
power phase out in Germany is quite important for
future nuclear investments. The court emphasized in
its decision that phasing out of nuclear plants could
be even accelerated for the common welfare, to pro-
tect life and health of the population, to protect the
environment and future generations.220 Workers in
the coal extraction mines suffer from different dis-
eases. Coal exploitation releases tons of toxic materi-
als that contaminate water and impair health.221 In
addition, 70% of rail traffic in the United States is

due to coal transportation, and rail transport is asso-
ciated with accidents and deaths.221 Also, most of
the energy carriers are hazardous materials,65 threat-
ening energy sector workers.

The second group is the consumers. Many use
fossil fuel and dirty energy for their daily life uses.
The word dirty energy is derived from the outcome
of the energy use that is usually ashes and emission
(in addition to heat and light). Emissions result in
cases of suffocation and long-term cancer.222 Such
direct impacts on the consumers deteriorate energy
security.

The last group is the national and international
society. More than 5% of all health issues around
the world are due to the current energy system, in
addition to 5 million deaths per year.93 Even if these
individuals are not involved in the energy system,
they are affected. Many obvious examples exist;
nuclear waste reduces societies’ health.66 Chernobyl
accident in Ukraine or Fukushima accident in Japan
affected millions of people. Heavy metal emissions
from a coal-based energy systems result in cancer
and other diseases.222 Since energy systems affect
everyone in the society: doctors, teachers, soldiers,
and so on, the whole society loses its functionality if
these people are not able to carry on their duties due
to negative impacts from the energy system.

The threat to this dimension is the lack of rec-
ognition and less awareness of the connection
between health and energy security and thus no
actions are taken to solve the problems. The reasons
for this lack of awareness is subsidies as summarized
by Coady et al.157 For example, additional 30–170
million people will suffer from malnutrition or
undernutrition by 2080203 if the problem of climate
change is not solved. On the other hand, if the prob-
lem is solved, annual benefits (less expenditure on
healthcare systems) range from 5.7 to 210 mUSD.223

The solution is promoted by many researchers to be
renewable energy.123

Examples for indicators in this dimension are:
health spending per capita with the United Nations
Human Development Index,182 the infant mortality
rate (IMR),224 or emission per capita.221,223

Culture
Culture is an important aspect of energy security.154

In general, cultures affect how people shape, react, or
deal with specific issues. In some literature, it is
referred to as social acceptability225 or public partici-
pation.154 On the other side, events and conditions
can change some parts of the culture.226 In that,
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energy systems and energy security are not an
exceptions.

Since energy system instability has a cultural
and social nature,94 the first parameter is thus how
cultures affect energy security. Humans’ effect is seen
in the three stages of energy systems (production,
transfer, and consumption). In the production stage,
energy poverty will encourage societies to produce
energy anyhow to cover their demand even if such
energy resources cause a lot of harm on the environ-
ment or the health (reducing energy security).12

Another example of how can culture affect the pro-
duction stage of the energy system is the Bolshevik
revolution in 1917. The revolutionary spirit and cul-
ture made the workers to stop the oil production
from Baku’s oil fields.125 Nationalization of energy
production facilities has affected and will affect the
energy system and its security.125

The way how energy flows is affected by public
and private suppliers. If the culture is more material-
istic, suppliers tend to concentrate on meeting the
energy demand from industrial consumers at the cost
of the poor with low demand,227 this attitude will
hinder energy security of the other part of the society,
the poorest.

When it comes to the consumption side, lib-
eral individuals are more likely to engage in a
responsible consumption behavior to achieve energy
security.228Social justice promotes secure energy
systems that benefit the masses rather than the few
elite.88 Furthermore, from demographic point of
view, age and gender play a role in the consump-
tion attitude in regards to energy security.228 For
example, the youngest groups show that energy
security is in their top priority in comparison to
elderlies.228 These findings have put more pressure
to find solutions for the demographic transition into
older societies.229 Having more young citizens will
alter the energy consumption into a sustainable
scheme. The solution that many countries opt to is
to stabilize child/woman ratios at around 2.1,
which leads automatically to a stabilized
population.122,230,231

In the three stages, cultural acceptance of new
laws that enhance energy security (e.g., CO2 tax) is a
necessity.184 For example, NIMBY movements in
some areas106 threatened wind power advocates32

and reduced the ability to make new regulations
regarding wind energy, solar energy, or nuclear
energy, reducing the diversity of the system and thus
deteriorating energy security.

The second parameter is how energy conditions
can shape or change cultural behavior. From the his-
tory, it is seen how the discovery of resources

changed civilizations and cultures.135 Disruption of
energy production that leaves societies without
needed energy cause serious social conflicts,79 with
immediate negative results.25 Simply having to wait
in line to buy gasoline has led some Americans to
shoot each other.65 Wealthy and powerful societies
achieve energy security easier than poor ones.73 Such
financial consideration alter energy consumers’ pur-
chasing behavior.114 Furthermore, energy excess will
change habits related to energy consumption87 and
affect the social atmosphere in which identity is
developed.228

The threat to this dimension is the psychologi-
cal effect.66 Societies and individuals are manipulated
by media, which presents a distorted reality, mislead-
ing conclusions, or even wrong facts. Last, one com-
mon index to describe the culture dimension is the
human development index (HDI).105

Literacy
Knowledge and access to information is an important
dimension for energy security.232 As humans are con-
cerned with the energy security of the system, they
should know about it. The literacy of energy security
has three levels: information should be available
(provided or taught), information should be adorned
so people will have the desire to learn, and then peo-
ple use this information in order to achieve energy
security. In order to achieve energy security, the liter-
acy should be on different measures: features of the
energy system, how the system works, how it affects
the society, how it can be improved, and more
importantly how to use it securely. Energy literacy
gives homeowners more control over their own
energy security.33

The first parameter is the availability of infor-
mation. Information should be available (provided or
taught) in order to promote energy security.29 Also,
the quality of the information matters, high quality
information supports energy market to well
function,17 which enhances energy security. Further-
more, it is not enough to have market information
alone; public awareness should be priority in order
to enhance energy security. Moreover, awareness
alone is not the goal, there should be structured edu-
cational programs about energy and energy security
to supplement the understanding of the system and
how to utilize it effectively.212 For example, the
information for end-consumers about which devices
are more efficient and which are not.

The second parameter is related to how the
information is presented and how the knowledge is
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spread. Information should be adorned so people will
have the desire to learn. In that way, governmental
support for the development of the energy system is
needed.47 Adequate funding of research and develop-
ment in the field of energy is the way to achieve
energy security.127 Such governmental support and
financial support is incentive for people to learn
about energy and energy security. For example,
introduction of ecolabeling schemes and regulation
by the government encourages customers to consider
the environmental dimension of energy security in
their decisions.85 Also, disseminating market infor-
mation enhances energy security126 by allowing cus-
tomers to react effectively. The Japanese Top-runner
program is one example of presenting the informa-
tion about energy application and efficient regula-
tions to customers.233–235

The last parameter for literacy is the use of
energy information in order to achieve energy secu-
rity. In general, individuals with higher levels of edu-
cation are more likely to have responsible attitudes in
regards to energy security.228 Awareness, knowledge,
and education result in trained workers for the
energy system to be run securely.236

Most of the threats to the energy system in the
dimension of literacy are the workforce constraint.35

That lack of qualified employees might cause many
disruptions in the system.67 Such scarcity of talents
affects energy infrastructure development negatively
and thus deteriorates energy security.155 Apart from
the workforce constraint, lack of enough market
information that allows for competitive consumer
decisions can result in energy market failure,237 with
all of the negative impacts on energy security. Lord
Nicholas Stern clearly pointed out that ‘The existence
of climate change is the largest and widest ranging
market failure ever seen.’238 This market failure is a
result of poor policy and regulations because of lob-
byism and corruption. However, a major part is the
lack of needed knowledge delivered to end-customers.

Some researchers suggest public resistance to
new power generating units or annual cost of car
accidents36 as indexes for literacy. Others suggest
innovation research investment.142 However, an
equally informative index would be the number of
courses about energy systems at schools.

Employment
The relationship between energy security and
employment is a two-way relationship. Higher unem-
ployment rates can be a result of a less secure energy
system. When energy prices skyrocket over the
energy poverty threshold (energy security

deteriorates), a lot of pressure is put on nominal
wages.25 Thus, a higher unemployment rate may
happen.239 However, different counties might experi-
ence the situation differently, so that steadily but
moderately increasing energy prices may lead to
more innovations in energy efficiency, even increas-
ing the employment and the energy security. When
energy security is deteriorated by disruption, many
jobs can be lost. For example, in November 1976 in
the United States, over a million people were laid out
of work in 20 states.240 The cost of this situation
was 435 mUSD2016 (100 mUSD1976) in unemploy-
ment benefits. Therefore, a more secure energy sys-
tem may lead to higher employment rates.

On the other hand, the employment rate can
affect the energy security. A higher employment rate
means revenue generation opportunities for
individuals,170 stronger purchasing power, and more
financial resources directed to the energy system.

Furthermore, the employment rate and condi-
tions in each stage of the energy system (people who
work in production field or energy transfer) affect
energy security. For example, in 2010, there were 9.1
million jobs globally related to the provision of elec-
trical energy alone.151,241 Having the experts to run
the system efficiently is considered to enhance its
security. Bad conditions for workers reduce energy
security because of more exposure to risks. Finally,
employment in the energy sector is a good example
for an index for this dimension.232,242

Policy
There is a strong relation between policy and energy
security,70 thus, energy security cannot be separated
from political interests.153 Because achieving energy
security is an important goal,51 its concerns affect the
way how the decisions are made.29 Therefore, energy
politics will determine our survival as we know it on
our planet.229

The first parameter is the relationship between
energy security and the political system, its stability
and its internal and external relations. First of all, a
solid political structure is needed to achieve energy
security.73 The political system can be located in
between two extreme ends; total democracy in which
individuals and societies decide for themselves (the
decision is made following the citizens’ will), to a
total dictatorship in which all the decisions are taken
by one person, a group, or a party without bearing
in consideration the citizens’ will.

Theoretically, in democratic systems, majority
makes the decisions; with representatives from the dif-
ferent sectors in the society hence ensuring citizens’ will.
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In such systems, energy security is clearly seen as the
responsibility of the state97 that represents individuals.
However, such a system has a threat of being overdomi-
nated by one view of energy security resulting in under-
estimating the other dimensions. For example, if left-
wing parties are in power, the social dimensions of
energy security will have more importance than the cost
dimension. Even within the democratic approach, there
are the presidential model and the parliamental model
where the decision power is in different hands resulting
in different estimation of different dimensions of energy
security. On the other hand, in a dictatorship regime,
the decision power is with a person or a group, without
any representation of citizens’ will. Therefore, energy
security dimensions that are related directly to the soci-
ety are typically not considered, resulting in a high prob-
ability of losing security grounds for the energy system.

The type of political system affects how the coun-
try manages its foreign relationship.17 The foreign rela-
tions range from mutual dependence and cooperation80

to a total dependence on a certain ally.243 In many
cases, democratic systems seek to benefit their societies
when they make their relations, but on contrast, dicta-
tors tend to make the relations based on their own inter-
ests relying more on similar dictator systems and
comforting other nations.244 In that sense, converging
national interests is needed to attain energy security.92

Such orientation of the political system can result in
political interventions from other countries and organi-
zations, either positively or negatively. Embargoes and
sanctions reduce energy security,83 whereas energy trea-
ties and agreements enhance energy security67 by foster-
ing political strength and stability.

Down the way, after the political system is
defined, the second parameter is regulations that
affect energy security. In general, regulations swing
between free markets in which practicalities are
determined by market mechanisms (e.g., supply–
demand balance) or controlled markets where the
procedures are determined by one authority.114

There are supporters for both sides, for example,
Barton70 argues that, stricter law and more regula-
tions and control enhance energy security, because
free markets usually look for short-term profits67 and
produce harmful emissions that lead to the death of
citizens. However, on the other side, Chester26 and
Laki�c153 consider liberalization of the energy market
to increase energy security, because a regulated mar-
ket with a lot of subsidies for certain energy services
promote irrational use of energy, let alone societal
lack of responsibility to use energy efficiently. Never-
theless, less regulated markets promote irrational use
of natural resources that leads to harmful emissions
and high societal costs.

Supporters of more regulated markets use dif-
ferent arguments, e.g., obligations to hold reserves243

will create incentives to drive changes in consump-
tion patterns.229 Such standards can be translated as
promotion of certain energy services or technolo-
gies85 to enhance the energy security. On contrast,
energy subsidies are considered to be unsustainable
energy security policies155 because they channel
investment,32 specially for fossil fuels. An example of
panic resulted from subsidies and its unsustainability
is what was seen in 2015 in Mexico and United Arab
Emirates in which low oil prices forced subsidy
reforms.245 However, if subsidies are meant to bring
the system back into balance like subsidizing clean
renewable energy (e.g., solar energy), they can be
considered a sustainable option (reforms in Mexico),
in particular, all energy technologies had been heav-
ily subsidized during their introduction phase.
Although they channel the consumers’ choices but
that is needed because big oil companies that control
the oil industry care about profit more than a sus-
tainable society. For example, there is a 4700 bUSD
post-tax subsidies and 333 bUSD (around 5000
bUSD total) of public means annually allocated to
subsidize fossil fuels globally (coal is the biggest
source of post-tax subsidies then petroleum).157 This
amount of subsidy is used directly and indirectly to
channel consumers toward fossil fuel, whereas they
could be used in other investments32 such as new
clean technology, improving health and education or
improving public infrastructure.

The subsidy is the most important part of the
regulated market. As reported by Coady et al.,157 the
subsidy of coal, oil, and gas is not sustainable and
reforms should take place. Furthermore, they calcu-
lated the benefits in terms of reforms that cut subsi-
dies from fossil fuel. The results show that the world
can produce more than 3000 bUSD in benefits for fis-
cal balances, environment, human health, and
economy.

Based on this discussion, our view is that each
piece of regulation has to be analyzed separately in
order to determine how it affects energy security
regardless what market model is to be used. There
should be a combination between the two models, a
combination that has a mere purpose of enhancing
energy security, using such a combination promotes
energy security.114 For example, a free market model
does not mean enhancing energy security if it allows
the use of coal as a cheap option with all the threats
coal holds for environment and health. However, a
more liberal market where the cheapest energy
option is clean, renewable energy will promote
energy security. On the other hand, imposing
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governmental tariff on energy imports will reduce
diversity and hence reduce energy security. However,
a ban on building coal-powered electricity generation
plants will accelerate the transition for alternative
cheaper and cleaner options, which is seen nowadays

The third parameter is the governance of the
system, how the regulations and the decisions are
applied. The implementation of the regulations is
meant to enhance energy security.29 The typical situa-
tion to be expected is that the governance follows the
regulations determinately. However, sometimes the
situation diverges from that situation in two paths: if
the regulations are made without the citizens’ will,
people might pay no heed to the regulations and act
in inconsistency with the regulations. For example,
people might find climate standards and measures too
expensive; especially if they are made by a govern-
ment that does not represent citizens’ will (autocratic
systems). The other option is to repeal against elected
personals who made the regulations126 and choose
others (democratic systems). Another example is the
construction of nuclear power plants in regions where
citizens’ will is against nuclear energy but supporting
renewables. This might lead to less cooperation
between the society and such power plants; for exam-
ple, society might boycott buying electricity from
nuclear power plants causing its bankruptcy or force
the government to phase out nuclear energy, which
happened recently in Germany. The second path is
applying the regulations selectively by responsible
personals to attain their own benefits.77 An example
of such a corruption that deteriorates energy security
is the nuclear waste buried in some African countries.
Regulations prevent nuclear waste to be buried in the
country but because of the corruptions, some people
in high positions manipulated the regulations for a
huge payment to allow this waste.

The importance of policy dimension makes its
threats and risks a key concern for energy inves-
tors.155 Political uncertainty causes a threat to energy
security.146 Corruption and transparency affect the
energy system. Whatever the political system and the
regulations are, corruption and intransparency deteri-
orate energy security.73 Although, Elkind126 argues
that policymakers and state’s officials must be
required to take a Hippocratic Oath, hardly, any sys-
tem is lacking so much transparency as the energy sys-
tem.80 In a dictatorship system, energy revenues
facilitate corruption, establish privileged links of
power, and reduce motivation for good governance
resulting in negative impacts on energy security.229 In
a democratic system, the situation is slightly better
because the public monitor officials, but even though,
many researchers are skeptical about it. Müller-

Kraenner80 claims that ‘like oil and water, oil and
democracy do not mix well.’ They do not coexist.246

The interests of the energy elite are in many cases
against the interests of the population and can lead to
policies for their own benefit153 even in democratic
systems. In such cases, the citizens’ will is not fol-
lowed. That is not only a threat for the energy system,
but also a threat for the whole social and political sys-
tem. In Organisation for Economic Co-operation and
Development (OECD) countries and in particular in
some European countries, there is no clear political
executing, regardless the overwhelming citizens’ will
and strong support to shift into renewable energies as
reported by Knebel et al.247 The reasons are not obvi-
ous but may have to do with lobbyism, vested inter-
ests, and lack of democratic values.

Leading and driving of the interests of societies
is the second major threat for the policy dimension.
The use of energy security to promote certain policies
is seen as a ‘carte blanche’ to achieve political goals
that fit the elite by whatever means, even military.77

Leading public opinion to think about an issue affect-
ing energy security in a certain way in order to legiti-
mize the use of military force to attain goals, that
could otherwise not be attained, is the concept of
securitization.77 This will be also discussed in the
next section. Securitization is a huge threat to energy
systems because it makes policy and actions to
underestimate other factors, all to satisfy the elite.106

Last, some numerical indexes for this dimen-
sion are subsidies and standards regulations,82 trans-
parency indexes, political stability, World Bank’s
Worldwide Governance Indicator,40 and energy effi-
ciency standards.224

Military
Military is usually used to exercise power in order to
achieve certain goals. Energy is crucial in military84

and their relationship has many parameters to be
addressed.

The first parameter is the use of energy
resources for military purposes. Using jet fuel in air-
jet fighters (in average two barrels of crude oil are
needed to make one barrel of military jet fuel240),
electromagnetic lasers in location determination or
nuclear energy in nuclear weapons are among the
needs of modern military forces. Therefore, having a
functional military to protect the energy system and
increase the energy security needs a lot of energy. To
give an overview of how much energy is needed for
military, Smil248 states that about 5% of all United
States and Soviet Union energy consumption between
1950 and 1990 went to weapons’ development.
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However, the use of energy in the military can reduce
the energy security of the system especially if the
casualties of that use are big. For example, the use of
nuclear weapon in a military operation affects the
environment negatively, thus, reducing energy secu-
rity. Furthermore, as many think war is not the best
way to solve humanity’s problems, the cost for using
energy in conflicts is not justified.

The second parameter is the ‘Militarization’
concepts of energy security. Principally, militarization
is more involvement of military forces to affect the
energy security.249 Military operations target the
energy system as an object to have the wanted effect.
Klare250 argues that a huge competition will take
place in 21st century where wars will be fought over
resources not over ideology. The case has been that
nearly all cross-border wars and civil wars in 21st
century that have taken place during the past two
generations are due to energy resources.248 In that
way, energy resources are a significant factor causing
military conflicts.127 Therefore, in this parameter,
military is used as a mean to serve higher ends65 by
protecting, capturing, or destroying energy system
composition (resources, transportation routes, or
infrastructure). Although, Deutch et al.202 argue that
energy infrastructure cannot be defended by military
means, however, many countries have devoted large
resources for securing critical energy infrastructure.77

In our view, infrastructure still needs to be protected
by military forces because it constitutes an attractive
target for terrorist acts,77 as will be discussed later.
For example, in 1990, Iraq attacked Kuwait in order
to control oil fields125 and in WW II the Germans
attacked the oil shipment lines in the Atlantic Ocean.
Another example is the installation of ice breakers to
the Canadian navy in order to support its claims
about natural energy resources in the Arctic.80 In that
sense, the energy system was the goal of the military
operation in order to reduce the security of the oppo-
nent or increase the energy security of the attacker.

The third parameter is the use of energy as a
mean in a military conflict to achieve political objec-
tives.129 One example is what was seen in the WW
II, when the Unites States deliberately restricted
energy exports to Japan to force them withdrawing
their military forces from East Asia.125 This concept
became to be known as ‘Energy Weapon.’ Although
there is a debate how effective the use of energy
weapon is, under certain circumstances, it will
achieve its goals.148 However, nowadays, there is a
greater confidence that successful use of energy as a
political weapon is relatively limited.90 Also, sanc-
tions to stop buying energy from specific energy pro-
ducer can be considered as energy weapon.90

The fourth parameter is the destabilization fac-
tor.129 Energy systems can destabilize societies result-
ing in conflicts and military operations taking place.
Many points can be seen within the destabilization
parameter. The resources curse which was mentioned
in the availability dimension can result in military
involvement, such as civil wars, unrest, military
coups, and governments being forced out, which
were seen specially in 1950s in the Middle East
because of oil resources.125 Another point of the
destabilization factor is the military involvement as a
result of environmental deterioration. A good exam-
ple is Easter Island where deforestation caused mili-
tary involvement and violence.251 Furthermore,
terrorism funding126 using energy revenues for fuel-
ling military conflicts ‘Economies of violence’80 is
another point of the destabilization factor, e.g., Iran
funding Hezbollah.36

When threats and risks on the energy security
are to be discussed the first threat to mention is
‘Securitization.’ Securitization is a theoretical term
that is used for energy security nowadays. Securitiza-
tion is presenting a public issue to be as an existential
threat that requires extreme actions out of the politi-
cal normal procedure.252 Securitization leads to legit-
imize the use of military force in order to attain goals
that could otherwise not be attained.77 An example
is the issue of oil supply, as the United States saw the
continuity of oil supply as a national priority thus
deploying its military in the Gulf.

The second threat is terrorism and piracy that
impose a huge threat on the energy system.253 For
example, Al-Qaeda threatened to attack global
energy critical infrastructure.17 Terrorist attacks usu-
ally have temporary effects and their damage is
rapid, but their effect on the economy is vast.145

The third threat to the energy security within
the military dimension is the impact of postmilitary
operations. The remaining of wars is a threat to flora
and fauna (deteriorating energy security).80 Such mili-
tary operations destroy energy infrastructure, deterio-
rate health, and damage environment.32 For example,
Soviet and German gas grenades were left after the
WW II in the field reducing security of that region.

The last threat within military dimension is its
relations to other dimensions. Use of military is always
tremendous, expensive, and cause a lot of visible and
invisible casualties on the economy, the environment,
and the society.67 Therefore, the exact effect on energy
security cannot be always positive. There should be a
balance with other dimensions. For example, in the
United States, total funding for Iraq reached about
600 bUSD after 6 years of the Iraq war; in comparison
to Department of defense homeland security efforts of
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50 bUSD.164 In addition, the estimated cost of Ameri-
can force projection in the Persian Gulf for 1976–2007
is found by Stern165 to be 6800 bUSD2008. Such imbal-
ance between the dimension is debatable whether it
pays off the expenses or not.

Energy consumption for military purposes248

or military expenditures165 can be numerical indexes
for this dimension.

Cyber Security
As nowadays all energy infrastructures depend on
the digital support184 with future prediction of more
digital devices,254 the digital dimension is important
for energy security. Although, the paradigm is of
another nature than the physical one, cyber security
affects the physical energy system severely. The
importance of this dimension, though rarely dis-
cussed in literature, is uncountable. Computers and
digital programs control the whole energy system
(production, connections, and consumption).254

Destruction in the cyber dimension can cause tremen-
dous economic loss.202 Even anticipation for disrup-
tion such as the common Y2K computer bug of
January 1, 2000, can do the same.17 Therefore, any
failure in the cyber dimension will cause a certain
impact on the system.

The first parameter of cyber dimension is con-
nectivity. Because energy systems are controlled by
automated digital programs93 and are connected to
the internet.254 In addition to self-failure, cyberat-
tacks on energy systems are growing255 and thus
cyber security is becoming a pacing issue.93 Such
cyberattacks are easier and safer than causing the
same harm by physical attacks.256 Digital programs
of the energy infrastructure are an attractive target
for terrorists because they are ‘soft,’ easily destroyed,
or incapacitated by a cyberattack.202

The second parameter is the software being
used. Supervisory control and data acquisition
(SCADA) and industrial control systems (ICS) have
real-time control and monitoring of energy facilities
and equipment but they are vulnerable to
threats.155,202 In many cases, failures of the digital
system are self-failures as what happened for Soviet
natural gas pipeline in Siberia.87 The huge blast and
detonation of the pipeline was thought a nuclear
explosion. However, after the investigation, it turned
out, there was a malfunction in the computer control
system. On contrast, in many cases, the system fail-
ure is caused by virus attacks. For example, in
January 2003, the Davis-Besse nuclear power plant
in Ohio was offline for 5 hours because of a virus
attack on its SCADA system.32 Another example is

what was reported by Shalal257 that some power
plants in South Korea and in Germany have been tar-
gets for disruptive cyberattack.

For this, the last parameter is the information
technology (IT) skills, how to keep a system func-
tioning against the cyber threats and attacks? The
more secure the digital system is, the more secure
the whole energy system is. But how to achieve
that? Escribano Francés et al.256 refer to a main
point: the IT skills. Thus, if the skills are exploited
in designing the system, energy systems will enable
real-time monitoring, decision optimization, and
remote control.258 On the other hand, if the skills
are available for the attackers, the energy systems
will be vulnerable, for their control computers being
disabled, for their instruments being rested or for
the calibrations being biased as pointed out very
early by Lovins and Lovins.240 Examples of skilled
attackers targeting the energy system are many:
Lithuania faced a cyber assault by pro-Russian
hackers in 2008 because of its unilateral veto on an
EU energy partnership deal with Russia,259 the
2014 cyberattack on the nuclear power plants in
South Korea,260 the Shamoon cyberattack in 2012
on Saudi Aramco, the largest oil producer in the
world,255 and attacking Iranian nuclear facilities
with ‘Stuxnet.’261

When it comes to threats and risks of this
dimension, there is a lot of improvement needed in
the system. Many parts of the transmission and dis-
tribution grid system were ‘developed’ without con-
cern for cyber security.262 For example, smart
meters were developed to cope with the develop-
ment of smart energy systems e.g., smart grid; how-
ever, many consumers and service providers have
shown concerns about their information security. In
the smart grid systems, the most vulnerable part is
the transmission part,263 in which meters are easily
vulnerable to hackers’ attacks.264 Also, there seems
to be a low level of awareness of the resulting
impact of the cyber threats.155 And the system vul-
nerabilities of SCADA systems are highly underesti-
mated, rarely disclosed, and the incidents affecting
them are hardly reported.32 Finally, an example for
indexes that can be used to evaluate the cyber secu-
rity of a system is the rate of cyberattacks on a cer-
tain system or the economic losses resulting from a
specific attack.

CONCLUSION

After this exploratory dive into energy security, this
paper tracked the definition of energy security along
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TABLE 1 | Summary of Energy Security Dimensions and Parameters

Dimensions Parameters

Availability Existence of resources

Existence of consumers

Existence of means of transport (access)

Diversity Diversity of sources

Diversity of fuel (energy carriers)

Diversity of means (technologies, transportation)

Diversity of consumers

Cost Energy price (consumers, producers, pricing system/subsidies, energy poverty, peak oil, and stability/volatility)

Cost of disruption

Cost of securing the system

Technology and
efficiency

New technology advancement

Energy system efficiency

Energy intensity

Energy conservation

Location Energy systems boundaries

Location of energy source

Density factor (centralized/decentralized)

Land use

Globalization

Population settlement and distribution

Geography

Industrial intensity

Timeframe Timeline

Length of the event

Length of the effect (struggle or impact)

Resilience Adaptive capacity

Environment Exploration rate and resources’ location

Extraction and transportation methods

Outcomes from energy use

Impact resulting from environmental change

Relationship to water

Health Impact of people’s health on the energy system

Impact of the energy system on health of (energy sector workers, consumers, and international society)

Culture Cultural effect on the energy system [production, connection, consumption, cultural acceptance (NIMBY, Not
In My Back Yard)]

Energy conditions shaping cultural aspects

Literacy Information availability (quality, market information, public awareness, and structured educational program)

Information presentation and provision

Usage of energy information

Employment Effect of energy security on unemployment rate

Effect of employment rate on energy security

Policy Political system, democracy/dictatorship (nature, stability, citizen’s will, and internal and external relationship)

Regulations (liberalized and controlled market, rules, and subsidies)

(continued overleaf )
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the history through scientific literature review as
summarized in Table S1 of the Appendix S1. In
total, there were 66 different definitions, found in
104 literature sources (peer-reviewed papers, scien-
tific journals, and books). In tracking the definition
of energy security, it was obvious that the repetition
of some definitions in many places, implying a wider
acceptance for some definitions than the others.
However, the conclusion out of the literature was
that there is no consensus about how to define
energy security or what to be included in the discus-
sion. Therefore, the efforts were not constrained on
the literature review of the definitions but rather
continued to formulate a definition that is generic
enough to be applied in the present with the lessons
from the past that leads to be accepted by other
researchers for the future. The adopted definition
for energy security is ‘the feature (measure, situa-
tion, or a status) in which a related system functions
optimally and sustainably in all its dimensions,
freely from any threats.’

Based on this definition, in order to have a sus-
tainable energy system that functions optimally, its
dimensions and threats should be identified. It is the
second part of this paper. Energy security dimensions
were identified and designed to cover all the different
aspects in energy security. In total, this article con-
cludes the need to include 15 different dimensions
(Availability, Diversity, Cost, Technology and Effi-
ciency, Location, Timeframe, Resilience, Environ-
ment, Health, Culture, Literacy, Employment, Policy,
Military, and Cyber Security) if energy security is to
be addressed perfectly. These dimensions were
tracked in the same literature that energy security
definitions were studied and summarized in Table S1
of the Appendix S1. Figure 2 represents the occur-
rence, frequency of each dimension in these literature
sources as summarized in Table S2 of the Appendix

S1. It is obvious that, availability, cost, and policy
were the main three dimensions that were present in
most of the literature. On the other hand, cyber secu-
rity was the least to be discussed when it comes to
energy security, though it is one of the most impor-
tant dimensions nowadays. This leads us to the con-
clusion that cyber security did not have its sufficient
discussion within the energy security discussion. It
can be concluded that although the energy system is
nothing without people, social-oriented dimensions
(health, culture, literacy, and employment) experi-
enced less coverage by the discussion about energy
security. Another important point to stress on is the
absence of any literature that identified all the
15 dimensions, proving the novelty of this identifica-
tion this paper has. The conclusion is that each one
of them discussed energy security partially without
addressing all the dimensions, as they needed to be
addressed.

As discussed throughout the course of this
paper, each dimension has different parameters that
attribute to that specific dimension. The summary of
each dimension and its parameters is presented in
Table 1. Furthermore, the discussion of each dimen-
sion went on to determine the threats on energy secu-
rity that are related to each dimension. Last, some
numerical indexes were represented for each
dimension.

This overview of energy security with all of the
discussed topics provides recommendations for pol-
icymakers, governments, and researchers. In order to
come up with inclusive and comprehensive agenda
for energy security, all the 15 dimensions and their
parameters should be taken into account. The exclu-
sion of any of these dimensions will result in an
imbalanced outcome and decisions in regards to
energy security because all the dimensions are inter-
dependent and can affect each other.

TABLE 1 | Continued

Dimensions Parameters

Governance (flowing the rules (transparency), following the rules selectively, not following the rules,
corruption)

Military Energy use for military purposes

Militarization

Energy as a mean in a military conflict (energy weapon)

Destabilization factor (resources curse, environmental deterioration, and economies of violence)

Cyber security Connectivity (Cyberattacks)

Software use (Supervisory control and data acquisition, SCADA, program failures)

IT skills
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

As the transition to a 100% renewable energy (RE) system is meant to enhance sustainability, energy security should be taken into 
consideration. Energy security is an important situation in which the system can function optimally and sustainably, free from risks 
and threat. Part of the energy security consideration is the discussion about different energy system elements. And one of the most 
important elements of the RE system is storage. The aim of this work is to analyse energy storage technologies from an energy 
security perspective. Different storage technologies are studied. The portfolio of the technologies include: Pump Hydro Storage 
(PHS), Thermal Energy Storage (TES), batteries, Adiabatic Compressed Air Energy Storage (A-CAES), and bulk storage for gas 
and liquid (biogas, H2, CH4, CO2, O2, liquefied gases, biodiesel, synthetic fuels, etc.) relevant for the energy transition. The results 
show clearly that not all storage technologies obtain the same level of energy security; TES is considered to have the highest level 
of security, and then the other storage technologies come in order from the highest to the lowest: batteries, gas/liquid storage, PHS, 
and the least secure energy storage technology is A-CAES. The conclusion is that all storage technologies show a positive 
relationship with energy security and all increase energy security, albeit at different levels. Therefore, it is recommended that 
manufacturers, energy system planners and policy makers adopt and improve storage technologies based on the need and the 
security of the system. 
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show clearly that not all storage technologies obtain the same level of energy security; TES is considered to have the highest level 
of security, and then the other storage technologies come in order from the highest to the lowest: batteries, gas/liquid storage, PHS, 
and the least secure energy storage technology is A-CAES. The conclusion is that all storage technologies show a positive 
relationship with energy security and all increase energy security, albeit at different levels. Therefore, it is recommended that 
manufacturers, energy system planners and policy makers adopt and improve storage technologies based on the need and the 
security of the system. 
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1. Introduction 

Energy is regarded as a key factor for economic growth [1, 2], the main driver for society [3] and civilization [4], 
and an important enabler of social development [5]. Energy is needed for several purposes such as industry, 
transportation, residential means and services [6]. For that, humans have been trying to utilize different sorts of energy 
from fossil to renewable fuels to fulfil basic human needs [7].  

 
Nomenclature 

A-CAES  Adiabatic Compressed Air Energy Storage  
CAES  Compressed Air Energy Storage 
CSP  Concentrated Solar Thermal Power 
DMC   Dimethyl carbonate 
DoD  Depth-of-Discharge 
kWh  kilo-Watt-hour 
LAES   Liquid Air Energy Storage 
MW  Mega-Watt 
PCMs  Phase Change Materials 
PHS   Pump Hydro Storage  
PNNL   Pacific Northwest National Laboratory 
RE  Renewable Energy  
TES   Thermal Energy Storage  
Wh  Watt-hour 

 
The first section of this paper provides the concept of energy security and its dimensions, as was conceptualized by 

Azzuni and Breyer [8]. Then, in the second section, different energy storage technologies are considered from as many 
energy security dimensions as possible. The technologies that are discussed are batteries, Pumped Hydro Storage 
(PHS), Thermal Energy Storage (TES), batteries, Adiabatic Compressed Air Energy Storage (A-CAES), and standard 
bulk storage for liquid and gas (biogas, H2, CH4, CO2, liquefied gases, biodiesel, synthetic fuels, etc.). 

2. Energy Security Dimensions  

Energy security is a feature (measure, situation or status) in which a related system functions optimally and 
sustainably in all its dimensions, freely from any threats [8]. A comprehensive description of energy security includes 
15 dimensions and many parameters for each dimension. A summary of the 15 dimensions and their parameters is 
presented in Table 1 with a schematic representation in Fig. 1.   

Table 1. Summary of energy security dimensions and parameters. 

Dimensions Parameters 

Availability Existence of resources 

Existence of consumers 

Existence of means of transport (access) 

Diversity Diversity of sources 

Diversity of fuel (energy carriers) 

Diversity of means (technologies, transportation) 

Diversity of consumers 
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Cost Energy price (consumers, producers, pricing system/subsidies, 
energy poverty, peak oil and stability/volatility) 

Cost of disruption 

Cost of securing the system 

Technology & Efficiency New technology advancement 

Energy system efficiency 

Energy intensity 

Energy conservation 

Location Energy systems boundaries 

Location of energy source 

Density factor (centralized/decentralized) 

Land use 

Globalization 

Population settlement and distribution 

Geography 

Industrial intensity 

Timeframe Timeline 

Length of the event 

Length of the effect (struggle or impact) 

Resilience Adaptive capacity 

Environment Exploration rate and resources' location 

Extraction and transportation methods 

Outcomes from energy use 

Impact resulting from environmental change 

Relationship to water 

Health Impact of people's health on the energy system 

Impact of the energy system on health of (energy sector workers, 
consumers, and international society) 

Culture Cultural effect on the energy system (production, connection, 
consumption, cultural acceptance (NIMBY)) 

Energy conditions shaping cultural aspects 

Literacy Information availability (quality, market information, public 
awareness and structured educational program) 

Information presentation and provision 

Usage of energy information 

Employment Effect of energy security on unemployment rate 

Effect of employment rate on energy security 

Policy Political system, democracy/dictatorship (nature, stability, citizen’s 
will and internal and external relationship) 

Regulations (liberalised and controlled market, rules, subsidies) 

Governance (flowing the rules (transparency), following the rules 
selectively, not following the rules, corruption) 

Military Energy use for military purposes 

Militarization 

Energy as a mean in a military conflict (energy weapon) 
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Destabilization factor (resources curse, environmental deterioration, 
economies of violence) 

Cyber security Connectivity (Cyber-attacks) 

Software use (SCADA, programme failures) 

IT skills 

 

 

Fig. 1. Energy security dimensions 

3. Storage Technologies  

Energy storage is used usually to time-shift energy delivery [9]. There are many different energy storage systems 
and technologies. Although their utilization and commercial availability are different, each has a uniqueness. A 
summary of current situation of energy storage technologies is in Fig. 2 and Fig. 3. 

Energy security 

Availability
Diversity

Cost

Tech & Effic

Location

Timeframe

Resilience

EnvironmentHealth
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Employment

Policy

Military

Cyber 
security
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Fig. 2. Total installed capacity of storage technology. Adopted from mid-2017 data presented in [10] 

 

 

Fig. 3. Total global capacity of electrochemical storage. Adopted from mid-2017 data presented in [10] 
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4. Pumped Hydro Storage (PHS)  

4.1. State of the art  

PHS has a long history, large energy capacity and high technical maturity [11]. In 2012, PHS had a 99% share of 
worldwide storage capacity [12, 13]. Fig. 4 shows a typical PHS plant, which uses two water reservoirs. When there 
is electricity excess, water is pumped into the higher reservoir. Conversely, when electricity is needed, water can be 
released back into the lower reservoir. While moving down, water powers turbine units to generate electricity. The 
amount of energy stored depends on the height difference between the two reservoirs and the total volume of water 
[11]. Various PHS plants exist with power ratings from 1 MW to 3003 MW, with approximately 70–85% cycle 
efficiency and substantially more than 40 years lifetime [12, 14]. Even more than 70 years for some countries is 
reported by [15]. The applications of PHS systems involve energy management, frequency control, and supply reserve. 
However, with the restriction of site selection, PHS plants suffer from long construction time and high capital 
investment [11]. 
 

 

Fig. 4. Schematic description of a PHS plant [11] 

4.2. Energy security analysis 

PHS ranks high in availability. The technology is mature and available, and natural geographic formations are 
available for different reservoirs. On the other hand, concerns can be raised regarding the closeness of consumers to 
PHS plants. Most of the time, long distance transition lines are needed. First, they bring the excess electricity to the 
PHS location. Then, they are needed when plants are in discharge mode.  

The second aspect of PHS security is the diversity dimension. Although in theory different fluids can be used to 
generate potential energy from excess electricity, water is the most dominant. That leaves PHS with low achievement 
for the diversity of carriers. However, since the concept depends on elevation, diverse naturally occurring geographical 
formations can be utilized. This gives more freedom of choice of where to build PHS plants.  

The next dimension is the cost dimension. As PHS is a widespread and used technology, one can conclude that 
investment in such projects pays off. However, one of the major problems PHS plants face is substantial capital 
expenditures [16]. The cost threat for such large storage systems is the cost of disruption and cost of securing the 
installation. If a natural disaster occurs, it only takes a crack in the reservoir for all the water to be displaced. Such a 
situation could result in high repair cost. The high cost of disruption is inherently a result of the nature of PHS as a 
high energy density storage system. Moreover, the upper reservoir stores energy based on the elevation of the water 
in high quantities relative to the volume. For the technology and efficiency dimension, PHS systems are at a high 
level for energy security: the technology is mature and advancement is ongoing [11]. Further, as PHS is typically a 
large-scale installation, the efficiency is at a high level for energy security. 
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Theoretically, the location of PHS plants can be anywhere in the world, but other factors play a role in the location 
dimension. The first factor is the used fluid (water).The location of a PHS has to be close to a natural source of water 
or close to a renewable stream of water, either natural or artificial. Furthermore, climate and temperature should be 
taken into account, as water can evaporate or freeze if the operating temperature is not suitable. Also, if the reservoirs 
are large enough for marine life (fish) to exist, that results in higher achievement in the location dimension of energy 
security. Due to the fact that there is more than one purpose of the land, the land use is doubled.  

Then, comes the dimension of the timeframe. With 40-70 years of lifetime for PHS, this storage technology can 
have a long timeline when energy can be stored. However, this long life span comes with the risk that the PHS structure 
is more vulnerable to climate change and conditions change. This might result in a longer situation with severe 
negative results, for example, longer periods of drought. 

The resilience of PHS seems to be on the low side as a system but on the high side as a storage technology. If a 
problem happens within the system, e.g., a leakage in the reservoir, the system needs much effort to adapt to and retain 
the original situation. However, the adaptive capacity of such big reservoirs in PHS systems allows them to be a very 
good option for energy storage as they can accommodate excess electricity and they can be altered very quickly from 
charging to discharging of accumulated energy.  

PHS proves to be a clean environmental option that can be used in the future for a global 100% renewable energy 
system [17]. Furthermore, as PHS systems rely on water, the negative impact on the health dimension is very low, so 
that it comes with low probability of health disturbance. For example, a failure could cause highly pressurized water 
to injure workers, or a water body could become a place for humans to dump their waste, thus harmful bacteria could 
breed. On the other side, PHS can have positive impact on health, as a source of recreational activities. These 
recreational activities can also be linked to the next dimension, culture. If water reservoirs are open to the environment 
and nearby human settlements, they may attract people to change some of their habits and shape their cultural values.  

Moving forward, the literacy dimension has less to do with PHS on the technical level but has more to do on the 
social level. If people are educated enough about how their excess electricity is stored, a PHS system will gain more 
acceptance and the installations will be seen as an important part of people’s energy system. Further, the technical 
staff needed to run or control PHS facilities can help reduce unemployment on the long-term.  

The policy dimension has a lot to do with PHS. The first is the citizens’ will. If the citizens in one locality prefer 
using PHS after being informed of their advantages and disadvantages, a policy has to be made to facilitate the 
installation of PHS, and vice versa. Further, regulations for how to deal with electricity excess and energy retained 
from PHS has to be clear. The priority should be given to the people benefiting from these PHS storage systems. Also, 
for governance, a weekly or monthly report of all associated costs, energy flows in and out, and negative and positive 
achievements should be transparent and made public.  

For the last two dimensions, military and cyber security, PHS has some relationships that need to be addressed. 
If big reservoirs are used for PHS, they can be targets for military attacks. Such attacks can result in flooding of large 
areas and destroying human settlements. Therefore, the design of PHS systems has to be taken into consideration so 
that if a military operation is taking place, there is a minimum negative impact on society. Further, a cyber-attack on 
control centres for PHS systems can result of draining all the energy capacity at the wrong time.  

5. Thermal Energy Storage (TES) 

5.1. State of the art  

TES stores thermal energy using different approaches in insulated reservoirs [11]. A typical TES system consists 
of a storage medium in a reservoir/tank, a packaged chiller or built-up refrigeration system (not all types of TES have 
this part), piping, pumps and controls. Based on the operating temperature, TES can be classified into two groups: 
low-temperature TES (e.g., aquiferous low-temperature TES and cryogenic energy storage) and high-temperature TES 
(e.g., latent heat TES, sensible heat TES and concrete thermal storage) [18-20]. 

Cooled or iced water is usually used in aquiferous low-temperature TES, that is more suitable for peak shaving and 
industrial cooling loads [4]. A cryogen (e.g., liquid nitrogen or liquid air) is used in cryogenic energy storage to get 
the electrical/thermal energy conversion. For instance, Liquid Air Energy Storage (LAES) [21] is attracting attention 
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due to the high expansion ratio from liquid to gas. Latent heat TES depends on Phase Change Materials (PCMs) as 
the storage media and uses the energy absorption or emission in liquid-solid transition of these PCMs at constant 
temperature [22]. Concrete thermal storage uses concrete to store heat energy carried in synthetic oil.  

The above TES technologies have different features with various applications. More attention is paid to TES [23] 
because of the high storage density which can be used in buildings. In addition, cryogenic energy storage is expected 
to be used for future grid power management [11].  

TES systems can store large amount of energy with a daily self-discharge of (0.05–1%), energy density of (80–500 
Wh/l), specific energy of (80–250 Wh/kg) and capital expenditures of approximately (3–60 €/kWh) [18]. However, 
the cycle efficiency of TES systems used for electricity systems is low, at (30–60%) [18]. In Fig. 5, a TES system is 
presented. Electrical energy from wind is used to heat a bulk storage material. Heat is then recovered to produce steam 
vapour. The vapour steam drives a turbine to generate electricity [11]. Further, the system presented in Fig. 5 was 
enhanced by replacing the resistors with heat pumps, forming what is called a “Carnot Battery” [24], in order to 
achieve several advantages, e.g., low cost without degradation. In addition, another efficiency improvement is seen in 
the use of TES in Concentrated Solar Thermal Power (CSP) plants. Instead of the need to convert renewable energy 
from electricity to heat, solar heat energy is used to heat up the medium material in the TES systems [25, 26].  

 

 

Fig. 5. TES system for excess wind generation [13] 

In addition to the use of TES systems as electrical energy storage, where electricity is converted to heat and vice 
versa, TES systems can be used as heat storage. In this case, the efficiency should never be lower than 90%. Moreover, 
the intermediate steps of conversion are not needed. Fig. 6 shows an example of the use of TES for space heating. 
Heat from a heat source is used to heat up a liquid, e.g., water. Then, the hot water is used to heat up the medium 
material in the heat storage. Underground heat storage is used in a salt-water aquifer. The use of a salt-water aquifer 
plays a significant role as insulation of the heat storage. After that, when heat is needed, water carries out the heat 
from the heat storage into the users’ buildings.    
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Fig. 6. An illustration of TES system used for space heating [27] 

5.2. Energy security analysis 

As TES has different technologies and approaches, the energy security analysis will be focused on TES for 
electrical systems. However, if need arises to comment on TES for heating systems separated from the main 
discussion, a suitable distinction will be made.  

The availability looks to be on a high level. TES can use air, water, nitrogen, synthetic oil and other compounds. 
The availability of these substances is among the highest. Further, TES does not need a specific geographic location 
or a certain temperature of operation. That means the availability to consumers is rather guaranteed. TES can be 
deployed in both small-scale distributed systems and large-scale centralised systems. Both can be far from consumers 
or near them with available means of transport. Further, the needed equipment is available on a commercial scale. 
Therefore, TES availability is on a high level. The same is for TES systems for heating purposes. 

TES has a very high diversity level, with many different materials that can be used, whether for the low temperature 
or the high temperature options. Low temperature storage at -18 to +12 ⁰C is run usually with chilled water, but it can 
be run also with liquid air or liquid nitrogen. This enables more diverse options on the material side. Further, for the 
high temperature of 25 – 175 ⁰C, the options are greater and TES can be run with many different Phase Changing 
Materials [22]. Also, synthetic oil can be used in TES, with its diverse options. Furthermore, for the diversity of means, 
TES proves it is capability to provide different technologies. No dependence on one technology or transportation 
method is noticed. In addition, many different types of heat exchangers can be used. All these considerations put TES 
at a high level for the diversity dimension. 

For the cost dimension, TES systems are economically viable with relatively low capital expenditures of 
approximately (3–60 €/kWh) [16]. The material costs for some of the options like water and air put TES at a high 
level of energy security. However, the running cost for TES used for electrical systems is a bit high, due to its low 
cycle efficiency of 30-60% [11, 18]. In contrast, the efficiency of TES systems used for direct thermal heating is high 
and results in a low running cost. Further, the cost of disruption varies based on which technology is used for TES. If 
the material used for energy storage is compressed under high pressure, the cost of interruption is high and energy 
security is reduced. Such disruption with pressurized material can cause a lot of harm, especially if the TES system is 
distributed between buildings. However, the cost of securing these TES systems is low in comparison to other energy 
storage technologies. TES can be used with low temperature and/or with distributed vessels for different buildings. 
This means the cost of securing such a system is minimized. On the other hand, if the system is centralized with high 
energy density, the cost for securing the location and the whole TES installation is high. This results in TES having 
lower energy security than all other centralized storage technologies.  

The technology and efficiency dimension has multiple considerations. For technology advancement, TES shows 
potential to improve the technology. The used technology for heat exchangers is mature. However, the development 
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and use of new and different materials are being researched and developed [18, 23]. Conversely, the energy efficiency 
of TES systems for electrical systems is not very high, unlike TES systems for heat systems, where the heat cycle 
efficiency can reach up to 90% [18]. Typically, TES has a small daily self-discharge loss of (0.05–1%) [16]. But the 
main issue with the technology is noticed when heat is not the needed form of energy. That heat is used to produce 
steam that generates electricity. The turbine (steam converted to mechanical energy) is typically the step that reduces 
the overall efficiency. 

TES scores high when it comes to the location dimension. TES does not need a specific geographic location. 
Therefore, land can be used in several ways. In addition, TES can be installed close to human settlements, which 
means a higher score for energy security. The issue with TES arises when the density factor is considered. For higher 
efficiency, TES has been developed as a central energy storage with high energy density. This high density comes 
always with a failure risk and a malfunctioning threat. For that reason, it is preferable to have distributed TES systems 
to reduce the risk. 

TES systems usually have long lifetimes, giving them a high score in the timeframe dimension. Further, for the 
distributed model of TES systems, the impact of any event is small since the TES size itself is small. A negative aspect 
of a TES system is its self-discharge. If the event that a generation failure lasts for a longer time, stored heat can be 
lost. Thus, the length of the impact has a severe result on the system.  

Based on used technology and the intermediate medium, TES can have a high adaptive capacity or a low one, 
which is of high relevance for the resilience dimension. If a sudden change happens for a high-density centralized 
system, then the TES can adapt to the situation faster than for decentralized separated units. The advantage of TES 
resilience is based on the heat capacity of the used materials. Usually, materials that can store larger amounts of heat 
for longer times are used. This gives TES systems high resistance against the change. On the other hand, many TES 
systems for electrical systems are used typically for load shifting owing to their capacities. Thus, TES can adapt to 
varying load demands and adapt easily. 

The environment dimension has a high score when it comes to TES. TES systems can store large quantities of 
energy without any major hazards [16]. The materials that are mostly used are not toxic, e.g., water, nitrogen or air. 
These substances exist in the environment naturally. Furthermore, the use of TES is based on a closed cycle so that 
the heat within the system is not released to the environment, but kept inside insulated walls. This means the system 
from the heat point of view has a negligible impact on the environment. However, in extreme weather environments, 
insulation has to be more efficient. On the other side of the system, if pumps, compressors or any of the machines use 
fossil fuels, the negative impacts from fossil fuels on the environment are counted against TES systems.  

The health dimension is similarly approached to the environment. The materials that are used in the TES system 
typically have no hazardous characteristics. This means a high score in the health dimension. The only consideration 
for TES in the health dimension is the impact of high temperature and high pressure on the health of people, especially 
the workforce on the site or people living around the facility. If a failure takes place, personal health is at risk. Further, 
for distributed TES systems near human settlements, in addition to the health risk, there is a cultural impact.  

This drives the discussion towards the next dimension, culture. People having control of and the ability to monitor 
their energy storage gives them a sense of security. Consequently, they would behave accordingly. For example, they 
would not mind the extra generation or consumption at certain times, as they know exactly how much energy is stored. 
Their energy consumption activities would change as well. Also, they may be keen to learn more about TES 
technology as it is installed locally.  

The literacy dimension implies that information about the system should be available and used in the best way if 
consumers are to be in charge. On the other hand, if the TES system is centralized, consumers and producers should 
have enough information about the functionality of TES systems and how to use storage in an optimal way. Further, 
as with any other large-scale utility, TES systems will have a positive impact on the employment situation, hence will 
be at a high level for energy security.  

As with all of the energy storage technologies, TES needs to be covered in the national policy of who owns the 
storage facilities and who owns the energy stored in the facilities. Further, if the facility is government based, the 
performance data and decision-making should be given to those who benefit from the storage facility. However, the 
governance of distributed TES systems should be given to the corresponding owners after they are given suitable 
certificates to cope with any danger TES might cause.  
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The big TES reservoirs can be targets for military actions or cyber security attacks due to their strategic impact 
on the energy system. That is the case of centralized systems with high energy density. However, if the TES systems 
are distributed among buildings, any military action can result in catastrophic results if the used TES technology has 
a high temperature. Therefore, these technologies (distributed TES with high temperature) get a low score for their 
energy security military dimension. In contrast, distributed TES can be run always manually with no need to be 
connected to the Internet. This gives them an advantage from a cyber security point of view over the centralized 
system. To this point, this summarizes the energy security analysis for TES systems. 

6. Batteries  

6.1. State of the art  

The operational principle of batteries is shown in Fig. 7. Batteries consist of a number of electrochemical cells 
connected in series or parallel. They produce electricity from an electrochemical reaction. A cell has two electrodes 
(anode and cathode) with an electrolyte. The electrolyte can be solid, liquid or viscous [28, 29]. A cell converts the 
energy between electrical and chemical energy. When discharging, the electrochemical reactions takes place at the 
anodes and the cathodes simultaneously. To the external circuit, electrons are provided from the anodes and are 
collected at the cathodes. When charging, the reverse reactions happen and the battery is recharged by applying an 
external voltage to the two electrodes[11].  

Batteries are used in different applications, such as energy management, power quality and transportation systems. 
Battery systems can usually be constructed roughly within 3 to 12 months [18], or even within 60 days as demonstrated 
by Tesla [30]. The location is flexible, housed inside a building, close to the facilities where needed, or even in mobile 
devices such as in electric cars and mobile phones. Currently, some barriers confront batteries. For example, there 
may be low cycling times, limited availability of some raw materials, or disposal or recycling issues due to toxic 
chemical materials and closed loops of rare materials [31, 32]. Furthermore, many types of batteries cannot be 
completely discharged due to their lifetime, depending on the cycle Depth-of-Discharge (DoD). The most common 
battery types are Lithium-ion (Li-ion) batteries, Lead–acid batteries, Sodium–sulphur (NaS) batteries, Nickel–
cadmium (NiCd) batteries, Nickel–metal Hydride (NiMH) battery, Sodium nickel chloride battery (also known as 
ZEBRA battery) [11]. 

 

Fig. 7. Battery scheme [11] 

6.2. Energy security analysis 

To start the energy security analysis, the dimensions are discussed one by one. Starting with the availability 
dimension, batteries score differently based on their type. Because there are many different types of materials that can 
be used to build batteries on large or small scales, some of these materials, e.g., Sodium, are abundant in the 
environment and can be obtained easily. However, the most common type of batteries is Li-ion [10], which is scarce 
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in the environment. The availability of Lithium may be low in the second half of this century, and in the next decades 
there might be a problem with enough extraction [33]. A similar situation can be seen for Cobalt, which is also needed 
for Li-ion batteries in mobile applications, in particular battery electric vehicles, due to the higher achievable energy 
density. 

Furthermore, more consumers are turning to electricity self-supply [34], which means more consumers, called 
prosumers, may need batteries systems. The transition to renewable energy based systems requires more storage 
systems to cope with the different generation patterns inherited in the renewable energy systems [17, 35]. This results 
in a high score in the availability dimension from the consumers’ perspective. In addition, the technology for 
manufacturing batteries is globally available. For all of this, apart from the lithium availability, the availability 
dimension for batteries is at a neutral level. 

Considering the diversity of resources, batteries do not get a high score for some materials but do for some others. 
For example, if the batteries are based on sodium, the diversity level is high. Sodium is available around the globe in 
different places and access to this resource is possible, providing different alternatives for manufacturing these 
batteries. Then comes the diversity of energy carriers. From an overview on batteries, the diversity of materials is on 
the high end. Many different alternatives are developed that can be used to build different battery types. Next, the 
diversity of consumers is also at a high level. Residential, commercial and industrial sectors all can use batteries as 
energy storage. Having the transformation into renewable electricity based energy systems with many electrical 
vehicles means a boost for the diversity levels.  

The material costs differ from one battery technology to another, but the cost trend clearly indicates a fast cost 
reduction due to high learning and growth rates [36, 37]. Thus, the cost dimension is at a high level. Further, the cost 
of disruption is also at a high level of energy security. Batteries are usually small modular units that are used in a 
decentralized system, or small units that are put together to form storage plants in distributed and centralized systems. 
For this, if distortion is to take place, replacing the damaged parts is not difficult. This reduces the cost of possible 
disruptions. Therefore, the cost dimension is at a high level of security. However, if the battery system uses toxic 
materials, the cost of disruption can rise to account for health or environmental impacts. Furthermore, as most batteries 
do not depend on systems with highly pressurized substances, the cost of securing batteries is low, thus the score for 
energy security becomes higher.  

Batteries have shown their capability for more technological and efficiency advancement. Many different 
approaches and materials are used, and the latest developments with higher efficiencies are in place. This gives 
batteries a high level of energy security. On the other hand, the efficiency of the batteries is different based on the 
used material and technology. Therefore, the score for this parameter differs based on what technology is used. 
However, an advantage of the total efficiency is the use of electricity as the input and output of the storage. No 
mechanical conversion is needed. This increases the efficiency in general and puts batteries at a high level. 

Moving on to the location dimension, batteries can achieve a high level of energy security. Batteries can be installed 
locally on small, distributed scales or in large-scale centralized systems. In addition, electric vehicles that are getting 
more attention nowadays, including advanced battery systems that are distributed in a decentralized way. This gives 
batteries a high level of security. Unlike centralized battery systems where batteries are put together to form a large-
scale storage capacity for high demand, decentralized systems minimize the land used for storage. Therefore, the level 
of energy security depends on whether batteries are distributed or concentrated in one geographic location.  

The lifetime, key for the timeframe dimension, of most of the batteries is long enough to have the applicable 
timeline be long, thus at a high level of security. Further, the length of events that happen to a batteries system can 
last long, e.g., a power supply cut for long periods of time. This puts batteries at a low level of energy security 
especially if batteries are connected to an energy source that cannot be controlled by consumers, e.g., batteries in 
electric vehicles. However, on the other hand, if the event is sudden, batteries can function efficiently after a very 
short period of time, measured in seconds. Thus, the length of the effect is short, hence the level of energy security is 
high.  

The same concept is also applied for resilience. Batteries can adapt fast to the changing situation of electricity 
generation. Therefore, battery systems are at a high level for the resilience dimension.  

Next is the discussion about the environment dimension. First, battery materials need to be taken from natural 
resources, and, depending on the type of the battery system, these resource can be difficult to exploit or easy. 
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Therefore, the extraction rate of these materials is different for one type to another. However, with the high expansion 
of the use of batteries in the transition to renewable energy based systems, the extraction rate is increasing for these 
materials. Thus, the energy security level from this perspective is at a low level. After that comes the impact of using 
batteries systems on the environment. Batteries can have toxic materials for the ecosystems of the planet, such as HF, 
a product of the widely used LiPF6 salt, and the cyclic and linear carbonates solvents e.g., Dimethyl carbonate (DMC) 
[38]. The typical practice has been trying to recycle battery’ materials and then reuse them. However, concerns about 
the safety of battery material disposal drive the energy security level of this dimension to a low level. Furthermore, 
many batteries types have limitation on the operating temperature. This puts batteries at a low level of environmental 
change impact. For these reasons, batteries based on their type can have real issues with the environment dimension 
of energy security.  

Toxic materials of batteries in a decentralized system represent a substantial risk on the health of people nearby 
the battery storage. In addition, as the disposal of batteries has been a concern for the environment, it is also for the 
health of individuals. In the normal practice of batteries, the toxicity of the materials is mitigated in a way that allows 
people to use them in a daily life, e.g., mobile phones and laptops. This can give the notion of their safe operation and 
a high level of energy security even though there is use of toxic materials. On the other hand, healthier people would 
have more energy-based activates that occur during a lack of energy generation, therefore, their use of battery systems 
increases. This puts the relationship into proportional terms, and results in a high level of energy security in regards 
to the health dimension.  

It can be easily noticed that culture has been highly affected by the use of distributed batteries. How people 
communicate and preserve things has been enhanced by access to energy stored in portable devices. The impact of 
batteries with different types and sizes results in the culture dimension of energy security achieving a high level. In 
addition, people’s culture of using certain technologies that rely on batteries drives for more development of battery 
technologies. 

Moving to the literacy dimension, despite the wide usage of batteries in people’s lives and their high growth rate, 
detailed information about batteries, their materials and their practicalities are not widely observed. Information is 
available on the Internet, but this information is not presented in a way to bring the literacy dimension to a high level. 
In addition, the lack of disposal practice of batteries by individuals shows a lack of use of information. These things 
put batteries at a low level of energy security in the literacy dimension.  

Further, the employment dimension is at a high level for battery technologies. Manufacturing and installation of 
batteries as assistance to distributed decentralized renewable energy systems play significant roles in providing 
employment in the energy sector [35].  

Political decisions are needed to shape people’s use of batteries. Regulations that restrict batteries with poor 
manufacturing and hazardous materials have to be in place, and existing laws blocking the use of batteries have to be 
adjusted. In addition, governance of the use of batteries has to be granted totally to the battery owners. This can be 
applied to distributed systems or to a larger scale for centralized systems. 

For the military and cyber security dimensions, the discussion has two parts. The possibility exists of large-scale 
battery systems to become a target of a military act. This puts the military dimension at a low level of security. On the 
other hand, for cyber security, unlike many storage technologies, energy inside the batteries is stored in the material’s 
capacity. A cyber-attack cannot affect batteries if they have low connectivity to the Internet. That gives a high level 
of cyber security because of the possibility to preserve the energy offline. However, although in theory batteries can 
be disconnected from the Internet, in practice most batteries are connected for various reasons, e.g., monitoring. 
Therefore, they can be targets for cyber-attacks, thus the score of cyber security is at a low level. The second part is 
the impact of distributed battery systems on the society. As batteries can hold dangerous chemical materials, they may 
be used to build flammable and explosive devices, which drive the security level down for the military dimension. 
Furthermore, batteries distributed on a wide range with high connectivity to the Internet can be manipulated through 
many parts of the battery’s system, e.g., inverters. Thus, manipulation can make batteries drain faster and thus lose 
their strategic values.  
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7. Adiabatic Compressed Air Energy Storage (A-CAES)  

7.1. State of the art  

CAES is a technical approach based on the mechanical conversion of gaseous air. It is commercially available and 
known as a utility-scale storage technology. When electricity is in excess, the surplus energy drives a reversible 
motor/generator unit in order to run a set of compressors to start injecting air (usually from the environment) into a 
storage vessel or cavern in a process called compression mode [39]. The storage can be an underground cavern or 
above ground tanks. The energy is stored in the form of high-pressure air. When electricity is needed, the stored 
compressed air is released and heated. The heat source can be from fuel combustion or recovered heat from the 
compression process, but heat should be recovered for high efficiency. Then, when the compressed air is released, its 
energy is captured by turbines. The release of the pressurized air is implemented during a process called generation 
mode. The waste heat from the exhaust can be recycled by a recovery unit [11]. In A-CAES, the heat from the 
compression mode is captured and stored separately in an extra TES facility. A-CAES was introduced by Pacific 
Northwest National Laboratory (PNNL) as the most promising technology among various types of second generation 
CAES [40, 41]. Fig. 8 shows a representation of an A-CAES plant. 

A-CAES systems can have small and large capacities with moderate speeds of response. The uses of large-scale 
A-CAES plants involve grid applications for load shifting and frequency control, as well as bulk energy storage in 
order to store electricity globally for seasonal variation [42]. A-CAES is suitable for variable renewable energy, e.g., 
wind power [43, 44] and is the least cost utility-scale bulk storage system that is currently available apart from PHS 
[45]. The major barrier for A-CAES was to find appropriate geographical locations [11]. With advancing topography 
mapping, finding appropriate locations is no longer a barrier, but affects the investment cost. Relatively low round 
trip efficiency of almost 43% [18] is another barrier for CAES compared to PHS and battery technologies. The A-
CAES has a higher efficiency of 70% [11, 42] because of the integration of a TES subsystem (no fuel combustion is 
involved in the discharging mode). As CAES is an outdated technology due to the low efficiency and the use of fossil 
fuels, A-CAES has been studied and the results clearly show that this sort of energy storage can integrate with 
renewable energy to fulfil energy demands in the future [42]. 
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Fig. 8. Schematic diagram of A-CAES in single-stage configuration  

7.2. Energy security analysis  

As air is used in A-CAES, the score for the availability dimension is very high, as air is abundantly accessible. 
However, on the other side of the equation, the specific needs for storing compressed air comes with a cost related to 
availability. Also, A-CAES gets a high score when it comes to the availability of appropriate locations to act as the 
underground cavern. 

A-CAES shows low performance in the diversity dimension. Although in theory many different gases can be used 
to run A-CAES, the practice has been to use air. This makes A-CAES rely on one substance (air). Furthermore, the 
need for certain pressure and temperature conditions for the storage reduces the room for more diversity. Although 
researchers have been investigating other geological structures, so far the choices are limited.  

The cost dimension is affected primarily by deciding on the location of an A-CAES plant, which has a high share 
of the investment cost. On the positive side, air is almost free globally, which results in a high level for the cost 
dimension. However, the cost of disruption results in a lower level if a natural disaster, e.g., earthquake, destroys the 
geographical cavern and the whole A-CAES plant needs to be built somewhere else, with a new investment cost, 
including finding an alternative location. Unlike the cost of disruption, securing the system will not have a high cost 
if underground facilities can be seen as naturally protected.  

For the technology and efficiency dimension, technology advancement in A-CAES has potential, and there are 
ways of reducing costs. Further, A-CAES has a moderate cycle efficiency, thus efficiency is at a high level. In addition, 
as was noticed for PHS, A-CAES has a high energy density. The compressed air inside the carven has high energy 
but is stored in a specific volume. Thus, A-CAES is more efficient and scores high in this dimension.  

The location dimension has some limitations and risks. A-CAES has to be installed in specific geographical 
formations, such as salt deposits and hard or porous rocks. Although the surface land can be used for other purposes, 
which gives a positive score for this dimension, the fact that the needed specific geography can be far from human 
settlements means there are less possibilities for more distribution of the locations. Furthermore, A-CAES has a long 
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timeframe in which A-CAES plants can be operational. However, sudden events during installation can have negative 
impacts lasting for a very long time. This is also to be considered for the resilience dimension. A-CAES has a low 
adaptive capacity to face natural events that affect the plant. However, as for frequency, voltage control and seasonal 
variation, A-CAES shows high performance in adapting to the situation, as expected for energy storage systems.  

The environment dimension shows a high score for A-CAES. The effect from the heating part of CAES has high 
impact on the environment if fossil fuel is used. Negative impacts on the environment from fossil fuels cause the 
environment dimension to worsen. In addition, polluted air as an input from the environment to CAES has a role to 
play in the efficiency. The need for a filtration step or the need for more energy processing of the particles in the air 
mean that the environment affects the CAES plants negatively. In contrast, A-CAES is at a high level of energy 
security when it comes to the environment. Life cycle assessment analyses on A-CAES in combination with wind 
show a positive impact on the environment [46]. 

The health dimension shows a high score. Most of the materials used for A-CAES have low negative impact on 
people. An exception can be considered for the compressed air. If a failure happens in the piping system, compressed 
air can be dangerous for workers around the leakage.  

The next in the dimensions list is culture. As an energy storage that regulates the load and allows for the use of 
energy in periods of no generation, people will change their activities based on the new possibilities to have energy at 
various times. That is a positive change in the culture attained by A-CAES. However, this requires a well-informed 
society, which can be attained if care is taken about the literacy dimension. In addition, knowledge of how to run A-
CAES needs to be with enough experts in order to provide the highest possible performance. Although A-CAES plants 
do not require high numbers of employees, which means low performance in the employment dimension, the needed 
workers should be educated and trained to a high enough level. This leads to the next dimension, where policy can 
make sure this work force is found in the society where A-CAES systems are built. Also, regulations and governance 
of A-CAES requires citizens who benefit from these systems to be consulted and their will of how to govern A-CAES 
plants should be followed.  

Moving to the military dimension, energy intensive A-CAES plants can be a target for military operations that aim 
to take down energy infrastructure. Although effects are less in comparison to flooding a PHS reservoir, A-CAES can 
still be a target because of its impact on the energy system. The same can be discussed for the cyber security dimension. 
If A-CAES installations are controlled with high connectivity to the Internet, an attack does not need to be physical. 
A cyber-attack can result in a failure in the of an A-CAES plant. In addition, increases in the temperature or the 
pressure can result in pipes being destroyed and installations falling apart. For that, cyber security requires skilled IT 
personnel to be available in order to have high-energy security.   

8. Gas and liquid storage 

8.1. State of the art  

Storing energy stored in chemical bonds within a material-based containment is one of the most common 
approaches as a simple and efficient technology [47]. Gas storage, mainly for methane, is currently practiced by 
compressing the gas at 207 bar and placing it in a pressure vessel, which requires costly multistage compression [48]. 
Alternatively, gases can be adsorbed in a porous material under a lower pressure requirement, e.g., 35 bar [48]. 
Usually, vessels are storage tanks that are used to store petroleum products and other liquid products, and there are  
recent efforts for designing and evaluating these tanks’ performance [49]. Apart from the fossil fuels that are obtained 
from natural resources, nowadays the focus is shifted to the different methods of making the gas and the liquids, 
especially from renewable energy sources, e.g., traditional biofuels, but also solar fuels [18] or power-to-gas [50]. In 
this paper, the source of the gases and liquids are not as important as the analysis of the storage technology itself. 

For the gas tanks, some standards were set for the characteristics of the vessels [49]. An example of gas storage in 
tanks is shown in Fig. 9. However, for the porous materials the adsorption approach, research is done to investigate 
different materials and different operating conditions [51].     
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Fig. 9. Gas storage tanks, taken from [52]  

8.2. Energy security analysis  

Starting with the availability dimension, availability can be at a high or low level based on what substance is used 
as the energy carrier. Gases and liquids used to store the energy means a high level of energy security. This has two 
reasons: the availability of renewable energy on a global scale, and the existence of technology to convert this 
renewable energy into gases or liquids. Furthermore, although researchers are investigating new porous materials, the 
availability of these materials is an issue sometimes. Therefore, the availability level decreases. In addition, for 
availability of means, gas and liquids storage seem to have a high score for this parameter. The reason is the availability 
of an in-place transporting system to/from the storage facilities. Even with centralised strategic reserves, the system 
has been built in a way to provide available access to these reserves at the moment they are needed. Even more, with 
the most available decentralised system of storage, vehicle fuel tanks are an example of a high level of availability of 
consumers to such energy storage options. Mobility has energy storage systems available to consumers all the time. 
Therefore, the availability dimension is at a high level. 

Then comes the diversity dimension, with diversity of sources at a high level. Almost all places on the world can 
be used to harvest renewable energy, which can be easily then converted into gases and liquids. Also, there is plenty 
of water to run a water electrolyser to form hydrogen, and there are several different processes to form methane. 
Although these different options vary in their level of commercial availability, the diversity is achieved by the high 
number of options. The same analysis is carried out on what materials are to be used. Hydrogen, methane, synthetic 
oil, gasoline, etc., all can be used in energy storage. Thus, the diversity level for energy carriers is at a high level. 
Furthermore, the diversity of consumers is at a high level, too. Different fuels are chosen by different consumers. 
Industry, individuals, governments and corporations all account for the portfolio of this energy storage technology.  

The cost dimension concerning storage of these fuels is on the cheaper end. Fuel tanks in automobiles, diesel tanks 
for district heating, jet fuel tanks, and others, provide the cost dimension with a high score when it comes to the price 
parameter. In contrast, the need for special porous material can affect the score in a slightly negative manner. What 
really affects the cost dimension is the cost of disruption, which is at a low level. The threat of a non-functioning 
hydrogen tank is intolerable. If an issue occurs to these chemical storage options, the cost to deal with that incident is 
high. Oil tankers are an obvious example of how much it costs to deal with a catastrophic event. Thus, to avoid 
disruption, it has always been an expensive practice to secure these storage technologies. Therefore, this parameter is 
at a low level of energy security.  

Moving on leads to the technology and efficiency dimension. Research is taking place to advance the use of storing 
materials by advancing the characteristics of adsorption and pressure tolerance. This gives a high score for technology 
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advancement. However, the efficiency of such storage depends on the method used. If tankers are used, efficiency is 
at a high level. On the other hand, converting these chemicals into electricity goes in different stages based on whether 
they are burnt or taken into chemical processes. These conversion processes reduce the efficiency and lower the energy 
security level.  

Regarding the location dimension, gas and liquid storage has a very high energy-density factor (a lot of energy is 
stored in a small volume). This puts the location dimension at a low level. Because centralised and decentralised 
systems can be used, more liberty and freedom of choice exist. In centralised systems where big tankers are used to 
store chemicals, land use is minimised. This means a low score for this parameter. In contrast, smaller storage vessels 
can be deployed globally with a decentralised system. Fuel tanks in the cars all over the world are an example of why 
this dimension gets a high score.  

The next dimension is timeframe. As some of the storage is meant as strategic reserves, the timeline is long, thus 
the score of this parameter is at a high level. However, any sudden impact on the storage system can have severe 
effects for a long time. For example, if an earthquake causes centralised tankers to become empty, it will take a long 
time to refill all the tanks. This leads to a low score. In contrast, if an event of stress is more chronic, gas and liquid 
storage can cope with the stress. The fact that energy is stored in the chemical bonds of the substance gives a sense of 
security that the energy is preserved and can be used whenever needed. These parameters collectively result in a high 
score for the timeframe dimension. In addition, the same is true for the resilience dimension. Because energy is stored 
within the substance itself, the storage of these chemicals can adapt to any situation. This gives a high score for this 
dimension. However, the high risk of destruction by explosion or fire can cause gas storage to have less resilience.  

Regarding the environment dimension, the first concern is the source of the substance that stores the energy. If it 
is from fossil fuels that are unfriendly to the environment, the score is low for energy security. However, if the source 
of the substance is environmentally friendly, this parameter is at a high level. For example, if hydrogen is produced 
by splitting water into hydrogen and oxygen using renewable electricity, then the process is clean compared to drilling 
to get fossil natural gas and converting the fossil natural gas via steam reforming to hydrogen. Afterwards, comes the 
transportation of the energy carriers. This is at a low level of energy security as the risks during the transportation are 
high. Moving bulk energy carriers in tanks could result in leakage, which may harm the environment. Furthermore, 
the effects of this storage on the environment is considered on the positive side. Storing these chemicals in one place 
has a high positive impact on the environment. Then comes the next parameter, the effect of the environment on the 
storage. Based on the technology used and whether cooling and/or compression are used, the environmental 
temperature can affect storage. For these reasons, the environment dimension is at a low level.  

For the health dimension, the issue with these storage technologies is the nature of storing chemical. Most of the 
time, these chemical substances have dangerous or toxic effects on human health. Therefore, any direct exposure can 
negatively impact health. This puts the health dimension at a low level. Although healthier humans can utilise more 
of the storage in their daily lives e.g., driving cars for longer trips, that can only result in a slight increase in the energy 
security level. Overall, the assessment for the health dimension is at a low level. 

Culture has been always affected by oil and gas storage. Bigger gasoline tanks in automobiles meant longer ranges 
of travel. People also changed some of their behaviour because of available storage of diesel or kerosene for heating. 
This puts the culture dimension at a high level. In addition, the life people try to achieve drives more development in 
storage technologies to flourish. All this puts the culture dimension at a high level. 

From the culture to the literacy dimension, the simplicity of these storage technologies makes some of their 
information available to the public. In addition, the use of oil and gas inventories and their effect on the global 
economy make it important for the information to be provided on a second to second basis. Not only that, the 
information of how much energy is stored is used to speculate on and predict the performance of stock markets. These 
aspects show a positive relationship, however, in decentralised systems, e.g., gasoline tanks, as many people show a 
lack of knowledge to the danger of these tanks. Also, the information of what these vessels are made of is not well 
given to society. Therefore, the relationship to energy security is rather neutral. 

From workers in gasoline stations to stock market brokers, this type of energy storage has affected their 
employment. Also, a higher employment rate means a stronger economy, which is reflected by an increase in energy 
storage capacity. Therefore, the employment dimension is at a high level of energy security. 
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The next dimension is the policy dimension. Because of the high importance of strategic energy storage, policies 
were shaped to ascertain a specific level of storage capacity. This is applied for the citizens’ benefit in democratic 
regimes to insure the availability of energy in any crises. Also, regulations were made to meet the targets by specialised 
agencies for governing the practice. All these factors put the policy dimension at a high level. 

As the energy is stored within chemical bonds which are contained within materials, this type of storage has been 
always a target of military acts. It can be a target to destroy energy reserves or a target to seize these reserves. This 
puts the military dimension at a low level of energy security. In contrast, the use of this energy storage can support 
military efforts for a longer time. This gives a neutral score for energy security.  

The last dimension is cyber security. The connectivity is typically low, thus the probability of cyber-attacks is 
reduced. This puts cyber security at a high level for energy security.  

9. Summary of Assessment Findings 

A summary of the inter-relations between all the storage technologies and energy security is presented in Table 2. 
The methodology to construct the summary table is based on the following steps: 

 Each technology is summarized for all dimensions. 
 Within each dimension, if there is a positive relation with any of its parameters, a plus is given. 
 The same is applied if there is a negative relation to energy security because of any of the parameters. 
 If the number of the plus elements in a dimension for the specific storage technology is more than the 

minus elements, the box is coloured in green.  
 If the number of minus elements are more than the positive signs, the box is given a red colour.  
 If the number of plus and minus elements are equal, the relationship is considered neutral for this 

dimension and the box is given a yellow colour.  
 Then, the total energy security evaluation for each energy security dimension is presented in the last 

column. 
 Green boxes are allocated of a value of +1, red boxes for a value of -1 and neutral boxes for a value of 0.  
 The boxes are summed up. If the summation is positive for a storage technology, this technology enhances 

energy security. The higher the number, the better enhancement of energy security. 

Table 2. Summary of energy security analysis. 1 Availability, 2 Diversity, 3 Cost, 4 Technology & Efficiency, 5 Location, 6 Timeframe, 7 
Resilience, 8 Environment, 9 Health, 10 Culture, 11 Literacy, 12 Employment, 13, Policy, 14 Military, 15 Cyber Security. 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total 

PHS ++ - + +-- ++ -++ +- -+ + +--+ + + + ++ - - +5 

TES +++++ +++ ++-
+-- 

+++-
+- ++++- ++-

- + ++ +- ++ ++ + ++ -- -+ +9 

Batteries +---++ +-+ ++-
+ ++ ++-+ +-+ + --- --++ ++ -++-

- + +-+ -- +-- +5 

A-
CAES +-+  -- -+-+  +++ -+-  +-  -+  +--

++ +-  + + -+  ++ - --+  +2 

Gas/ 
Liquid 
Storage 

+---
+++ +++ +--- ++- -+-+ +-

++ +- -+-
+- -+- +++ ++-- ++ +++ -+ + +5 

10. Conclusions  

In this paper, it was found that energy security analysis is important for PHS, TES, batteries, A-CAES and 
gas/liquid storage technologies. The analysis carried out for the fifteen dimensions of energy security resulted in an 
overview of the energy security levels of each of the storage technologies. TES achieved the highest score, with +9, 
then come gas/liquid storage, batteries and PHS, each with +5, and the least secure storage technology is A-CAES, 
with +2. It is found that all storage technologies have a positive relationship to energy security. However, the 
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difference of how positive the relationship is attributed to the dimensions analysis for each storage technology. TES 
has most of the dimensions in positive terms (10 dimensions), with only one dimension making a negative contribution 
(military) and four dimensions having a neutral relationship to energy security. For batteries, the situations is more in 
contrast between the dimensions, as most of the dimensions show a positive relationship to energy security (9 
dimensions). However, fewer dimensions are in the neutral (2 dimension) range, and the rest are affected by a negative 
relationship (4 dimensions). The same can be noticed for gas/liquid storage, but with one less positive dimension (8 
dimensions). The number of neutral dimensions is higher (4 dimensions), and there is one less negative dimension (3 
dimension). Moving on, PHS has 8 dimensions on the positive side, 3 dimensions on the negative side and 4 
dimensions on the neutral side. For the least secure storage system, A-CAES, there are 6 dimensions in a positive 
relationship, 4 dimensions in a negative one, and 5 dimensions in a neutral one.  

Some energy storage options have the same number of positive dimensions, but their result ranking is different, 
which is referred to negative impacts. Furthermore, it is found that the least secure energy storage (A-CAES) has the 
highest number of neutral dimensions.  

The conclusions drawn from this analysis are: 
 All energy storage technologies have a positive relationship to energy security. 
 Energy security analysis is an important aspect of evaluating energy storage options. 
 There is a need to look carefully at the impacts of the chosen energy storage technology on the energy 

security of the system. 
 TES has achieved the highest score in the energy security analysis, followed by gas/liquid storage, 

batteries, PHS and lastly A-CAES. 
Choices of what energy storage to be used is linked to the energy security of the whole system and needs to be 

based on techno-economic requirements, which in turn provide recommendations for decision makers.  
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Abstract: Energy security analysis is a strong tool for policy makers. It allows them to formulate
policies that would enhance energy systems by targeting necessary actions. In this study, the impacts
of transitioning from a fossil fuels to a renewables dominated energy system on energy security is
analysed for Jordan. A Best Policy Scenario was developed for the Jordanian energy system to trace
the transition to a 100% renewable energy system. Energy security was analysed for the future system
by a qualitative approach utilising colour codes. The results reveal that the primary energy demand
increases from 64 TWh in 2015 to 130 TWh in 2050, dominated by electricity and followed by heat and
bioenergy. This indicates that a high level of direct and indirect electrification is the key to transition
towards a fully sustainable energy system. Renewable electricity generation is projected to increase
from 0.1 TWh in 2015 to 110.7 TWh in 2050, with a solar photovoltaic share of 92%. The levelised
cost of energy develops from 78 €/MWh in 2015 to 61 €/MWh in 2050. In 2050, this system will have
zero greenhouse gas emissions, it will provide plenty of job opportunities and revenue generation.
This proposed transition will enhance the energy security level of the Jordanian energy system in
five of the six dimensions studied. The five dimensions that will be improved are availability, cost,
environment, health, and employment, whereas the dimension on diversity will stay neutral. It can
be concluded that Jordan can achieve a 100% renewable energy system by 2050 and such a transition
will enhance the energy security level.

Keywords: energy security; 100% renewable energy; sustainable energy transition; energy system
modelling; energy policy

1. Introduction

This section presents a literature background on the concepts of energy security and energy
transition. Then, the current situation of the Jordanian energy system is addressed. Furthermore,
an analysis of energy security of the current system is provided. The last part of this section states the
aim of this research and the gap it tries to cover.

1.1. Concepts of Energy Security and Energy Transition

Energy security is a universal concern [1]. Many studies attempt to discuss the topic [2–4] from
the view of scientific fields [5], international affairs [6] and national security [7]. The ability of energy
security to shape policies and national behaviour [8] makes energy security important. When policies
and regulations are prepared, energy security has to be addressed because of its priority [9]. Energy
security is a central aim for energy policy [10] because it allows for energy consumers’ needs to be
covered [11].

Sustainability 2020, 12, 4921; doi:10.3390/su12124921 www.mdpi.com/journal/sustainability
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Although the concept of energy security is ‘as old as fire’ [12] and the discussion about energy
security has a long history, scientific analysis following current research principles and standards
are rare before 1975 [13]. In addition, although Ang et al. [1] stated that publications on energy
security were rare before 2001, the topic has emerged as one of great importance [14] in the 21st
century. The emergence is because energy is the engine for economic growth [3,15] with close links
to economy [16,17] and a driver for civilization [18] and society [19]. In general, energy affects every
aspect of life [20] and is thus crucial to the survival of a functioning modern society [3,21]. Therefore,
enhancing energy security is a key goal of society [2,22–27]. Personal and national energy security are
paths to freedom of choice, and thereafter, self-actualization as in Maslow’s hierarchy of needs [28].

There were many attempts to identify energy security throughout history [29–33]. Azzuni and
Breyer [34] derived a comprehensive definition of energy security as “the feature (measure, situation,
or a status) in which a related system functions optimally and sustainably in all its dimensions, freely
from any threats”. This is linked to the 15 dimensions of energy security.

The definition and dimensions according to Azzuni and Breyer [34] are applied to the specifics of
this research as follows: energy security is the status in which the Jordanian energy system functions
sustainably in the addressed dimensions freely from any risks. Six dimensions were selected for
investigation: availability, diversity, cost, environment, health, and employment.

1.2. Current Jordanian Energy System

Although Jordan is in the heart of the Middle East [35,36], it has managed to stay stable throughout
the political unrest across the whole region. This may be attributed to the absence of fossil oil
and gas resources, as it is considered a blessing to have no fossil fuels from a security perspective,
since neighbouring countries with fossil fuels have been subject to the energy curse [37–39]. However,
the absence of fossil fuels is linked to a high economic cost and financial burden on the Jordanian
national budget [35,40], as Jordan has imported almost 96% of its energy needs [41]. Jordan has to pay
around 20% of its gross domestic product (GDP) for energy imports [42].

Jordan has access to substantial renewable energy (RE) resources, which are mainly solar energy
and wind energy in certain areas [35,40,43–45], that are still to be utilised, e.g., annual direct normal
irradiation ranges between 1600–2300 kWh/(m2

·a), global horizontal irradiation [46] and wind speeds of
6–8 m/s [35,47]. The current hydropower electricity generation accounts for only around 60 GWh [48],
but with a future potential of 400–800 MW hydropower capacity [49] that could generate up to
200 GWh every year [50]. By 2012, biomass made up just 10 MW of capacity with less potential for
future development [48]. There are proven reserves of shale oil of about 81,400 TWhth (70 billion
tons) [35,51,52]. The current situation for the Jordanian energy system is summarised in Table 1.

Table 1. Jordanian energy system overview for 2018. Data are obtained from [53].

Item Unit Value

Population million 10.31
Energy intensity MWh/kUSD fixed price 2.7

Energy consumption per capita MWh 11.0
Electricity consumption per capita kWhel/capita 1701

Population access to electricity % of population 99%
Total electricity consumption TWh 17.5
Primary energy consumption TWh 113

Energy imports % 94%
Cost of consumed energy * bUSD (bJOD) 4.25 (3.01)

* Cost of consumed energy comprised mainly the price of the respective fuels.

The Jordanian government approved the following projects [54,55] in 2018 and 2019:

• Start the direct incineration of oil shale for power generation, with an expected electricity generation
capacity of 470 MW in 2020;
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• Total RE capacity of 1800 MW in 2018;
• Reduce taxes on fossil gas for industries from 16% to 7% to promote industrial competitiveness;
• Agreement with Iraqi government to construct an oil pipeline though Jordanian territories to

export oil through Aqaba seaport;
• Reception of 10 direct proposals for electricity storage projects with a capacity of 30 MW;
• Installation of 300 solar PV systems, 8000 solar thermal water heaters and 329 PV systems

on mosques.

The Jordanian government aims to have a more diverse and reliable energy system and to increase
the share of RE to 15% by 2050 [53], whereas recent research projects pathways for the Middle East
leans towards 100% RE by 2050 [56].

1.3. Energy Security Analysis of the Current Situation

An energy security analysis linked to the energy transition enables to identify the best policies for
the country and the consequences of these policies. Energy security enhancement is highly needed
in the Jordanian context. For the politics in Jordan, enhancing energy security requires a stronger
financial system and more stable governments. Energy security policies are seen to be interconnected
with policies related to economic growth and stability, reducing poverty, the raising of living standards,
political stability and the provision of public services [57].

Energy security analysis can be done qualitatively by addressing various aspects and dimensions
of energy security. Alternatively, energy security can be assessed quantitatively by an indicators-based
approach as proposed in the literature [58–61]. There is less research about energy security measurement
in Jordan with clear methods of how energy security is evaluated well.

Existing research on energy security in Jordan needs to be further developed to overcome gaps,
such as the absence of an energy security analysis that covers all the aspects and dimensions of the
issue. Moreover, there is a gap in the measurable quantitative analysis of energy security. As the
focus of energy security tends to be linked to geopolitics, fossil-based energy systems or renewables,
Jordan is no exception with the literature presented by Alshwawra et al. [62]. They analysed energy
security changes with historical events, but as it was mentioned earlier, their approach was limited to
geopolitics in the realm of the fossil energy system.

In principle, energy security can be enhanced by more domestic supplies, but this may be limited,
as can be seen from oil-rich countries. Komendantova et al. [63] used policy as a proxy for energy
security concerns. They found that concerns for energy security, such as a reliable energy supply,
safety considerations, and costs of electricity are more dominant for policy consideration. However,
there was no real analysis of energy security for the current energy system. El-Anis [57] analysed
energy security from the perspective of nuclear energy and its policies, and concluded that nuclear
energy can ensure a more diverse system and less reliance on energy imports. It may be true that
such a domestic resource might bring these benefits, however energy security also depends on several
other dimensions. For instance, Ramana and Ahmad [64] found that nuclear energy will not be
beneficial to the overall energy security because apart from diversifying the energy mix and reducing
imports, the environmental impacts, cost structure and other dimensions of energy security would be
negatively affected.

A quantitative analysis on energy security was done by the World Energy Council (WEC) [42],
ranking Jordan in 108th place for the year 2019 with a value of 48%. However, this analysis does not
disclose its methods of how energy security is measured. To the knowledge of the authors, the only
publication that measures energy security in Jordan quantitatively was carried out by Azzuni and
Breyer [65]. They found that the energy security level was at 40.5% for Jordan, ranking 118 out of
183 countries in the world. Jordan’s best achievement has been found in the health dimension with
a performance of 82%, which is attributed to a high level of expenditure in the healthcare sector.
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In contrast, Jordan suffers the most in the availability dimension with 0.3%, as the current energy
system is based on imported fossil fuels.

These studies reveal the low energy security level in Jordan, with substantial potential for
improvement by an energy transition scheme towards a 100% RE system.

1.4. Aim and Novelty of This Research

This research aims to propose an energy transition pathway towards a 100% RE system in Jordan
by 2050, and analyse how the energy security is enhanced as a consequence. This research contributes
to the discussion of the feasibility of 100% RE systems, together with providing a detailed pathway
of how to achieve such a sustainable future by 2050. Moreover, the novelty of this research lies in its
unique approach of analysing impacts of a future energy system on energy security. Furthermore,
this study investigates the relationship between the decarbonisation of the energy system and energy
security in a qualitative approach based on a comprehensive framework. In addition, it provides
clear recommendations for sustainable policy adoption in one of the developing countries, Jordan.
This study provides an outlook of sustainable energy use, where access to energy is secured for all
people while mitigating the effects of energy use on the environment by eliminating greenhouse
gas (GHG) emissions. The applied LUT Energy System Transition model uses energy economics to
optimise the lowest cost mixture of energy technologies in the energy system to build a future 100%
renewable energy system.

In Section 2, the methods for the energy transition scenario and the energy security analysis are
introduced. The results of the energy transition scenario are presented and discussed in Section 3.
Discussion about the energy security benefits and the impact of a 100% RE system transition on energy
security are addressed in detail in Section 4. Section 5 presents the conclusions and the respective
consequences on energy security.

2. Methods and Data

In this section, the detailed methods and data formulation are described. A Best Policy Scenario
for the period from 2015 to 2050 is defined. The last part of this section details the methods for the
energy security analysis.

2.1. LUT Model Overview

The LUT Energy System Transition model [66,67] was employed to investigate the feasibility of
the energy transition in Jordan. This model is an optimisation tool, which defines cost-optimal energy
system structures under several technical and financial assumptions across the power, heat, transport
and desalination sectors. The heat and electricity demand for the industry sector are considered as
a part of the heat and power sectors, respectively. The model works on an hourly resolution for the
transition period from 2015 to 2050 in 5 year time intervals. The target function of the model is to
achieve a minimal annualised cost of the energy system at each step of the transition.

Figure 1 presents the process flow of the LUT Energy System Transition model. A detailed description
of the model is given by Bogdanov et al. [67] for the power sector alone, by Bogdanov et al. [68] for
the power and heat sectors integrated, and by Ram et al. [69] for the power, heat, transport and
desalination sectors. The schematic block diagram for the integrated power and heat sectors is shown
in Figure 2. The respective block diagrams for the transport and desalination sectors are presented in
the Supplementary Material (Figures S3–S5).

The optimisation was carried out in two stages. In a first step, the demand for prosumers has
to be met in hourly resolution for the residential, commercial and industrial sectors, through the
respective installed capacity of solar PV and battery storage, as well as the individual heating capacities.
Prosumers’ demand is limited to 20% of the total demand by 2050, whereas up to 50% of total generation
of prosumers can be fed into the grid [67]. In a second step, the demand for all sectors has to be met
in every hour of the applied year. The optimisation is conducted for the power and heat sectors as
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an integrated case, while the transport and desalination sectors are simulated individually. The RE
installed capacity is limited to a maximum of 20% growth in every 5 year time step to eventually
achieve a 100% RE-based energy system by 2050. Additionally, no new nuclear and fossil-based power
plants are allowed to be installed after 2015. The existing capacities, however, can remain until the
end of their actual lifetime. Gas turbines can still be active in the system, since sustainably produced
synthetic natural gas and biomethane can be converted via gas turbines.Sustainability 2020, 12, x FOR PEER REVIEW 5 of 28 
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Abbreviations: A-CAES—adiabatic compressed air energy storage, CHP—combined heat and
power, CSP—concentrated solar thermal power, GT—gas turbine, ICE—internal combustion engine,
PHES—pumped hydro energy storage, PP—power plant, PtG—power-to-gas, PtH—power-to-heat,
PV—photovoltaic, ST—steam turbine, TES—thermal energy storage.
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2.2. Country Data and Assumptions Used in the Model

The current energy demand across various sectors is collected and the future demand projected.
The respective hourly demand profiles are generated and set as input data in the model. The power
sector demand profile was taken from Toktarova et al. [70] in order to generate the respective synthetic
load profiles from 2015 to 2050. The power load profile included the cooling demand provided by air
conditioning as discussed in Toktarova et al. [70]. Heat demand is classified into four categories: space
heating, domestic hot water heating, industrial process heat, and biomass for cooking. In terms of
temperature, heat demand was divided into three groups: low, medium and high. It is projected that
biomass for cooking will decline as the transition gets closer to the end. This projection can be justified
as the energy system becomes more efficient and all residences in the country will have access to clean
energy at the latest by 2050. There are four types of transport mode in the system: road, rail, marine
and aviation. Each of the transport modes includes passenger and freight as a sub-category. Transport
sector data were taken from Khalili et al. [71]. The impact of smart charging and vehicle-to-grid
concepts was excluded from this study. The desalination demand was collected from Caldera et al. [72].
The projected desalinated water demand is related to the municipal, industrial and agricultural sectors.
The final energy demand by sectors and energy form is shown in Figure 3. The detailed data are
tabulated and provided in the Supplementary Material (Tables S1–S7 and Figures S1 and S2).

The historic weather data for the year 2005 was applied, as explained in Bogdanov et al. [67].
The resource profiles in high spatial and temporal resolutions for solar PV, concentrating solar power
(CSP), wind energy and hydropower were prepared. The sustainable potential of bioenergy [73] and
geothermal energy [74] were collected and used as an upper limit. The current installed power plant
capacities were structured by technologies and commissioning year, in an annual resolution from
1960 to 2015 (end of 2014), according to Farfan and Breyer [75]. Access to this level of data helps
to better account for power plant capacities that have to be phased out at the end of their lifetimes.
Furthermore, technical and financial assumptions for all the technologies used in the model were
gathered from different sources and provided in the Supplementary Material (Tables S8–S10).
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2.3. Scenario Definition

The LUT Energy System Transition model can be employed to analyse a wide variety of scenarios
across different global regions. The objective of this study was to emphasise on a transition towards an
entirely renewable energy-based energy system, which results in reaching zero GHG emissions in the
energy sector at the latest by 2050, which is in line with the ambitious target of the Paris Agreement [76]
and the sustainable development goals of the United Nations [77] with further justification by the
Intergovernmental Panel on Climate Change, IPCC Special Report on 1.5 ◦C [78]. The Best Policy
Scenario fulfils these criteria, wherein the demand for the power, heat, transport and the desalination
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sectors has to be met by 2050, using a mix of RE, energy storage and other flexibility options such as
power-to-X (PtX) technologies. The transition was planned from the current unsustainable energy
system towards a fully renewable-driven energy system by 2050 in Jordan.

The financial and technical assumptions for all the technologies involved in the modelling were
obtained from different sources, and are presented in the Supplementary Material (Tables S8–S10).
They include the learning curves of all the key technologies, which were considered to have a direct or
indirect impact on the future costs since they were a crucial element for determining the cost-optimal
energy transition pathways. The simulation was then carried out using the modelling setup of the
LUT model, including all the critical aspects of the power, heat, transport and desalination sectors.
Here, 108 energy technologies throughout the different sectors were integrated.

2.4. Method for Energy Security Analysis

This research focuses on a soft qualitative analysis of energy security, following the conceptual
dimensionalisation according to Azzuni and Breyer [34]. The connections between these dimensions
and energy security was established with strong argumentations of the nature of the connections and
their relationships to energy security. An analysis of the future 100% RE system in Jordan from an
energy security perspective will follow the dimensions identified as the most important ones from
previous research [34].

Energy transition towards a 100% renewable energy system affects the availability dimension on
the level of resources, means and consumers. For the diversity dimension, the transition will provide
insights on how diverse the energy supply will be, based on what energy carriers, energy sources and
energy use exist. The cost dimension comprises energy prices and their stability due to the energy
transition. The impact of such a transition on the environment and the health dimensions will be
addressed in detail, followed by the dimension of employment.

The analysis was carried out by addressing the parameters of each dimension. If a parameter
or an aspect of a dimension was positively affected, then this dimension obtained a positive sign.
The same qualitative analysis was carried out for the negative impacts of the energy transition on
energy security. If the consequences of the transition negatively influenced aspects within a dimension,
then a negative sign was given. The overall evaluation of a dimension was a numerical sum of the
positive and negative signs.

A colour code was used to visualise the impact of a 100% RE transition on energy security for each
analysed dimension. The colour depends on how many positive or negative impacts each dimension
will obtain throughout the analysis. If the total number of positive impacts is higher than that of the
negative ones, then the colour is given for that dimension as green, if lower it is given red and if
positive impacts and negative impacts are equal then the dimension is coloured yellow. Each positive
impact is represented by a plus symbol and each negative impact is presented by a minus symbol.

3. Results

Simulation results to attain a fully sustainable energy system across the power, heat, transport,
and desalination sectors in Jordan by 2050 show that a transition towards a 100% RE energy system
for Jordan would be technically feasible and economically viable, based on the input data considered.
The energy supply would come from local and distributed renewable resources. Consequently,
it implies that the Jordanian energy system could reduce its direct GHG emissions to zero by 2050,
while at the same time gaining energy independence.

The results are structured as follows: Section 3.1 presents an overview of the sustainable future
energy system in Jordan by 2050. The results for power and heat are presented in Section 3.2,
whereas the transport sector results are presented in Section 3.3, and the desalination sector is presented
in Section 3.4. For the cost structure and capital expenditures, Section 3.5 shows the attained results.
Sections 3.6 and 3.7 present GHG emission reduction and employment opportunities, respectively,
in relation to the energy transition towards a 100% RE system in Jordan by 2050.
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3.1. Development of the Future Energy System

The results for primary energy demand by the form of energy and sector are presented in Figure 4.
The need for primary energy generation will increase until 2050 due to strong growth in the demand for
energy services. At present, fossil fuels are able to cover the primary energy demand of around 90 TWh,
which is less than 113 TWh, the figure listed in Table 1, since non-energetic fuel demand, conversion
losses in refineries, effects of import and export and others are not part of this study. The primary
energy demand will increase to slightly more than 140 TWh by 2050. Much of this energy demand
can be provided via large electrification in the country, as shown in Figure 4a. Among the sectors,
demand for the transport sector increases the most, which transitions from a fossil-based system
towards a transport sector with high levels of direct electrification and synthetic fuels powered by
indirect electrification. The demand for the power and heat sectors experiences a slight increase in
primary energy from 2015 to 2050, whereas desalination demand grows due to the projected high
water stress in the coming decades.
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the efficiency gain in primary energy demand (c) and the electricity consumption per capita (d)
through the transition for Jordan. The displayed population, taken from the UN [79], excludes
non-permanent refugees.

From the total primary energy demand of around 140 TWh in 2050, renewable electricity contributes
85%. The remaining 15% comes from renewable energy-based heat and bioenergy. Primary renewable
electricity generation grows considerably from less than 1 TWh in 2015 to around 120 TWh in 2050,
as shown in Figure 4a, dominated by solar PV and supported by wind energy. High electrification as a
result of an effective policy in Jordan can make a substantial difference over the transition. As indicated
in Figure 4c, almost half of the primary energy demand is required compared to a business-as-usual or
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low-electrification condition. This shows one of the positive effects of the high penetration of RE and
comprehensive electrification, as well as a right policy in the country.

3.2. Power and Heat Sectors

The total electricity generation capacity increases drastically from less than 5 GW in 2015 to nearly
40 GW in 2050. Solar PV dominates the total electricity capacity in 2050, mainly driven by fixed-tilted
PV with around 60% of total installed capacity. In the initial periods of the transition until 2035,
the share of fixed-tilted PV is insignificant, while onshore wind and single-axis tracking PV emerge
starting from 2025. In the later part of the transition, the energy system is mainly run by solar PV,
which is due to the great potential and availability of this resource across Jordan, as well as its continued
cost reduction. Although the share of onshore wind and solar PV is almost comparable in 2030, the cost
competitiveness of solar PV in comparison to wind energy makes PV a more attractive option from
2035 onwards. Other RE technologies, such as CSP, geothermal and bioenergy, complement solar
PV and wind power, especially during the peak hours, and also when none of these resources are
available. The contribution of fossil fuels goes down through the transition to zero by 2050. A small
installed capacity of gas remains in the system, but the fuel shifts from fossil gas to synthetic natural
gas powered by renewables and biomethane.

In the heat sector, heat pumps play an integral role contributing to over half of the capacity mix
from 2030 to 2045, and even higher in 2050, as given in Figure 5. The majority of heat pump capacity
comes from the individual heat sector by 2050, and the remaining fossil fuels are phased out in the
last period to achieve a fully sustainable energy system. In addition, some shares of direct electric
heating, non-fossil gas, solar thermal heat, CSP solar field, geothermal heat, and biomass-based heating
contribute to the total heat generation by 2050. In contrast, heat generation that mainly comes from oil
and coal-based heating in 2015 decrease considerably over the transition, and finally to zero by 2050.
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Figure 5. Development of the electricity generation capacity (a) and the heat generation capacity (b) in
the integrated heat and power sector from 2015 to 2050 for Jordan.

The respective figures and tables for electricity and heat generation are provided in the
Supplementary Material (Table S11, Tables S14–S17 and Figure S6).

The role of energy storage is vital through the transition, especially with the great contribution
of solar PV and wind energy. As the sun might not shine and the wind may not blow during every
hour of the day, electricity can be stored via energy storage technologies during the hours when the
generation is more than the demand. The stored energy can be utilised in the absence of sufficient
energy. This phenomenon can be well seen towards the end of the transition, where a higher penetration
of solar and wind energy is observed. As shown in Figure 6a, the installed capacity of batteries start
emerging from 2025, with an installed capacity of around 1 GWhcap, to approximately 67 GWhcap in
2050. A higher share of PV induces larger energy storage capacities for diurnal balancing. Adiabatic
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compressed air energy storage (A-CAES) contributes to the total electricity storage capacity, starting
from 2035 until 2050. Electricity storage output is dominated by large-scale batteries, prosumer batteries
and A-CAES, in total around 31 TWhel by 2050, as given in the Supplementary Material (Figure S7).

Similarly, heat storage plays a crucial role in covering the heat demand in Jordan. As presented
in Figure 6b, gas storage dominates the storage technologies in terms of the total installed capacity.
The initial heat storage capacity is installed in 2025, where thermal energy storage for district heating
accounts for the entire capacity with around 4 GWhth. From 2040 onwards, a massive capacity of gas
storage is added with nearly 900 GWhth, and it increases to almost 2900 GWhth by 2050. With regards
to the heat storage output, both thermal energy storage and gas storage are key elements to cover more
than 14 TWhth of the heat sector demand during all hours by 2050, as shown in the Supplementary
Material (Figures S7, S11 and S12).
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Figure 6. Development of the electricity storage capacity (a) and the heat storage capacity (b) in the
integrated heat and power sector from 2015 to 2050 for Jordan. Abbreviations: HT—high temperature,
DH—district heating.

3.3. Transport Sector

Final energy demand for the transport sector was around 15 TWh in 2015, which increases
gradually from 2020 to 2040. The demand soars towards the end of the transition period with slightly
less than 30 TWh in 2050. Electricity utilisation grows in the transport sector, from almost zero in
2015 to more than 10 TWh in 2050. Towards the end of the transition, sustainably produced hydrogen,
methane and biofuels contribute considerably. By 2050, more than half of the demand is covered
by these three resources. The transport sector shows an electricity demand of roughly 43 TWh by
2050. The substantial demand for renewable electricity-based synthetic liquid fuels emerges from
2040 onwards up to 2050, as shown in Figure 7b. The same trend can be observed for the case of
hydrogen, growing from less than 1 TWh in 2030 to around 10 TWh in 2050. The contribution of
hydrogen and renewable electricity-based synthetic liquid fuels was mainly to satisfy the demand
for the marine and aviation transport modes in the final steps of the transition, and some remaining
demand from the road and rail transport modes.

Installed electricity generation capacity for the transport sector upsurges from roughly zero at the
beginning of the transition to around 25 GW in 2050, as shown in Figure 8a. From the total installed
capacity, the fixed tilted and single-axis tracking PV are the predominant technologies with small
shares of onshore wind, as these two technologies are the least costly electricity sources in Jordan.
The majority of capacity addition occurs from 2040 onwards, where the contribution of single-axis
tracking PV increases. High direct and in particular indirect electrification levels in the transport
sector lead to a climb in installed capacities for the last three periods of the transition, as illustrated in
Figure 8b. Electricity generation from solar PV started from 2020 with around 80 GWh. This amount
increases to about 7 TWh in 2035 and further rises to 45 TWh in 2050. Fixed tilted and single-axis
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tracking PV account for 55% and 44% of the total electricity generation in 2050, respectively, with the
remaining 1% coming from onshore wind.
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Another crucial aspect that can play an important role for shifting away from fossil fuels towards
high electrification of the transport sector is the production of hydrogen and synthetic fuels. As shown
in Figure 9, the installed capacities of fuel conversion technologies increase drastically from about
4 GWoutput in 2040 to more than 12 GWoutput in 2050. Water electrolysis consists of the highest
share of fuel conversion capacities through the transition, followed by hydrogen liquefaction units,
Fischer–Tropsch synthesis plants and to a lesser extent liquefied natural gas (LNG) units, converting
renewable electricity-based synthetic natural gas or biomethane, if available, into LNG. In addition,
the required heat during the synthetic fuels production, which is mainly for CO2 direct air capture
(DAC), can be supplied via recovered process heat. This measure makes the energy system more
efficient, since the heat that would be wasted is otherwise reutilised by the CO2 DAC units. Total heat
management reaches 6 TWhth by 2050, which comprises1.6 TWhth of the recovered heat and 4.4 TWhth

of excess heat.
Additional tables and figures for installed generation capacities for fuel conversion and energy

storage are given in the Supplementary Material (Tables S12 and S18–S20 and Figures S8, S9 and S13).
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3.4. Desalination Sector

Jordan is one of the most water-stressed countries in the Middle East. As can be seen in Figure 10a,
almost half of the total water demand in 2050 can be met by desalinated water. The entire desalination
capacity comes from the seawater reverse osmosis (SWRO), which is one of the most promising
desalination technologies [80]. SWRO is another Power-to-X application, since low-cost electricity is
converted into clean water. A small amount of water storage starts contributing by 2040 and remains
almost unchanged until the end of the transition. In terms of the levelised cost of water (LCOW), capex
contributes to almost half the cost in 2015, in a period when fossil fuels are still the main supply of
energy for running the desalination plants. However, the overall LCOW declines towards the end of the
energy transition, as the capex and opex decrease. The LCOW falls from 1.1 €/m3 in 2015 to 0.6 €/m3 in
2050. The share of RE-installed capacity climbs from practically zero in 2015 to approximately 4 GW in
2050. As shown in Figure 11a, gas turbines are the predominant contributors until 2025, whereas solar
PV and wind energy emerge from 2030 onwards. A massive amount of fixed tilted PV is installed in
2035, with a capacity of 1 GW, and it continuously increases up to 3 GW by 2050. With regards to total
electricity generation in the desalination sector, combined cycle gas turbine (CCGT) plays a key role in
the first periods of the transition, whereas RE capacities dominate the second half of the transition,
as they are the lowest cost energy sources through the energy transition (Figure 11b).
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Figure 10. Installed desalination capacity (bar graph, left axis) and the total water demand (line plot,
right axis) (a), and the levelised cost of water (LCOW) (b) during the energy transition for Jordan.
Abbreviations: MSF—multi-stage flash distillation, MED—multiple-effect distillation.



Sustainability 2020, 12, 4921 13 of 26

Additional figures for the LCOW by main cost categories and seawater desalination production by
technology are given in the Supplementary Material (Tables S13, S21 and S22 and Figures S14 and S15).
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Figure 11. Installed electricity generation capacity (a) and the electricity generation (b) for the
desalination sector from 2015 to 2050 for Jordan. Abbreviations: CSP: concentrated solar thermal power,
CCGT—combined cycle gas turbine, OCGT—open cycle gas turbine.

3.5. Cost Structure and Investments

The total annual energy system cost increases during the energy transition, from nearly 6 b€ in
2015 to around 8.5 b€ in 2050 (Figure 12a). Higher investments are particularly needed in the heat
sector, followed by the transport, power and desalination sectors. This indicates that fuel imports
will fade out through the transition as high shares of RE start contributing and the country becomes
independent from energy imports. Additionally, as shown in Figure 12b, after a rapid decrease from
around 105 €/MWh in 2015 to 80 €/MWh in 2020, the levelised cost of energy decreases gradually in the
following years up to 2040 and reaches 60 €/MWh. Then, it almost stabilises towards the end of the
transition. In the last period of the transition, the levelised cost of energy again increases slightly by
4%. Since a tremendous amount of RE capacity is to be integrated into the energy system, the share of
fossil fuel and GHG emission cost goes down towards the end of the transition and finally turns to zero
in 2050. At the same time, capital expenditures continue to grow due to high-investment requirements
for introducing solar PV and wind energy, as the predominant RE sources, complemented by further
energy system components, in particular Power-to-X technologies, as shown in the Supplementary
Material (Figure S10). The sectoral cost breakdowns are presented in the Supplementary Material
(Figures S11–S14).
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3.6. GHG Emissions

One of the positive impacts of transitioning to a 100% RE-based energy system is the defossilisation
of the energy system. It means the amount of GHG emissions will be reduced from around 24 MtCO2eq

in 2015 to zero in 2050. As illustrated in Figure 13, heat and power sectors account for the main part of
the GHG emissions for most of the first half of the transition, whereas most of the GHG emissions come
from the transport sector in the second half of the transition. The respective figures for each sector
are provided in the Supplementary Material (Figure S16). As shown, the amount of GHG emissions
continuously declines for both the power and heat sectors, while it takes longer for the transport and
desalination sectors. In the transport sector, after an increase from 3.8 MtCO2eq in 2015 to 4.7 MtCO2eq

in 2025, the GHG emissions fall to 4.3 MtCO2eq in 2030. Then, it decreases sharply in the last few
steps of the transition. Similarly, GHG emissions in the desalination sector decrease gradually from
2030 to 2045, after a rapid increase from 2015 until 2030. The rise in the first half of the transition
is due to an increase in the capacities of gas turbines in the energy system, while their utilisation is
reduced towards the end of the transition and brought to zero emissions by substituting fossil gas with
synthetic methane and biomethane.
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regarded, while further emissions may occur in the upstream value chain.

3.7. Employment Opportunities

Jordan has come a long way in terms of infrastructure development since its independence in
1946, and it now boasts effective and modern facilities in telecommunications, power and electricity,
water, and transport infrastructure [81]. It also has a growing RE sector and as highlighted by the
results, a transformation in the energy system across the power, heat and transport sectors has various
benefits. Unemployment in Jordan remains stubbornly high, even during the recent high economic
growth years. Unemployment rates, especially among youth, have remained in the double digits
over the last decade at around 12% [81]. In this regard, job estimations on the basis of the results of
this study and adopting the method from Ram et al. [82] show that the energy transition in Jordan
has huge employment benefits. The total number of direct energy jobs across Jordan is observed to
increase from just around 20 thousand in 2015 to more than 105,000 by 2050, as indicated in Figure 14
(left). Power and heat sectors create the most jobs through the transition, complemented by jobs in
the storage, transmission and distribution technologies as highlighted in Figure 14 (left). In addition,
renewable electricity-based synthetic fuel production creates some jobs from 2040 onwards. Jobs
created by various technologies across the power, heat, fuels and storage sectors can be found in the
Supplementary Material (Figures S17 and S18).

Figure 14 (right), also indicates the distribution of jobs across the different categories during the
transition period in Jordan. With the rapid installation of capacities up to 2035, the bulk of new jobs is
created in the construction and installation of power, heat and storage technologies. Manufacturing jobs
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have a relatively lower share in the initial periods up to 2025, as the share of imports is high. From 2025
onwards, as domestic production capabilities build up, a higher share of manufacturing jobs are
observed until 2050 with over 20% of the total jobs. The share of fuel-related jobs continues to diminish
from 2020 onwards through the transition period, as fossil fuels are replaced with synthetic fuels,
reaching just 1% of the total jobs by 2050. On the other hand, the share of operations and maintenance
jobs grows through the transition period up to 36% of total jobs by 2050. Transmission and distribution
jobs increase through the transition contributing to about 6% of the jobs by 2050. This means more
stable jobs for a region suffering from high unemployment amongst the youth and a growing number of
economic migrants. A higher share of investments in developing sustainable power infrastructure could
be the right catalyst to create long-term jobs in this region [83]. As Cote [83] highlights, the combined
challenges of growing energy demand and labour market pressures present the government of Jordan
not only with an opportunity to diversify their energy mix, but also to help mitigate high youth
unemployment and assist in creating higher-skilled jobs. The electricity-generation-specific jobs
increase initially from 1198 jobs/TWhel in 2015 to 1631 jobs/TWhel in 2025 with the rapid ramp up in RE
installations. Beyond 2025, with increasing levels of technology development and automation, specific
jobs decline steadily to around 872 jobs/TWhel by 2050, as shown in Figure 14 (right).
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4. Discussion

4.1. Energy Transition

The results of the energy transition show that not only is it a Best Policy Scenario for a 100% RE
system possible for Jordan, but it also is feasible as a low-cost option for the entire energy system.
The Best Policy Scenario will result in a reduction of primary energy demand by around half of what
would be the primary demand of a business-as-usual projection. This result is due to the high efficiency
of electricity-based systems, in comparison to fossil-based systems, linked to low-efficiency combustion
processes. Such improvements in efficiency will not only reduce wasted energy, but will also reduce
GHG emissions to zero, as was presented in Figure 13. The elimination of GHG emissions was not
only due to increased efficiency, but also the source of the energy in use. A 100% RE system in the
context of Jordan means the reliance on solar PV and wind energy. Therefore, most of the installed
capacities for power and heat generation are PV systems and wind turbines. The elimination of GHG
emissions is supported by shifting the transport sector to sustainable solutions, as shown in Section 3.3.
Although the energy demand for the transport sector increases in absolute terms, it declines in relative
terms per passenger kilometre and tonne kilometre.
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The findings of this research clarify a future path for the opportunities associated with RE, that was
found in previous research by Jaber et al. [47]. This paper agrees with the opportunities that renewables
can bring into the Jordanian energy system; a further step was to show a Best Policy Scenario of how to
seize these opportunities and benefit from them to positively impact energy security levels. Results
in this research highlight that the renewable energy potential in Jordan, as outlined by Anagreh and
Bataineh [84], can pave the way for raising the standards of living according to the Best Policy Scenario.
Unlike earlier studies for desalination options with a fossil fuel-based energy system [85], this study
provides a detailed desalination capacity installation scheme based on 100% RE. The importance of
desalinated water to meet the increasing water demand for one of the most water-stressed regions
in the world, Middle East and North Africa (MENA), has been discussed in length by Caldera et
al. [72,86,87] and Aghahosseini et al. [88]. Finally, a technically feasible and economically viable
pathway is presented, not including nuclear in the energy mix. This is supported by previous research
on Jordan by Ramana and Ahmad [64].

A strong initiative to push Jordan for large investments in RE systems is self-sufficiency, and cuts
off the reliance on energy imports. A majority of energy production in the country today comes
from imports from neighbouring countries. A sudden change in the market or a major conflict due
to geopolitical reasons can massively affect the energy supply system in Jordan. Jordan can move
towards a high-penetration of RE as an opportunity for socio-economic development in the years to
come. Kiwan and Al-Gharibeh [89] discussed the necessity to secure sustainable electricity in Jordan
under several scenarios. The results reveal that to achieve a 100% RE-based system for Jordan by 2050,
around 25 GW of solar PV, 11 GW of CSP and 5 GW of wind power aligned with 90 GWh of storage
capacities are required. The authors stated that a 100% renewable electricity scenario is affordable and
diminishes CO2 emissions and the need for energy imports to zero by 2050. The feasibility of a 100%
RE system is confirmed by this research, as well as the solar energy dominance, whereas the role of
CSP cannot be confirmed by this research, which is a consequence of low-cost solar PV and the overall
cost optimisation for a least costly energy transition pathway. Regarding the resource availability,
Anagreh and Bataineh [84] have analysed the potential of solar and wind energy using meteorological
and statistical approaches. Their findings show that Jordan has great potential to utilise solar PV and
wind energy in various locations. An earlier study by Anagreh et al. [90] proved the excellent potential
to implement a wide variety of solar PV and wind projects in the southern part of Jordan.

The energy transition results for Jordan can be compared to research insights on the transition
towards a 100% RE system in other countries in the region. Comparable benefits of a 100% RE system
in Jordan were concluded for all the countries in the MENA region [88]. An analysis of three different
scenarios was conducted for the region and it was found that a 100% RE system was cheaper than
a business-as-usual scenario. Similar analyses for different 100% RE scenarios were conducted for
individual countries in the region, in particular for Saudi Arabia [86], Turkey [91], Israel [92] and
Iran [87,93–95]; all with a comparable conclusion that a 100% RE system is technically feasible and
economically viable. It is not only similar to results from the MENA region, but also similar to research
done for comparable sun-rich countries in the world, such as Chile [96]. The findings of the current
study align with those of the previous research papers on the socio-techno-economic feasibility and
applicability of an energy transition with emphasis on the need for political will to execute such
scenarios. The next steps would be to study the factors that affect policy making and energy system
planning with an emphasis on the specific measures to adopt such a 100% RE scenario.

4.2. Energy Security

In this section, energy security is analysed qualitatively for the dimensions: availability, diversity,
cost, environment, health and employment, summarised for all the dimensions with a colour
code representation.
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4.2.1. Availability and Diversity Dimensions

Availability and diversity dimensions are analysed based on the predefined parameters by Azzuni
and Breyer [34]. Availability will be addressed with three parameters and diversity will be addressed
with four. Table 2 summarises these parameters:

Table 2. Parameters for the availability and diversity dimensions.

Dimensions Parameters

Availability
Existence of resources

Existence of consumers
Existence of means of transport (access)

Diversity

Diversity of sources
Diversity of fuels (energy carriers)

Diversity of means (technologies, transportation)
Diversity of consumers

As addressed in Figures 4 and 5, the availability dimension of the Jordanian energy system is
significantly improved by the energy transition towards a 100% RE system. The first positive impact
is the existence of resources. Jordan has substantial RE resources that were not used previously,
which changes drastically with the energy transition in a positive way. It is expected that the population
will at least double by 2050, which was shown in Figure 4. This development in population means more
consumers and more energy use, which is also a positive impact on the energy system. The positive
development is not only because of an increased use of energy, but rather because of an increased use of
energy per capita, which is also positive. The last parameter of the availability dimension, the existence
of means, is affected positively as shown in Figure 5. There are more means to access and harvest
energy, and more people have possibilities to attain energy services. Such access can be mirrored from
the infrastructure development in the Best Policy Scenario as can be seen from Figures 5 and 8–11,
which is also a positive change for this dimension.

Similarly, the parameters within the diversity dimension are positively affected because of the
energy transition towards a sustainable and fully RE system. For the first parameter, the diversity of
sources or the dependency factor, such a transition makes the energy system more independent from
other energy sources, as all the needed energy is supplied domestically. This is a negative attribute
for diversity as there will be mainly one type of source if any disaster happens in Jordan, the whole
energy system will be down. A variety of sources may be more advantageous to replace a potential
energy shortage. In contrast, a higher level of diversity of fuels can be seen from Figures 4 and 5 in
2050 in comparison to the current situation, which is a positive impact, since a 100% RE system leads
to a broader use of different fuels for final energy supply. Primary energy will be mainly provided by
electricity, which negatively impacts diversity. The third parameter, the diversity of technology and
transport, is again positively affected, as the diversity of the use of the various technologies to generate
electricity is increased, as can be seen from the installed capacities in Figures 5, 8 and 11. The use of
different transportation methods for energy services is another positive effect for diversity. However,
as the backbone of the energy system will be dependent on the electricity grid for transporting most of
the required energy, this again accounts negatively for the diversity of means. The last parameter for
the diversity dimension, the diversity of consumers, seems not to be affected by the energy transition
and thus is neither positive nor negative.

4.2.2. Cost Dimension Analysis from the Energy Security Perspective

Since it was found that cost is one of the most important aspects of energy systems [63], three cost
parameters of energy security need to be addressed: relationship to energy price, cost of disruption
and cost of securing the system [34]. The impact of the energy transition on the first parameter was
mixed between positive and negative points. The first point was the end cost to be paid per energy unit.
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As was shown in Figure 12, the levelised cost of energy will be lower in 2050 than in 2015, which is a
positive side of the transition and thus a positive sign is given. Although the present value of energy
cost is 15% higher per capita in 2050 than in 2015, which is a negative sign, energy services improve
substantially, and thus indicate higher living standards. The third element of this parameter is positive,
since the stability of prices is documented by a low volatility during the transition, as shown for the
levelised cost of energy in Figure 12. The overall outlook is positive since subsidies are removed and
energy costs reflect the real cost. In addition, energy poverty, which is the situation where individuals
spend more than 10% of their income on energy services [97,98], will decrease until 2050 due to higher
GDP growth per capita [70] than the increase in energy cost represented in Figure 12. Therefore,
another positive sign is given for this parameter.

The second parameter is cost of disruption, which will be affected by the transition towards a 100%
RE system. The cost of disruption can be reduced because of a total dependence on local RE sources
and therefore increasing energy security, which is a positive effect. Furthermore, the last parameter gets
a positive sign as the cost to make the system more secure tends to be lower since a 100% RE system
will be more decentralised. Valuable assets will be distributed all over, and thus securing these smaller
units is easier than the need to secure big facilities, as is the case for the current fossil fuel-based system.

4.2.3. Benefits of Environment and Health Dimensions

Environment and health dimensions are among the key energy security dimensions. It is one of the
primary goals for the Best Policy Scenario to eliminate the negative impacts on the environment from
the traditional fossil-based energy system. The parameters of the environment and health dimensions,
according to [34], are summarised in Table 3.

Table 3. Parameters for the environment and health dimensions.

Dimensions Parameters

Environment

Exploration rate and resources’ location
Extraction and transportation methods

Outcomes from energy use
Impact resulting from environmental change

Relationship to water

Health
Impact of people’s health on the energy system

Impact of the energy system on health of (energy sector workers, consumers,
and international society)

The first parameter for the environment dimension can be assessed positively because resources
are not depleted faster than the natural ability of regeneration, thus a positive gain for energy security.
The next parameter will enhance energy security, as the technologies used to generate electricity,
as shown in Figure 5, cause no relevant burden for the environment. The third parameter on GHG
emissions, as shown in Figure 13, will develop very positively, due to the phasing out of GHG emissions.
The fourth parameter can be also evaluated positively, as the Best Policy Scenario (BPS) aims for
limiting global warming to 1.5 ◦C. The projected increase in temperature is accompanied with more
sunshine due to even less clouds in Jordan. The higher share of solar PV in the energy system may lead
to even more available energy and a higher level of energy security, which is a positive effect. The last
parameter can be evaluated very positively, as water will be used much less for power generation due
to drastically reducing the share of thermal power generation [99], and desalination will be based
on renewable electricity without relevant water requirements. This parameter is very important for
Jordan, as Jordan already suffers from high water-stress levels, so that the BPS will provide innovative
solutions for the water issues in Jordan.

The two parameters of the health dimension are expected to show a positive development.
The BPS takes into consideration a tremendous improvement in the energy consumption per capita
as shown in Figure 4, and it is projected that this transition will make people healthier in general.
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Healthier employees and societies will be more productive and efficient, which results in improving
the energy security level and is therefore a positive effect. In today’s energy system, where 5 million
deaths per year and more than 5% of all health-related issues globally are attributed to the energy
system [100], the BPS will play a very positive role in eliminating this problem. As shown in Figure 13,
GHG emissions from the transport system will be reduced to zero, which also implies that air pollution
will be almost eliminated and thus enhances the energy security level. This is a much appreciated
positive impact from a 100% RE-based system in contrast to the current system [101]. Fossil fuels are
hazardous materials [102], thus the broad electrification will have an additional positive impact on
people’s health.

4.2.4. Employment Dimension Benefits

The two parameters of the employment dimension are the effect of the energy system on
employment and the effect of the employment rate on the energy system. The BPS will result in creating
more jobs, as was shown in Figure 14, which is a positive effect. A higher employment rate means
more revenue generation opportunities for individuals [103] and more financial resources directed to
the energy system with a stronger purchasing power. It is expected that more money will be spent on
energy services in the future due to a high employment rate, which is another positive effect.

4.2.5. Summary on Energy Security Dimensions

Summary for the energy security analysis of the BPS is presented in Table 4 with colour codes.
Green, for most positive parameters for a dimension, indicates a positive correlation between energy
security and the proposed transition towards a 100% RE-based system. Red, if the sum of the
assessed parameters per dimension is negative, indicates that the relationship with energy security has
deteriorated. Yellow, indicates a neutral impact of the energy transition on energy security.

Table 4. Summary of the energy transition impacts on energy security.

Dimensions Availability Diversity Cost Environment Health Employment
Impact + + + + + + + − − − + + + + + − + + + + + + + + + +

4.3. Limitations and Recommendations for Future Research

Although this study is limited by the pre-assumptions that are used in the model for simulating
the future energy scenario, the significance of these limitations seems to be acceptable because the used
assumptions are scientifically accepted. Another limitation is the uncertainty of how solar radiation
may change in Jordan until 2050. This limitation is of low significance as change in solar radiation
is expected to be below a 3% level [104]. Effectively, slightly more solar PV yield could be expected,
while a slightly higher temperature level may again slightly decrease that extra yield. The structure of
the obtained results is expected to be not affected. The assumption that power transmission lines are
built fast enough to cover the whole country can be a limitation, knowing that most of the population
in Jordan is concentrated in the big cities, while the rest of the country has a lower population and
is mostly desert areas. It could be expected that the electricity demand may be further increased
by additional cooling demand, induced by increasing temperature due to climate change effects,
as discussed by Emodi et al. [104].

For the current energy system, most of the required data is available to perform a quantitative
analysis for energy security according to Azzuni and Breyer [65]. However, for the future energy
system, many of these data do not exist yet, and it is hardly possible to project major parts of that data
well, so a qualitative analysis is the best compromise.

The applied Best Policy Scenario in order to achieve a 100% RE-based system is not equal to a fully
sustainable system, since it is more focused on the used technologies, i.e., faster overall electrification,
fast switch to low-cost solutions, fast phase-in of renewables, coverage of clean water and electric
vehicles. The transition towards a fully sustainable energy system for Jordan needs additional studies,



Sustainability 2020, 12, 4921 20 of 26

which subdivides the country into several nodes based on population distribution and determines the
local energy demands, the ability to meet these demands, while minimising the need for transmission
lines. Such a valuable improvement in the insights on a national energy transition has been shown for
the case of Iran with a first analysis for the country in one node [94] and a second in-depth research in
a multi-node resolution [93]. It is also suggested to carry out a comparison of different scenarios to
see their relative impact on energy security. An even more sustainable scenario could be to model a
system where electricity consumption per capita is equal to the average OECD consumption per capita,
which would mean higher standards of living, but also respective policy requirements. The comparison
of the impact on energy security from different scenarios enables valuable insights into the scenario
that would achieve the highest level of energy security. These scenarios are also to be compared with a
Current Policy Scenario to address the needed changes in the policy-making process. Other research
for the MENA region [88] clearly indicates that a Current Policy Scenario would lead to higher-energy
system cost, while achieving lower sustainability levels.

As the results suggest that there are no major technical and economic barriers to achieve a
fully renewable-based energy system in Jordan by 2050, there is still need to address the social
acceptance of the respective change and conduct more research on how people would react to such an
energy transition.

5. Conclusions

Renewable energy potential in Jordan is quite attractive and a transition towards a 100% RE
system is technically feasible and economically viable by 2050. Such a transition towards a highly
sustainable energy system will have a multitude of impacts on energy security. The main objectives of
this were to propose an energy transition pathway towards a 100% RE system in Jordan by 2050 and to
analyse how energy security is enhanced with such a transition.

In order to achieve this goal, multiple steps were implemented in a scientific method. This first
step of the method was to simulate a future energy scenario using the LUT model. Then, data was
collected from different sources as input data for the model. The calculation method was determined
based on the selection of a Best Policy Scenario. Lastly, the methods of energy security analysis were
applied by following a comprehensive energy security analysis framework.

The results show that energy demand will increase in absolute terms, but less compared to a
business-as-usual scenario, due to improved energy system efficiency. In addition, people will enjoy a
higher level of living standards with more traveling and increased transportation services. Furthermore,
as water stress and scarcity is one of the biggest challenges Jordan faces nowadays, such a transition
can provide all the needed water supply using RE. Such a transition comes along with a GHG emission
reduction to zero and employment benefits.

Unlike the current Jordanian energy system, where energy security is at a low level, the Best Policy
Scenario will generate positive results for many dimensions of energy security. A major implication of
the BPS is zero GHG emissions, enabling the 1.5 ◦C target of the Paris Agreement. This will drastically
enhance the environment and health dimensions of energy security. The BPS allows the energy system
to utilise the available renewable resources of Jordan, and thus achieve a higher level of energy security
in the availability dimension. Furthermore, the cost dimension will be after all affected positively with
a 100% RE system. In addition, the employment dimension will also benefit positively. On the other
hand, this transient has a neutral impact on the diversity dimension of energy security.

Future studies should consider modelling additional energy transition scenarios with an even
stronger sector coupling of all energy sectors, potentially leading to even higher overall system
efficiency and lower cost, the inclusion of non-energetic industrial hydrocarbon demand and higher
geo-spatial resolutions. Furthermore, the inclusion of decreased system costs for even higher standards
of living and a more diverse mix of energy supply options will highlight the best scenarios that enable
Jordan to become one of the first countries around the world with a fully sustainable energy system.
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8. Kovačovská, J. Energy Security in European Conditions. Master’s Thesis, Faculty of Social Studies, Masaryk

University, Brno, Czech Republic, 2010.
9. Sovacool, B.K. Energy security: Challenges and needs. Wiley Interdiscip. Rev. Energy Environ. 2012, 1, 51–59.

[CrossRef]
10. Narula, K. Comparative assessment of energy sources for attaining Sustainable Energy Security (SES):

The case of India’s residential sector. Int. J. Sustain. Energy Plan. Manag. 2015, 5, 27–40. [CrossRef]
11. Johnson, C.; Boersma, T. The politics of energy security: Contrasts between the United States and the

European Union. Wiley Interdiscip. Rev. Energy Environ. 2015, 4, 171–177. [CrossRef]
12. Valentine, S.V. Emerging symbiosis: Renewable energy and energy security. Renew. Sustain. Energy Rev.

2011, 15, 4572–4578. [CrossRef]
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61. Radovanović, M.; Filipović, S.; Pavlović, D. Energy security measurement—A sustainable approach.
Renew. Sustain. Energy Rev. 2017, 68, 1020–1032. [CrossRef]

62. Alshwawra, A.; Almuhtady, A. Impact of Regional Conflicts on Energy Security in Jordan. Int. J. Energy
Econ. Policy 2020, 10, 45–50. [CrossRef]

63. Komendantova, N.; Ekenberg, L.; Marashdeh, L.; Al Salaymeh, A.; Danielson, M.; Linnerooth-Bayer, J.
Are Energy Security Concerns Dominating Environmental Concerns? Evidence from Stakeholder
Participation Processes on Energy Transition in Jordan. Climate 2018, 6, 88. [CrossRef]

64. Ramana, M.V.; Ahmad, A. Wishful thinking and real problems: Small modular reactors, planning constraints,
and nuclear power in Jordan. Energy Policy 2016, 93, 236–245. [CrossRef]

65. Azzuni, A.; Breyer, C. Global Energy Security Index and Its Application on National Level. Energies 2020,
13, 2502. [CrossRef]

66. Breyer, C.; Bogdanov, D.; Aghahosseini, A.; Gulagi, A.; Child, M.; Oyewo, A.S.; Farfan, J.; Sadovskaia, K.;
Vainikka, P. Solar photovoltaics demand for the global energy transition in the power sector. Prog. Photovolt.
Res. Appl. 2018, 26, 505–523. [CrossRef]

67. Bogdanov, D.; Farfan, J.; Sadovskaia, K.; Aghahosseini, A.; Child, M.; Gulagi, A.; Oyewo, A.S.; de Souza Noel
Simas Barbosa, L.; Breyer, C. Radical transformation pathway towards sustainable electricity via evolutionary
steps. Nat. Commun. 2019, 10, 1077. [CrossRef] [PubMed]

68. Bogdanov, D.; Toktarova, A.; Breyer, C. Transition towards 100% renewable power and heat supply for
energy intensive economies and severe continental climate conditions: Case for Kazakhstan. Appl. Energy
2019, 253, 113606. [CrossRef]

69. Ram, M.; Bogdanov, D.; Aghahosseini, A.; Oyewo, S.; Gulagi, A.; Child, M.; Fell, H.-J.; Breyer, C. Global
Energy System Based on 100% Renewable Energy—Power Sector; Lappeenranta University of Technology:
Lappeenranta, Finland; Energy Watch Group: Berlin, Germany, 2017.

70. Toktarova, A.; Gruber, L.; Hlusiak, M.; Bogdanov, D.; Breyer, C. Long term load projection in high resolution
for all countries globally. Int. J. Electr. Power Energy Syst. 2019, 111, 160–181. [CrossRef]

71. Khalili, S.; Rantanen, E.; Bogdanov, D.; Breyer, C. Global Transportation Demand Development with Impacts
on the Energy Demand and Greenhouse Gas Emissions in a Climate-Constrained World. Energies 2019,
12, 3870. [CrossRef]

72. Caldera, U.; Breyer, C. Strengthening the global water supply through a decarbonised global desalination
sector and improved irrigation systems. Energy 2020, 200, 117507. [CrossRef]

73. Bunzel, K.; Zeller, V.; Buchhorn, M.; Griem, F.; Thrän, D. Regionale und Globale Räumliche Verteilung von
Biomassepotenzialen; German Biomass Research Center: Leipzig, Germany, 2009.

74. Aghahosseini, A.; Bogdanov, D.; Breyer, C. A Techno-Economic Study of an Entirely Renewable Energy-Based
Power Supply for North America for 2030 Conditions. Energies 2017, 10, 1171. [CrossRef]

75. Farfan, J.; Breyer, C. Structural changes of global power generation capacity towards sustainability and
the risk of stranded investments supported by a sustainability indicator. J. Clean. Prod. 2017, 141, 370–384.
[CrossRef]

76. United Nations Framework Convention on Climate Change (UNFCCC). Adoption of the Paris Agreement—
Proposal by the President; United Nations Framework Convention on Climate Change: Paris, France, 2015;
Available online: https://unfccc.int/resource/docs/2015/cop21/eng/l09.pdf (accessed on 10 June 2020).

77. United Nations (UN). Sustainable Development Goals Knowledge Platform; United Nations: New York, NY, USA,
2015; Available online: https://sustainabledevelopment.un.org/sdgs (accessed on 10 June 2020).



Sustainability 2020, 12, 4921 25 of 26

78. International Panel on Climate Change (IPCC). IPCC—Special Report on 1.5 Degrees; International Panel on
Climate Change: Geneva, Switzerland, 2018; Available online: http://www.ipcc.ch/report/sr15 (accessed on
10 June 2020).

79. United Nations (UN). World Population Prospects: The 2015 Revision, Key Findings and Advance Tables; Working
Paper No. ESA/P/WP.241; The Department of Economic and Social Affairs of the United Nations Secretariat:
New York, NY, USA, 2015; Available online: https://population.un.org/wpp/publications/files/key_findings_
wpp_2015.pdf (accessed on 10 June 2020).

80. Caldera, U.; Breyer, C. Learning Curve for Seawater Reverse Osmosis Desalination Plants: Capital Cost
Trend of the Past, Present, and Future. Water Resour. Res. 2017, 53, 10523–10538. [CrossRef]

81. International Labour Office (ILO). Employment Impact of Infrastructure Investment in Jordan—Employment
Research Brief ; International Labour Office: Geneva, Switzerland, 2016; Available online: https://www.ilo.org/

wcmsp5/groups/public/---ed_emp/documents/publication/wcms_575884.pdf (accessed on 10 June 2020).
82. Ram, M.; Osario, J.; Aghahosseini, A.; Breyer, C. Job creation during the global energy transition towards

100% renewable energy across the power, heat, transport and desalination sectors by 2050. Furthcoming 2020,
151, 119682.

83. Cote, S. Renewable Energy and Employment: The Experience of Egypt, Jordan and Morocco; King Abdullah
Petroleum Studies and Research Center: Riyadh, Saudi Arabia, 2019.

84. Anagreh, Y.; Bataineh, A. Renewable energy potential assessment in Jordan. Renew. Sustain. Energy Rev.
2011, 15, 2232–2239. [CrossRef]

85. Østergaard, P.A.; Lund, H.; Mathiesen, B.V. Energy system impacts of desalination in Jordan. Int. J. Sustain.
Energy Plan. Manag. 2014, 1, 29–40. [CrossRef]

86. Caldera, U.; Bogdanov, D.; Afanasyeva, S.; Breyer, C. Role of seawater desalination in the management of
an integrated water and 100% renewable energy based power sector in Saudi Arabia. Water 2018, 10, 3.
[CrossRef]

87. Caldera, U.; Bogdanov, D.; Fasihi, M.; Aghahosseini, A.; Breyer, C. Securing future water supply for Iran
through 100% renewable energy powered desalination. Int. J. Sustain. Energy Plan. Manag. 2019, 23, 39–54.
[CrossRef]

88. Aghahosseini, A.; Bogdanov, D.; Breyer, C. Towards sustainable development in the MENA region: Analysing
the feasibility of a 100% renewable electricity system in 2030. Energy Strategy Rev. 2020, 28, 100466. [CrossRef]

89. Kiwan, S.; Al-Gharibeh, E. Jordan toward a 100% renewable electricity system. Renew. Energy 2020,
147, 423–436. [CrossRef]

90. Anagreh, Y.; Bataineh, A.; Al-Odat, M. Assessment of renewable energy potential, at Aqaba in Jordan.
Renew. Sustain. Energy Rev. 2010, 14, 1347–1351. [CrossRef]

91. Kilickaplan, A.; Bogdanov, D.; Peker, O.; Caldera, U.; Aghahosseini, A.; Breyer, C. An energy transition
pathway for Turkey to achieve 100% renewable energy powered electricity, desalination and non-energetic
industrial gas demand sectors by 2050. Sol. Energy 2017, 158, 218–235. [CrossRef]

92. Solomon, A.A.; Bogdanov, D.; Breyer, C. Solar driven net zero emission electricity supply with negligible
carbon cost: Israel as a case study for Sun Belt countries. Energy 2018, 155, 87–104. [CrossRef]

93. Ghorbani, N.; Aghahosseini, A.; Breyer, C. Assessment of a cost-optimal power system fully based on
renewable energy for Iran by 2050—Achieving zero greenhouse gas emissions and overcoming the water
crisis. Renew. Energy 2020, 146, 125–148. [CrossRef]

94. Ghorbani, N.; Aghahosseini, A.; Breyer, C. Transition towards a 100% Renewable Energy System and the
Role of Storage Technologies: A Case Study of Iran. Energy Procedia 2017, 135, 23–36. [CrossRef]

95. Aghahosseini, A.; Bogdanov, D.; Ghorbani, N.; Breyer, C. Analysis of 100% renewable energy for Iran in
2030: Integrating solar PV, wind energy and storage. Int. J. Environ. Sci. Technol. 2018, 15, 17–36. [CrossRef]

96. Osorio-Aravena, J.C.; Aghahosseini, A.; Bogdanov, D.; Caldera, U.; Muñoz-Cerón, E.; Breyer, C. The role of
solar PV, wind energy, and storage technologies in the transition toward a fully sustainable energy system in
Chile by 2050 across power, heat, transport and desalination sectors. Int. J. Sustain. Energy Plan. Manag.
2020, 25, 77–94. [CrossRef]

97. Brown, M.A.; Wang, Y.; Sovacool, B.K.; D’Agostino, A.L. Forty years of energy security trends: A comparative
assessment of 22 industrialized countries. Energy Res. Soc. Sci. 2014, 4, 64–77. [CrossRef]



Sustainability 2020, 12, 4921 26 of 26

98. Rademaekers, K.; Yearwood, J.; Ferreira, A.; Pye, S.; Hamilton, I.; Agnolucci, P.; Grover, D.; Karásek, J.;
Anisimova, N. Selecting Indicators to Measure Energy Poverty; European Commission, DG Energy: Rotterdam,
The Netherlands, 2016.

99. Lohrmann, A.; Farfan, J.; Caldera, U.; Lohrmann, C.; Breyer, C. Global scenarios for significant water use
reduction in thermal power plants based on cooling water demand estimation using satellite imagery.
Nat. Energy 2019, 4, 1040–1048. [CrossRef]
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Abstract: Energy security is an international concern for all countries in the world, particularly, for the
policymakers looking for the wellbeing of citizens. While proper methods to measure energy security
without ignoring the different aspects and multidimensional interplay is necessary, the need for an
objective evaluation with numerical indicators is of utmost importance. This research covers these
gaps by providing a detailed numerical method to formulate an energy security index that is globally
comprehensive, but also nationally applicable to all countries in the world. This implies to include all
needed aspects and dimensions of energy security. Results of this research show the global performance
of all countries in the world in energy security and the performance of these countries in each of the 15
dimensions that articulate energy security. Germany and the United States performed best in the world,
when it comes to overall energy security levels, whereas the Central African Republic and Turkmenistan
are on the lowest end of performance. Conclusions show that there is not a single way for development
and enhancing energy security but rather different alternatives and options. Countries need to learn
from each other to identify what works best for their context and implement these strategies in order to
enhance energy security.

Keywords: energy security; index; dimensions; parameters; indicators

1. Introduction

Energy security is an universal concern [1]. Many studies have tried to discuss this topic [2–4]
from different point of views like various fields of science [5], international relationships [6] and
national security [7]. The ability of energy security to shape policies and national behaviour [8] makes
it very important. While policies and regulations are prepared, energy security has to be addressed
first because of its relevance [9]. The needs of energy consumers are covered when policymakers aim
to ensure energy security [10].

Although, the concept of energy security is ‘as old as fire’ [11] and the discussion has a long
history, scientific analysis following current research principles and standards are rare before 1975 [12].
Ang et al. [1] state that publications on energy security were rare before 2001, however, it has emerged
as one of the important topics [13] in the 21st century. The emergence of this field is because energy is an
engine for economic growth [3,14] with close links to economy [15,16] and a driver for civilisation [17]
and society [18]. In general, energy affects every aspect of life [19] and therefore crucial to the
survival of the functioning modern society [3]. Therefore, enhancing energy security is a key goal of a
society [2,20–25]. Personal and national energy security are paths to freedom of choice, and thereafter,
self-actualisation as in Maslow’s hierarchy of needs [26].

Consequently, the question about the needed level of energy security arises. Many answers based on
different assessment tools and approaches have been offered [27–31] based on the definitions and dimensions
used in the assessment. The analysis of energy security by Azzuni and Breyer [32] is further developed in

Energies 2020, 13, 2502; doi:10.3390/en13102502 www.mdpi.com/journal/energies



Energies 2020, 13, 2502 2 of 49

this research. Azzuni and Breyer devised 15 dimensions for energy security analysis: Availability,
Diversity, Cost, Technology and Efficiency, Location, Timeframe, Resilience, Environment, Health,
Culture, Literacy, Employment, Policy, Military and Cyber Security. This approach is one of the most
comprehensive and detailed approaches. However, as many tried to conceptualise energy security, there is
still a need for a proper tool to quantify the level of energy security that allows for better interpretation for
policymaking. In addition, there is a need for holistic approaches but detailed enough for all individual
countries with a global context as was proposed by Hansen et al. [33].

Quantification is one of the important aspects of social science and many other fields of science.
It gives the ability for comparing different situations and status. Also, it allows for decision-makers to
address exact options as a direct way to enhance the quantified concept. Therefore, this paper aims to
evaluate energy security with an energy security index that covers sustainable development of the
energy system.

This index is built on the 15 dimensions and their parameters presented by Azzuni and Breyer [32].
The newly introduced energy security index is designed to overcome one or more existing research
gaps of the previous studies, as they had been identified as follows:

1. Not enough dimensions and parameters to cover all the aspects of energy security;
2. No transparency of methods of building the index;
3. Limited data or use of the proposed numerical indicators;
4. Limited application of the index on one country or region, or for a short period of time;
5. Equal weighting approach for all dimensions and parameters within the index;
6. No or limited interpretation of the results into policy recommendations that can enhance energy security.

Examples for research gaps are found in literature [34–36]. Although Wang and Zhou [34] proposed
a global framework to analyse energy security, their research lacks many aspects of energy security as
they have limited their analysis to only three dimensions. In our research, a more comprehensive use of
dimensions is presented. In total 15 dimensions are used and evaluated. This by itself is novel as there
is no literature to evaluate all 15 dimensions together with their respective parameters. Furthermore,
unlike clustering countries into categories that was presented by Wang and Zhou [34], our novel
approach is to represent all countries individually. Our research has more resolution for the national
level. Furthermore, the same research gap of limiting energy security to a more simplified concept was
noticed from [35,36], where only 6 and 8 indicators were used, respectively, to measure energy security.
That is a simplified approach as energy security consists of more aspects that need to be addressed.
Overcoming this major limitation by evaluating 15 dimensions, 50 parameters and 76 indicators is one
of the novelties of this research. Unlike previous research [35,36] that was limited on a certain country
or region, the novelty of this research is to evaluate energy security for all countries in the world.

The above listed research gaps are intended to be overcome by the following advancements:

1. Building an energy security index that is comprehensive and representative: This research is based
on the selected 15 dimensions approach with several parameters in each dimensions following
the earlier conceptualisation [32]. These dimensions and parameters are to provide a holistic
analysis of energy security. The relationship of each of the parameters and dimensions has
been fully established and presented in [32]. This research uses the same dimensionalisation,
but further develops it to accommodate numerical indicators that can be measured for each
parameter and dimension.

2. Representing energy security dimensions and parameters with overarching indicators: The choice
of numerical indicators is based on several criteria that are not well established in previous
research or at least with limited transparency of how these indicators were chosen. This research
choses the following criteria for numerical indicators:

a. Data used from trusted sources;
b. Indicator values are available for all countries in the world or at least most of them;
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c. Close proxy to the parameters;
d. Indicator values can be in absolute of relative numbers;
e. Normalisation should be possible for energy security analysis;
f. Availability for current and future scenarios;
g. Accounting for sustainability [37] as much as possible.

3. A transparent approach: This research is based on open science. The detailed methods are presented
in a maximum level of detail to fully track all the established relationships between dimensions,
parameters and indicators of energy security. The building steps of the index are represented
with numbers and values.

4. A weighting procedure: This research in the first phase will follow the same trend of previous
credible research of having equal weights for all dimensions and parameters. But this research
will build on that first phase to accomplish a complete index that uses a reasonable weighting
procedure. The weighting will be based on a survey from experts in the field of energy security,
energy policy and sustainability. The survey is planned as a follow-up research.

5. Policy recommendations: This research will provide recommendations to policymakers of what
policies are supportive in order to enhance energy security. With a bigger picture, this research will
analyse energy security with energy scenarios that aim to enhance energy security in related countries.

The paper is organised as follows: After the Introduction, the methods of choosing suitable
indicators for each of the parameters is presented in the Methods section. In the Results and Discussion
section, the final index is presented with its application on selected case countries, in addition, the results
of applying the index on the case countries are addressed and discussed in detail with ways to enhance
the energy security level. Recommendations for achieving higher energy security level are provided in
the Conclusions and Recommendation section.

2. Methods

For each dimension, parameters are assigned, measured or calculated indicators. Then, all values
are normalised and standardised to a percentage value. The normalisation of each indicator is based
on global values, in order to make the index applicable globally. These percentages for each parameter
are then multiplied by their weights. If a parameter affects the ES index positively when increased,
it is assigned a positive value. If the increase in a parameter represents a negative impact on energy
security, the indicator value is subtracted from unity (100%). After that, the parameters (Yj) and their
weights (Wj) are summed up to form the value of each dimension (Xi). The next step is the aggregation
of the dimensions using their weights (Vi) to form the ES index. Details of the methods are presented
below for each of the dimensions and its parameters. The overall energy security index is presented in
Equation (1), while Equation (2) represents the formula for each dimension

Energy Security index =
n∑

i=1

Vi·Xi (1)

where Vi is the weight of each dimension and Xi is the value of each dimension.

Xi =
m∑

j=1

W j·Y j (2)

where Wj is the weight of each parameter and Yj is the value of each parameter. Yj is built by one
indicator or an average of several indicators. Values of each indicator are normalised to a percentage
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value with the same meaning. If there is more than one indicator for any parameter, then Equation (3)
is applied

Y j =

∑o
n=1 In.Y j

n
(3)

where In is a normalised indicator used for the specific parameter Yj and o is the number of indicators.
All parameters are given equal weights (Wj) within their dimension because of lack of data for

individual weighting. The same is applied to the dimensions which are given equal weights (Vi) in
the aggregation of the ES index. If valid justification for specific weighting for the dimensions (Xi) or
the parameters (Yj) exists in the future, a room for future improvement arises. Many other previous
studies have used equal weighting when aggregating their energy security index [38–40].

Many indicators are normalised by a max-min approach in linear regression to obtain a percentage
indicator with relevance to the global achievement in that indicator. Equation (4) describes the max-min
normalisation method. Usually, normalisation takes place if the original indicator is not already in a
percentage value.

In.Yj =
Ia + Imin

Imax − Imin
∗ 100% (4)

where (In.Yj) is the normalised indicator, (Ia) is the absolute value of the indicator, (Imin) is the minimum
value in the world for (Ia) and (Imax) is the maximum value in the world for (Ia).

Nevertheless, sometimes normalisation is done by linear regression for an optimal-worst relationship
of an indicator, this is done for the indicators where relationship to energy security is more complex.
Equation (5) shows the conversion from Equation (4) to an optimal-worst normalisation method. Such a
choice of optimal-worst normalisation is justified separately for indicators that need such alternations.

In.Yj =
Ia + Iworst

Ioptimal − Iworst
∗ 100% (5)

where (In.Yj) is the normalised indicator, (Ia) is the absolute value of the indicator, (Iworst) is the worst value
in the world for this indicator (Ia) and (Ioptimal) is the optimal value in the world for this indicator (Ia).

In case some values do not exist for certain indicators, these indicators are set as empty cells
and therefore, do not affect the calculation of the respected parameter. That is in case of indicators
used to measure a parameter. In the case there is only one indicator for a parameter, then the value
of that parameter is set as the worst value (0%). The list of missing indicators is presented in the
Supplementary Material.

The detailed methods for formulating each of the dimensions and their corresponding parameters
and indicators are provided in Appendix A.

3. Results and Discussion

3.1. Energy Security Index

The designed energy security index is presented in Table 1 where dimensions, parameters and
indicators are detailed, in addition, units and normalisation methods for each indicator are summarised.
All notations and abbreviations in Table 1 are explained in detail in Appendix A.

Table 1. Energy security indicators forming the parameters and dimensions for the energy security index.

Dimensions Parameters Indicators Unit Normalisation

A

A1

Total available resource of fossil
fuel and potential
renewables [41,42]

TWh Max-min

A2 Population [43] Persons Dividing by the world’s
population

A3 Number of airports [44] Number Dividing by the maximum in
the world
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Table 1. Cont.

Dimensions Parameters Indicators Unit Normalisation

D

D1
Simpsons Diversity Index of

sources [41] Percentage Already normalised

D2
Simpsons Diversity Index of

carriers [41] Percentage Already normalised

D3

1: Simpsons Diversity Index of
Technologies [45]

2: Simpsons Diversity Index of
Transportation [46]

Percentage Already normalised

D4
Simpsons Diversity Index of

consumers [41] Percentage Already normalised

Co

Co1

1: Diesel prices [47]
2: Weighted average price of

power demand [42]

1: USD/litre
2: €/kWh

Dividing by the maximum in
the world

Co2
Income at risk due to power
outage (income loss) [48,49] €/capita Dividing by the maximum in

the world
Co3 LCOE total [42] €/MWh Max-min

TE

TE1

1: Number of patents in force by
the filling office [50]

2: Scientific and technical journal
articles [51]

Number Dividing by the highest

TE2 Supply efficiency [42] Percentage Already normalised

TE3
Energy intensity level of primary

energy [52]
(MJ/USD2011

PPP GDP) Dividing by the maximum

TE4 Fuel economy [53]
(Litres of gasoline

equivalent)/100 km,
WLTC

Max-min

Lo

Lo1 Area [54] km2 Dividing by the worlds area

Lo2
Distance between production and

consumption [55,56] km Max-min

Lo3 Energy use per area [57] kWh/km2 Dividing by the highest

Lo4
Terrestrial and marine protected

areas [58] Percentage Dividing by the highest

Lo5
1: Trade (% of GDP) [59]

2: KOF Globalisation index [60] Percentage Already normalised

Lo6 Population density [43,54] Persons/km2 Dividing by the largest country

Lo7

1: Number of countries with
shared borders [44]

2: Seaports infrastructure [44]
3: Total renewable surface

water [61]

1: Number
2: Scored number
3: m3/(year·km2)

Dividing by the maximum

Lo8 Industrial added values [62] USD/km2 Dividing by the second highest

T

T1 Life expectancy at birth [63] Years Max-min

T2

1: Electrical outages [49]
2: Average weighted age of power

plants [45]

1: Days
2: Years

1: Dividing by the maximum in
the world

2: Max-min

T3

Number of years that are needed
to achieve 100% renewable

electricity output [64,65]
Years Longest allowed time

R R1 Resilience Index [66] Percentage Already normalised

E

E1
Ecological footprint (number of

earth required) [67] Number Max-min

E2 CO2 intensity [68] kg per kWh energy
use

Dividing by the maximum in
the world

E3

Total GHG emissions excluding
land-use change and forestry per

GDP [48,69]
MtCO2eq/USD Dividing by the highest in

the world

E4 Temperature anomalies [70] Celsius Dividing by the highest in
the world

E5 Water stress [71] Percentage Already normalised, values more
than 100% set to 100%

H
H1

1: Health expenditure [72]
2: Mortality rate, infant [73]

1: Percent of GDP
2: Number

1: Optimal value
2: Dividing by the highest in

the world

H2
Number of deaths attributed to

cancer in population [74] Percentage Dividing by the maximum in
the world
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Table 1. Cont.

Dimensions Parameters Indicators Unit Normalisation

Cu

Cu1

1: Poverty headcount ratio at
national poverty line [75]

2: GINI index [76]
3: Population ages 15–64 [77]

4: Coverage of social protection
and labour programs [78]

1: Percentage of
population

2: Percentage
3: Percentage of

population
4: Percentage of

population

1: Already normalised
2: Already normalised

3: Max-min
4: Already normalised

Cu2

1: Energy use per capita [57]
2: Air transport, passengers

carried per capita [79]
3: Food supply (crops, livestock

and fish) [80]
4: Human Development

Index [81]

1: kWh/capita
2: Number per

capita
3: g/capita/day
4: Percentage

1: Dividing by the maximum in
the world

2: Dividing by the maximum in
the world

3: Dividing by the highest in
the world

4: Already normalised

Li

Li1 Citable documents [82] Number Dividing by the highest in
the world

Li2

1: Expenditure on education as
percentage of total government

expenditure [83]
2: Research and development

expenditure (percentage of
GDP) [84]

Percentage Dividing by the highest in
the world

Li3

Percentage of tertiary graduates
from science, engineering,

manufacturing and construction
programmes [85,86]

Percentage Dividing by the highest in
the world

Em
Em1

Employment in the power
sector [87] Jobs/TWhel Max-min

Em2
Unemployment (percentage of

total labour force) [88,89] Percentage Dividing by the maximum

P

P1

1: Democracy index [90]
2: Fragile States Index [91]

3: Political stability/absence of
violence and terrorism (percentile

ranking) [92]
4: Polity data series [93]

5: Human freedom index [94]
6: Freedom in the world [95]

1: Percentage
2: Score

3: Percentage
4: Score

5: Percentage
6: Percentage

1: Already normalised
2: Dividing by the maximum

possible
3: Already normalised
4: Theoretical max-min
5: Already normalised
6: Already normalised

P2

1: Subsidies and other transfers
(percentage of expense) [96]
2: Regularity indicator for
sustainability (RIES) [97]

Percentage Already normalised

P3

1: Rule of law [92]
2: Corruption Perceptions Index

(CPI) [98]
Percentage Already normalised

M

M1
Energy consumption in military

sector [57,99] kWh Dividing by the maximum

M2

1: Military expenditure
(percentage per GDP) [99]

2: Active armed force (percentage
of the population) [100]

Percentage
1: Max-min

2: Dividing on the maximum in
the world

M3

1: Share of coal production to
the world total [41]

2: Share of oil production to
the world total [41]

3: Share of gas production to
the world total [41]

Percentage Dividing by the maximum in
the world

M4

1: Energy imports, net (percentage
of energy use) [101]

2: Income from net exporting
minerals classification [102]

1: Percentage
2: USD

1: Dividing by the highest
absolute

2: Dividing by the maximum in
the world

Cy

Cy1
Individuals using the Internet

(percentage of population) [103] Percentage Already normalised

Cy2
Global cybersecurity index -

technical [104] Score Already normalised

Cy3
Global cybersecurity index -

capacity building [104] Score Already normalised
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The design of the energy security index makes it clear that it is absolutely quantified and can account
for many aspects of energy security. Unlike earlier research and literature that would propose parameters
and indicators that are not possible to quantify and measure for most countries in the world [20], Table 1
shows an analysis for what indicators are included for energy security dimensions and parameters
according to the rules stated in the Introduction (Section 1). Table 1 shows how research gaps, that were
addressed in the Introduction (Section 1), are now covered in detail by 15 dimensions, 50 parameters and
78 indicators.

Although it might appear that some proxy indicators do not have a direct relationship to energy
security, but that is due to the angle perspective energy security is viewed from. As this analytical
framework builds the concept of energy security on hierarchical levels (dimensions, parameters,
indicators), it is justified to have relevant and suitable proxy indictors for each parameter, together
with a justifiable correlation between parameters and dimensions, up to the level of correlation of
dimensions and energy security. The relationship between all parameters and dimensions with energy
security was well-established in a previous research [32]. Correlations between all indicators and their
respective parameters and dimensions are presented in detail in Appendix A. After the energy security
index is built and designed, its global application is presented in the following section.

3.2. Global Energy Security

Scientific approaches to measure an energy security index are the key for proper analysis of the
situation. Quantitative methods with quantified values of the energy security level will allow for real
comparison between countries and their performance. Also, such a representation of an energy security
index will provide valuable insights for countries on how to maintain their performance and what
can to be done to improve the respective energy security level. Furthermore, a global representation
of energy security on international maps for the overall energy security and for the 15-individual
dimensions will provide relevant policy concept implications for what regions in the world can be
clustered for what reason. Figure 1 represents the detailed achievement for all the countries in the world
for the overall energy security index. In addition, a colour code for the certainty of the results is
embedded in Figure 1.

The overall number of parameters is 50 but for some countries data are unavailable, thus their
aggregated ESI suffers from some missing indicators. The number of missing parameters is indicated by
colour coded categories so that the uncertainty of the resulting ESI is better visible. Certainty levels are:

• Blue—very good (115 countries): for countries with not more than 5 missing parameters;
• Yellow—good (28 countries): for countries with 6–10 missing parameters;
• Orange—acceptable (22 countries): for countries with 11–15 missing parameters;
• Red—others (64 countries): for countries with more than 15 missing parameters.

The most common reason for missing parameters in the red category is due to either data are for
non-sovereign country or the country’s population is less than 100,000 as was detailed in the methods.
In total there are 64 countries in the red category of which 44 are either non-sovereign or with low population.

The reorientation of the ESI distribution on the global level is also provided by an overview
world map with a colour code. Figure 2 shows all countries in the world and their energy security
performance, where yellow represents the best energy security level (highest ESI) and the dark blue
represents the worst energy security level (lowest ESI).

First, energy security levels are higher in developed countries than in emerging and developing
countries. This shows the importance of developmental status which has a strong influence to achieve
higher levels of energy security. Therefore, more focus on progressively driving development, can
enhance energy security. Second, neighbouring countries do not necessarily have same levels of energy
security. This can be attributed to natural features of countries, e.g., resources or its political system,
such as the example pairs Finland and Russia, and the United States and Cuba. Third, countries with
wars and natural disasters in general have a lower energy security performance, as found for Somalia
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and Afghanistan. Fourth, some countries scored a low performance because of the absence of some
indicators’ values. If some data points are missing for an indicator, the lowest value is assumed for
that country. This impacts the whole parameter and thus the corresponding dimension. Therefore,
the aggregated ESI value will be lower. Finally, no single feature of a country can determine its energy
security performance, but rather the aggregated mix of many variables. For examples, having the
largest area in the world alone (Russia), having the highest population alone (China), or achieving the
highest GPD/capita (Qatar) does not create the best energy security. Therefore, countries with low
performance in energy security should not focus only on a single parameter to enhance, but rather on
a broad set of comprehensive improvements to cover many parameters in order to achieve a higher
energy security level.

A global overview of each of the 15 dimensions is presented in the following and brief remarks on
specific findings.
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3.2.1. Availability

The aggregation of the three parameters of the availability dimension is shown in Figure 3 where
the global performance in the availability dimension is presented. Exact values for all countries can be
found in the Supplementary Material.
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Figure 3. Global view on the availability dimension.

Figure 3 highlights that the United States and Brazil have the highest value for the availability
dimension. Reasons for the United States to top this dimension is the abundance of resources together
with large demand and easy access. The same applies for Brazil. Many European countries lack access
to their own resources and have a small population to increase demands, thus they do not perform well
for this dimension. Furthermore, developing countries show better results than some of the developed
countries, this can be a good motivation and a driving force to utilise this advantage to progressively
improve the overall energy security level. Also, it can be noticed that, area and population can have
a correlation with this dimension, as larger countries and more populous ones tend to have a better
performance in this dimension.
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3.2.2. Diversity

The aggregation of the four parameters of the diversity dimension is shown in Figure 4, where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Material.
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Figure 4. Global view on the diversity dimension.

Finland, Bulgaria and Sweden rank the highest in the diversity dimension as shown in Figure 4.
This contributes to the policy these countries follow to balance their energy system elements. In contrast,
resource curse seems to strike on some countries where policies are not in place to meditate the economy.
The lowest achievement for this dimension is noticed from small islands that need to be dependent on
others or African countries that have abundant resources, but their energy system is dependent on one
element, e.g., Chad or Lesotho. The best strategy that can be adopted for such countries is to enforce
policies to diversify energy system elements.

3.2.3. Cost

The aggregation of the three parameters of the Cost dimension is shown in Figure 5, where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Material.
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As for the cost dimension, Kyrgyzstan shows the best performance as can be seen from Figure 5.
Although Kyrgyzstan is a land-locked country with relatively small area in comparison to neighbouring
countries, its infrastructure and energy cost structure proves to be the best for this dimension. It does
not cost much to secure their energy infrastructure, and the income at risk for energy disruption is less.
This might be attributed to the fact that Kyrgyz people depend more on traditional way of life than
more modern ways. Similar results can be seen for countries such as Lesotho, Thailand and South
Africa. In contrast, the United States which scored high in previous dimensions and China with the
largest population in the world seem to struggle with the Cost dimension. For the developed world,
Germany performs well relatively because of the wide spread of renewable energy.

3.2.4. Technology and Efficiency

The aggregation of the four parameters of the technology and efficiency dimension is shown in
Figure 6, where the global performance in this dimension is presented. Exact values for all countries
can be found in the Supplementary Material.
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Figure 6. Global view on the technology and efficiency dimension.

Analysing Figure 6 reveals that Japan is leading the world with implementing advanced technologies
and thus reaching a more efficient energy system. This is done particularly by reducing the dependency
on energy in the economy. A low performance for this dimension can be seen for countries such as Canada
where efficiency needs to be improved particularly by enhancing the fuel economy, and technology
advancement can be enhanced by generating more patents.

3.2.5. Location

The aggregation of the eight parameters of the location dimension is shown in Figure 7, where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Materials.

Although the location dimension might seem to be dependent on factors that are difficult to change,
many of the parameters can be enhanced to achieve higher levels of this dimension. This is exactly
what Malta, Luxembourg and the Netherlands have done. Figure 7 reveals that these countries have
the highest level of performance for this dimension. The trade, infrastructure and geography utilisation
are the key elements for their success in this dimension. In contrast, many African countries seem to
struggle with this dimension. That is attributed to their industrial intensity, level of globalisation and
population density. For these countries, more focus should be on enabling more industrial activities
and production facilities in order to have more exports and connections to the global market.
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3.2.6. Timeframe

The aggregation of the three parameters of the Timeframe dimension is shown in Figure 8, where
the global performance in this dimension is presented. Exact values for all countries can be found in
the Supplementary Material.
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Figure 8. Global view on the timeframe dimension.

For the timeframe dimension it can be noticed that countries with the highest performance are
distributed globally, not concentrated in one region. Figure 8 shows Luxembourg, Costa Rica, Denmark,
Cambodia and Ethiopia to have the highest score for this dimension. This makes it clear that the
infrastructure for these countries can be fixed very fast and the events of disruption for the energy
system do not last long. Although life expectancy is not the highest for any of these countries, their
energy systems are not affected for a long time with disruption events and impacts on their energy
systems are minimised. Some of the developed countries (e.g., the United States and Canada) in
addition to many African countries must work harder so that events of disruption will not last long,
if they occur the impacts’ length of these events is minimised. That can be achieved by having more
international and good relationships and by building a more robust energy system.
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3.2.7. Resilience

Figure 9 shows the global performance in the resilience dimension. Exact values for all countries
can be found in the Supplementary Material.
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Figure 9. Global view on the resilience dimension.

The resilience index is used to cover the whole resilience dimension. It is shown in Figure 9 that
western countries in general have more resilience and more adaptive capacity for their energy systems.
Leaders are Switzerland, Luxembourg and Sweden. This can be attributed to the good economy rating
of these countries, that they can build alternatives for energy system elements very fast and sustain the
flow of their operations as normal. Such leverage is used also to build alternative options in case of
emergencies. Rich countries that do well economically but with large area or population do not have
necessarily high adaptive capacity e.g., Russia and China.

3.2.8. Environment

The aggregation of the five parameters of the environment dimension is shown in Figure 10,
where the global performance in this dimension is presented. Exact values for all countries can be
found in the Supplementary Material.
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Figure 10 shows many facts of the environment dimension. African countries and countries in
Latin America do better in the environment dimension than many developed countries in Europe,
North America and Oceania. From Africa, Gabon, Nigeria and Congo DR lead the efforts to keep the
environment dimension on the highest values. Same is done by Guatemala and Costa Rica. This proves
that European countries claiming to care about environment are behind many African countries.
This can be attributed to the lifestyle people live in developed countries that cause high ecological
footprints. A simpler lifestyle in Africa proves to have a better relationship with the environment.
Another aspect of this dimension is for those countries with the worst achievement for the environment
dimension, e.g., Uzbekistan, Kuwait and Turkmenistan. They all have a combination of fossil fuel
dependency with a high level of autocratical policy reality and a high level of corruption. This can be
also found for many other countries with low achievements in this dimension. Corruption prioritises
the benefits of the elite over the environment and the population therefore, decisions are often done
with no consideration to the environment.

3.2.9. Health

The aggregation of the two parameters of the Health dimension is shown in Figure 11, where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Material.
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Figure 11. Global view on the health dimension.

The results for the health dimension shown in Figure 11 present Bahrain, Saudi Arabia and United
Arab Emirates with the highest performance in this dimension. This is attributed to the expenditure on
healthcare in these countries together with the number of deaths attributed to cancer. It also can be
explained with the healthy habits of people in these countries, where alcohol consumption is minimal
and rich governments that spend lavishly on health infrastructures and medical staff. This is the
opposite to other countries where the performance in the health dimension is on a low level, such as
the United States and Russia. These two countries spend much of their budget on military-related
programmes in addition to the habits of alcohol and drug consumption of the population, plus a health
system not equally accessible to all people.

3.2.10. Culture

The aggregation of the two parameters of the Culture dimension is shown in Figure 12, where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Material.
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The culture dimension puts Qatar and United Arab Emirates on top of all countries in the world as
shown in Figure 12. This can be supported by the fact that people’s lives in these two countries are fossil
fuel-dependent with a lot of interactions with the energy system. Qatar has the highest energy use per
capita in the world. Also, both countries have very high air transport rates relatively to their population.
Furthermore, wealthy citizens of these countries with a high percentage of their population in activity
age (15–64) contribute a lot to how they affect the energy system and how they use it. In contrast, Congo
DR and Zambia and many other African countries are in the lower end of performance in the culture
dimension. This is attributed to poverty and less access to air transports.

3.2.11. Literacy

The aggregation of the three parameters of the literacy dimension is shown in Figure 13, where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Material.
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The United States, Zimbabwe and Germany are the top countries in the Literacy dimension,
as shown in Figure 13. It can be noticed from the Supplementary Material that the United States and
Germany achieved this high score by the good performance in the information availability. On the
other hand, Zimbabwe performs well because of expenditure on education. This makes a strong case
for both developing and developed countries. For developing countries in Africa and Latin America,
more expenditures on education are needed to improve their energy security. Developed countries in
Europe, North America and Oceania, where the education infrastructure is on an advanced level, need
to invest more in scientific publications in order to spread knowledge further, and even more to their
own people.

3.2.12. Employment

The aggregation of the two parameters of the employment dimension is shown in Figure 14,
where the global performance in this dimension is presented. Exact values for all countries can be
found in the Supplementary Material.
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Figure 14. Global view on the employment dimension.

As the employment dimension is concerned about the effect of the energy system on employment
and the impact of employment on the energy system, countries with a spacious room for developing their
energy infrastructure have the highest scores. Figure 14 highlights Bhutan, Nepal and India have the
highest score in the employment dimension. There is a huge opportunity for more employment with the
development of renewable energy businesses in these countries. The employment dimension in Europe
and the Americas does not seem promising because there seems to be a saturation in energy infrastructure
development and a lower number of employment is needed for energy systems development.

3.2.13. Policy

The aggregation of the three parameters of the policy dimension is shown in Figure 15, where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Material.

The interplay of geopolitics and respective effects on the policy dimension as shown in Figure 15
points to many aspects. Denmark, Iceland and Finland prove to be on the top of the list of high performance
within the policy dimension. These countries have a small population, which seem relatively easy to
govern, in addition to a clear political framework to handle matters in hand. In particular, corruption is
on low levels which allows for wealth to be more equally distributed in these countries. Countries with
a developed political framework to ensure responsibility and power distribution with lower levels of
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corruptions achieve high values in the policy dimension. Countries which do not have a good political
framework in place because of wars or autocratical regimes score low in this dimension, e.g., Korea
DR, Libya and Turkmenistan.
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3.2.14. Military

The aggregation of the four parameters of the military dimension is shown in Figure 16 where the
global performance in this dimension is presented. Exact values for all countries can be found in the
Supplementary Materials.
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Figure 16. Global view on the military dimension.

Many countries in the world seem to be in a high performance in the military dimension. Two
countries in Latin America and two countries in Africa top this dimension. Mexico and Argentina in
addition to Ethiopia and Ghana have the highest achievement in this dimension. In contrast, countries
being involved in wars together with high dependency on energy resources show a poor performance
in this dimension, such as Turkmenistan, Syria and Yemen. Figure 16 reveals rather good values for the
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United States and Russia, which would be further improved by reducing their energy consumption
for military.

3.2.15. Cyber Security

The aggregation of the three parameters of the Cyber security dimension is shown in Figure 17,
where the global performance in this dimension is presented. Exact values for all countries can be
found in the Supplementary Material.
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The last dimension to be analysed is the cybersecurity dimension as presented in Figure 17. Egypt,
India and the United States stand out with high performance in this dimension. This is attributed to
software use and IT skills. Many African and Asian countries lack connectivity and software use. These
countries can invest more in IT education and networks’ infrastructure for improving this dimension.

3.3. Energy Security Analysis for Exemplary Countries

In this section, couple of countries are studied in depth for their energy security performance. These
countries are chosen to cover a wider spectrum of energy security levels. The highest two countries in
the world, Germany and the United States, in addition to two countries, the upper and lower part of the
middle of energy security ranking, together with two countries with the lowest energy security level in
the world are presented. China and Jordan are chosen from the middle of the list with a rank of 29 and
118, respectively. The Central African Republic and Turkmenistan represents the lowest end of energy
security performance.

3.3.1. Germany

Germany has achieved the highest energy security level in the world according to the aggregated
ESI. This is attributed to several factors. Figure 18 shows the performance of Germany in each of the 15
dimensions of energy security.
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Figure 18. Detailed energy security view for Germany, values 0–100 represent worst to best.

Figure 18 highlights that Germany achieved the highest energy security level in the world by
coordinating many of the dimensions. Germany excels is the resilience dimension in which Germany
achieved the best performance in comparison to all other dimensions. This high performance in the
resilience dimension means that Germany has high adaptive capacity to cope with changes and shocks
in the energy system in order to ensure the continuity of a functioning society and system. This high
performance in the resilience dimension comes together with the second highest performing dimension,
which is the policy. Germany has developed an advanced political system and regulations with regard
to the energy system to ensure energy security. Such an achievement within the policy dimension
helped to have the resilience performance on the high end. Furthermore, Germany suffers in the
availability dimension. This dimension is the worst of all other dimensions for Germany. The impact
of the scarce availability in Germany was mitigated by good policies and high adaptive capacity.
The performance from Germany shows clearly that lacking in natural resources should not hinder
energy security, if political will exists to advance resilience and regulations. Furthermore, Germany
has the location and employment dimensions on the worst end. The location dimension is affected
hugely by the area of country, its geography and population density. For the employment dimension,
Germany is an advanced industrial country where employment is more connected to industries rather
than to the energy system, which explains the low achievement in this dimension.

3.3.2. The United States of America

The United States has achieved the second highest energy security level in the world according to
the aggregated ESI. This is attributed to several factors. Figure 19 shows the performance of the United
States in each of the 15 dimensions of energy security.



Energies 2020, 13, 2502 20 of 49
Energies 2020, 13, x FOR PEER REVIEW 25 of 53 

 

 

Figure 19. Detailed energy security view for the United States, values 0–100 represent worst to best. 

The second highest energy security performance in the world is the United States. However, the 

route how the United States achieved high performance is different than the previously discussed 

path of Germany. This proves the point that in order to achieve high energy security levels 

considering the 15 dimensions approach there are several routes to achieve such high energy security 

levels. More dimensions are of relevance for energy security than limiting energy security to only 

availability of resources. 

The United States has a more of balanced distribution of the dimensions on a high level. Though, 

resilience stands again to be the highest dimension followed by policy and cybersecurity. Noticeably, 

the United States has a higher achievement in the availability dimension than Germany, but still is in 

the second place of the overall energy security. Implementing similar policies and regulations as 

Germany for the energy system together with the high level of availability could ensure the United 

States to climb to rank one in the energy security performance. On the other end, employment and 

timeframe are the worst of all dimensions for the United States. The reasons that were discussed for 

Germany still appear to be valid for the United States. Being the most industrialised country, 

employment in the United States seems to be more connected to industries and companies rather 

than to the energy system. For the timeframe, the United States needs more than 100 years to achieve 

a 100% renewable electricity output and the country suffers from old power plants. These two factors 

made the United States to perform low in this dimension. 

3.3.3. China  

China has achieved the 29th rank of in energy security according to the aggregated ESI. This is 

attributed to several factors. Figure 20 shows the performance of China in each of the 15 dimensions 

of energy security.  

Availability

Diversity

Cost

Technology & 

Efficiency

Location

Timeframe

Resilience
Environment

Health

Culture

Literacy

Employment

Policy

Military

Cybersecurity

0

10

20

30

40

50

60

70

80

90

100

Figure 19. Detailed energy security view for the United States, values 0–100 represent worst to best.

The second highest energy security performance in the world is the United States. However, the route
how the United States achieved high performance is different than the previously discussed path of
Germany. This proves the point that in order to achieve high energy security levels considering the 15
dimensions approach there are several routes to achieve such high energy security levels. More dimensions
are of relevance for energy security than limiting energy security to only availability of resources.

The United States has a more of balanced distribution of the dimensions on a high level. Though,
resilience stands again to be the highest dimension followed by policy and cybersecurity. Noticeably,
the United States has a higher achievement in the availability dimension than Germany, but still is
in the second place of the overall energy security. Implementing similar policies and regulations as
Germany for the energy system together with the high level of availability could ensure the United
States to climb to rank one in the energy security performance. On the other end, employment and
timeframe are the worst of all dimensions for the United States. The reasons that were discussed
for Germany still appear to be valid for the United States. Being the most industrialised country,
employment in the United States seems to be more connected to industries and companies rather than
to the energy system. For the timeframe, the United States needs more than 100 years to achieve a
100% renewable electricity output and the country suffers from old power plants. These two factors
made the United States to perform low in this dimension.

3.3.3. China

China has achieved the 29th rank of in energy security according to the aggregated ESI. This is
attributed to several factors. Figure 20 shows the performance of China in each of the 15 dimensions of
energy security.
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Figure 20. Detailed energy security view for China, values 0–100 represent worst to best.

Moving to the bottom of the high-ranking countries in energy security, turns the attention to China
with the rank of 29th in the world. There are many countries in the upper middle of energy security
performance, but China was chosen because of being the country with the highest population in the world.

Figure 20 highlights that the best dimension for China is the Health dimension. China seems to
spend a lot on healthcare with more healthy people in the workforce. The second remark for China
is the high performance in the technology and efficiency dimension together with the cybersecurity
dimension. This proves the need for advanced technologies to be implemented if countries want to
achieve high energy security levels. Such advancement in technology and efficiency proves necessary
because on the other hand China has low achievements in the location and availability dimensions.
These natural factors that can be difficult to change are mitigated by advancing other dimensions.

3.3.4. Jordan

Jordan ranks 118th in energy security level according to the aggregated ESI, which places Jordan at
the lower end of the middle range. This is attributed to many factors. Figure 21 shows the performance
of Jordan in each of the 15 dimensions of energy security.

Moving down the ranks to the lower middle, Jordan stands on 118th of the world energy security
levels. Jordan has a very low performance in the availability and literacy dimensions. Jordan has
suffered always from scarce energy resources, which has affected the development of the country.
Furthermore, literacy needs more attention by spreading knowledge on country level about energy
security and energy systems. This can be attributed to the fact that many settlements in Jordan still live
in villages with more interests of daily life needs of food and shelter than being involved on country
level energy awareness aspects. On the other hand, Jordan pays a lot of attention for the Health
dimension with high expenditures levels on healthcare. In addition, the military dimension is on high
levels because of the level of immunity Jordan has against the resources curse and being destabilised
because of resources availability. This looks like a trade-off for Jordan, less available energy resources
make the country to have a higher level of military dimension.
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Figure 21. Detailed energy security view for Jordan, values 0–100 represent worst to best.

3.3.5. Central African Republic

On the lowest end of energy security levels in the world stands the Central African Republic.
This is attributed to many factors. Figure 22 shows the performance of Central African Republic in
each of the 15 dimensions of energy security.
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Figure 22. Detailed energy security view for Central African Republic, values 0–100 represent worst
to best.
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At the lowest end of energy security levels, some countries show different achievements and
routes why they ended up in this category. The first example of this category is Central African
Republic, where it has performed extremely high in the employment dimension. This means this
country has a lot of opportunity to install new energy infrastructure and provide employment in
this sector. Furthermore, unemployment is on low levels as most of the population is involved in
traditional work in agriculture. On the other hand, many dimensions are on the worst end, for example
the diversity dimension. This shows the long way ahead for Central African Republic to implement
better practices in order to achieve a higher energy security.

3.3.6. Turkmenistan

The worst energy security level in the world has been found for Turkmenistan. This is attributed
to many factors. Figure 23 shows the performance of Turkmenistan in each of the 15 dimensions of
energy security.
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Figure 23. Detailed energy security view for Turkmenistan, values 0–100 represent worst to best.

Although Turkmenistan has very high levels of achievement in the cost dimension, together with
the health dimension, it stands in the lowest end of energy security levels in the world. The cost
structure for energy services is among the best in the world, owing to own natural gas resources.
However, a totalitarian regime with high autocracy levels can make the cost dimension on high
performance, but on the expense of other dimensions. That is seen clearly from the policy dimension,
where Turkmenistan has one of the worst regimes in the world. This affects most of the other dimensions
of energy security.

3.4. Limits of This Research

Although this research is novel with very promising results, some limitations exist. The first
limitation is the use of equal weighting of all parameters and dimensions. Reality could be different.
However, because of lack of justification of different weights in the present state, this research could be
further enhanced by investigating in improved weighting values for all parameters and dimensions.
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This can be done by uncertainty and sensitivity analyses as it was done by Augutis et al. [105]. However,
because of the large number of indicators (76 indicators), sensitivity analyses would substantially
enlarge the length of this research and thus it was not included but rather planned for future research.
It was found by Augutis et al. [105] that the average of simulated weights is similar to the use of equal
weights, therefore, equal weights have a stronger support.

The second limitation is the static nature of such research. Energy security is analysed for a certain
time period. That is attributed mainly to the indicators that were used. Although many of them have
past records, but future projection of the indicators needs further research. Once, each indicator can
be projected, energy security future scenarios can be applied using this research method. This is of
interest since it is expected that the energy system changes structurally from a fossil basis to a solar
basis [106]. Since the change from one year to another is negligible, more noticeable changes can be
observed on the scale of at least 5–10 years. Therefore, a long-term future extrapolation of data for all
indicators is needed as a future research. Once such indicators values are available and justified, ESI
projections can be applied for future scenarios.

The third limitation was faced when searching for suitable indicators to represent individual
parameters. There are some parameters which were represented by a proxy indictor or a combination
of indicators because of the complex nature of these parameters. This shows the need for international
efforts to investigate and build indexes in relation to these parameters.

The fourth limitation was the data availability of some indicators for some countries. Although,
best efforts have been spent to choose indicators for which data are available for most countries, some
indicators have a significant unavailability of data for several countries, though most countries have
available data. Future research is needed to investigate the reasons of data unavailability from the
sources and build a suitable replacement for these absent data.

4. Conclusions and Recommendations

After going through this intensive analysis of energy security on a global level, several key conclusions
can be drawn. First, such detailed evaluation of the global energy security levels with all countries’
performance included proves to be a needed research to enable a deeper understanding of the current
situation in this regard. This research contributes to close this gap by a novel approach with profound
and detailed 15 dimensions for energy security analysis. Second, it is noticed that energy security has
many relationships with different aspects. These relationships affect and are affected by energy security.
The detailed interaction between these aspects are presented in this research by comprehensive methods
and numerical indicators for each of the parameters within each dimension. Third, it is concluded that
countries’ performances can vary in ways achieving high energy security, since there is not a single recipe
but rather there are different paths that can be followed.

Countries vary in their energy security performance from very high achievements, like Germany
and the United States, to low performance such as the Central African Republic and Turkmenistan. This is
presented on the overall energy security level. Nevertheless, countries also have different achievements
in each of the dimensions as has been presented in the Results section. Development pathways and
needs for countries are different, so that there is no one solution for all countries, and thus there are
multiple ways to transition and enhance the overall global energy system. That means countries need to
implement a bunch of smaller steps and learn from other countries what is suitable to their context and
test such changes. As was proven in [107], only a directed evolution of the current system is required to
guarantee affordability, reliability and sustainability. Each country should focus on what dimension they
are lagging and learn lessons from countries that have achieved high results in the respective dimension
and implement the best options according to their own circumstances.

The six examples for countries performances in the world showed that lagging in one dimension
can be compensated by a higher performance in another dimension and that, such a situation should
not hinder development. This point proves the need of a multi dimension evolution of energy security
in order to compile a comprehensive analysis. Recommendations are for policymakers and researchers
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to study the presented results in detail and formulate strategies to improve energy security both on the
country and global level.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/10/2502/s1,
Excel: energy security. The spreadsheet file in the supplementary material consists of all collected data for all
countries and for all indicators. The primary data table shows all these data clustered for 50 parameters and
15 dimensions. The aggregation methods that were described in details in the article (methods, appendix) are
implemented in the spreadsheet file and in calculating the ESI for all countries. To adhere to our approach of total
transparency, references for data collection for each indicator are also added in the supplementary spreadsheet
file. Tables for detailed calculations are provided when needed. Furthermore, lists of missing indicators for each
country together with their count is presented.
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Appendix A

This Appendix A provides a detailed description of all methods and equations that are used
to build the ESI. It includes all the equations and the needed relationships between indicators and
parameters in their corresponding dimensions with energy security.

Appendix A.1. Availability

The availability dimension (A) consists of three parameters (A1, A2, A3) and each one is assigned
as an indicator or a set of indicators to reflect that parameter in the aggregation. In addition, each
parameter is given a weight (Wj). Equation (A1) represents the parameters and their weights. Equal
weights for all parameters lead to Equation (A2) with each parameter having a weight of one third.

A = W1·A1 + W2·A2 + W3·A3 (A1)

A =
(1

3

)
·A1 +

(1
3

)
·A2 +

(1
3

)
·A3 (A2)

Appendix A.1.1. Existence of Resources

Energy resources are measured by the total available resource of fossil fuel and potential renewables.
Fossil fuel resources are obtained from International Energy Agency (IEA) from their global energy
balances [41]. Coal, crude oil and natural gas are summed up to form total fossil fuels. The existence of
fossil fuel resources is considered as the current total production of total energy primary sources in
each country. The renewable energy resources are obtained from the country-specific energy potential
of solar photovoltaics (PV), concentrating solar thermal power (CSP), wind energy, hydropower,
geothermal energy and bioenergy according to the LUT model data [108]. The indicator of total available
energy resources is normalised by a max-min approach presented in Equation (4) for all countries in
the world. The maximum was (360,724 TWh) for Australia and (289 TWh) for Lebanon. Countries that
have access to more resources obtain also a higher level of energy security, and vice versa. The resultant
Equation for this parameter is presented in Equation (A3)

A1 = I1.A1 (A3)
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where I1.A1 is the normalised total available energy resources.

Appendix A.1.2. Existence of Consumers

The existence of consumers is measured by a proxy indicator of the population. Data from United
Nations for 2015 population in each country is taken [43]. The relationship to energy security for the
consumers point of view is directly proportional. The more consumers the energy system has, the more
secure it can become. The population is normalised by dividing on the world’s population (7.38 billion
in 2015) [43] for each country, that means the best energy system to study is the one that covers the
whole world, and the least secure energy system is the one with no population. The resultant Equation
for this parameter is presented in Equation (A4)

A2 = I1.A2 (A4)

where I1.A2 is the normalised population with normalisation according to Equation (5).

Appendix A.1.3. Existence of Means of Transport

The existence of means of transportation is measured by a proxy of airports number in each country.
Data for the number of airports were taken from CIA fact book for 2013 or latest [44]. More airports
mean more transportation is taking place, and thus a more secure system. Therefore, the relation is
directly proportional. For the normalisation of these absolute numbers, the number of airports in each
country is divided by the number of airports in the country with the highest number of airports (the
United States with 13513 airports). The absence of airports (zero) is assumed to be the least energy
security level. The parameter for the existence of means of transport (A3) is presented in Equation (A5).

A3 = I1.A3 (A5)

where I1.A3 is the normalised number of airports with normalisation according to Equation (5).

Appendix A.2. Diversity

The diversity dimension (D) consists of four parameters (D1, D2, D3, D4) and each one is assigned
one indicator or more. Equation (A6) represents the parameters and their weights (Wj). Since the
weight is distributed equally, each parameter gets a weight of 0.25, as applied in Equation (A7):

D = W1·D1 + W2·D2 + W3·D3 + W4·D4 (A6)

D =
(1

4

)
·D1 +

(1
4

)
·D2 +

(1
4

)
·D3 +

(1
4

)
·D4 (A7)

In the diversity calculations, the parameters are calculated by using Simpson’s diversity index
SIDI [109,110]. The formula for SIDI is represented in Equation (A8), and therefore each parameter
equals SIDI or the average of SIDI indicators, as applied in Equation (A9):

SIDI = 1−
n∑

i=1

Z2
i (A8)

D j = average
(
SIDI j

)
(A9)

where Zi is the share of each element in the studied system and j refers to each parameter. For example,
if the systems consist of four elements, then the share of each element is obtained by dividing its value
over the total sum of all elements. Equation (A10) shows how the shares are calculated:

Zi =
ei∑n

i=1 ei
(A10)
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where ei is the value of each element in the set.

Appendix A.2.1. Diversity of Sources

Diversity of sources regards the relative balance of sources. For instance, if the energy system has
only one source, it is less secure than if there are different sources. Two main types of resources were
analysed (domestic and imported). Data for 2014 that represent local and imported resources was
taken from International Energy Agency IEA [41]. (Zi) for the two elements (local e1 and imported e2)
was calculated as in Equation (A10). After that, the diversity of resources was calculated by Equations
(A8) and (A9).

Appendix A.2.2. Diversity of Carriers

Energy carriers can be in the form of matter-based chemical materials (fossil fuels, biomass/waste)
or in the form of non-matter-based electro-magnetic fields (electricity). Data are derived for the year
2014 [41]. Shares of elements (ei) (fossil fuels, renewable fuels, heat and electricity) were calculated
according to Equation (A10). Fossil fuels include coal, crude oil, oil products and natural gas. Renewable
energy includes hydropower, geothermal energy, wind and solar fuels, biofuels and waste. After that,
the diversity of carriers was calculated by Equations (A8) and (A9).

Appendix A.2.3. Diversity of Means

Diversity of means consists of two parts: diversity of technology and diversity of transportation.
With more technologies forming the energy system, energy security is enhanced. The same concept is
applied for transportation options: the more diverse a system is, the more secure it becomes. The total
installed capacities of different power generation technologies in 2014 (MW) were taken from Farfan
and Breyer [45] for the following elements, (ei) (gas, oil, coal, nuclear, solar PV, CSP, wind, biogas,
biomass, geothermal, hydro run-of-river, hydro reservoir, ocean) and were used to calculate (Zi) as in
Equation (A10). SIDI for power generation technologies was calculated using Equation (A8). The second
part of this parameter is the diversity of transportation. Shares (Zi) of elements (ei) (pipelines, railways,
roadways and waterways), all measured in km, were calculated by Equation (A10). The data for each
element were taken from Photius Coutsoukis PC [46]. Further, SIDI for transportation was calculated
from Equation (A8). The diversity of means parameter consists of two indicators, and the arithmetic
average of the two is taken into consideration according to Equation (A9) and applied in Equation (A11).

D3 =
(SIDItechnologies + SIDItransportation)

2
(A11)

Appendix A.2.4. Diversity of Consumers

The last parameter is the consumers’ profile. Being able to provide energy services to more diverse
users is considered more secure. In this research, analysis of the diversity of consumers is carried
out by studying the shares (Zi) of consumer profiles. Elements (ei) of industry, transport, residential,
commercial and public services, agriculture and forestry, fishing, non-specified, non-energy use were
calculated using Equation (A10). Data of energy balances were taken for 2014 [41]. The diversity of
consumers was calculated by Equations (A8) and (A9).

Appendix A.3. Cost

The cost dimension (Co) consists of three parameters (Co1, Co2, Co3) and each one is assigned to
one indicator or a set of indicators to reflect that parameter in the aggregation. Each parameter is given
a weight (Wj). Equation (A12) represents the parameters and their weights. Applying equal weights
for all parameters leads to Equation (A13) with a weight of one third for each parameter:

Co = W1·Co1 + W2·Co2 + W3·Co3 (A12)
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Co =
(1

3

)
·Co1 +

(1
3

)
·Co2 +

(1
3

)
·Co3 (A13)

Appendix A.3.1. Energy Price

This parameter is measured by the average of two indicators, after their normalisation. The first
indicator is the diesel price (in units of USD/litre) as of mid-November 2014 in each country obtained
from [47]. The diesel prices are normalised by dividing by the maximum value in the world (Eritrea
with 3.00 USD/litre) and then subtracting from unity to have the lowest price as the most secure result.
The second indicator is the weighted average price of electricity in three market segments residential,
commercial and industrial (in units of €/kWh) derived from the LUT model [108]. The normalisation
is done by dividing by the maximum in the world (Denmark with 0.192 €/kWh) and subtracting
from unity, indicating cheap energy prices are best for energy security. Finally, the average of both
normalised indicators is obtained in Equation (A14):

Co1 =
I1.Co1 + I2.Co1

2
(A14)

where I1.Co1 is the normalised diesel price and I2.Co1 is the normalised electricity price according to
Equation (5).

Appendix A.3.2. Cost of Disruption

Income at risk due to power outage as income loss (in units of €/capita) is chosen as the indicator
to measure this parameter. Data were calculated by dividing the GDP per capita from [48] by the
365 days in a year, resulting in income per day. That is multiplied by the power shortage in days [49]
to be detailed later in the second parameter of the timeframe dimension (section 2.6). The result is lost
income due to power shortage (in units of €/capita). The data are normalised by dividing the maximum
in the world (Botswana with 930 €/capita) after removing the outliers by the quartile method [111] and
then subtracting from unity, indicating that zero loss is the best for energy security and losing more is
worse for energy security. This is summarised in Equation (A15):

Co2 = 1− I1.Co2 (A15)

where I1.Co2 is the normalised income at risk with normalisation according to Equation (5).

Appendix A.3.3. Cost of Securing the System

A key option to increase the security of an energy system is to lower the levelized cost of electricity
(LCOE) on a system level. Low system LCOE indicates a high level of energy security. Total system
LCOE of 2015 in each country was obtained from the LUT model [108]. The data were normalised by
max-min method (Lebanon with 174.20 €/MWh and both Congo & Congo DR with 38.20 €/MWh) as
defined in Equation (4). Lower LCOE means higher energy security level thus subtracting from unity.
Equation (A16) shows the mathematical notion for this parameter:

Co3 = 1− I1.Co3 (A16)

where I1.Co3 is the normalised total system LCOE.

Appendix A.4. Technology and Efficiency

The technology and efficiency dimension (TE) consists of four parameters (TE1, TE2, TE3, TE4)
and each one is assigned one indicator or a set of indicators to reflect that parameter in the aggregation.



Energies 2020, 13, 2502 29 of 49

Each parameter is given a weight (Wj). Equation (A17) represents the aggregation of the parameters
and their weights. Each parameter is weighted equally with 0.25 leading to Equation (A18):

TE = W1·TE1 + W2·TE2 + W3·TE3 + W4·TE4 (A17)

TE =
(1

4

)
·TE1 +

(1
4

)
·TE2 +

(1
4

)
·TE3 +

(1
4

)
·TE4 (A18)

Appendix A.4.1. New Technology Advancement

The technology advancement can be measured in many ways. In this parameter two proxy
indicators are used to construct how much the technology gets advanced in a country. The first proxy
to use is the number of patents in force in each country. The data are taken from World Intellectual
Property Organisation for 2016 [50]. The number of patents in each country is normalised by dividing
by the country that has the maximum number of patents (the United States with 2,763,055 patents).
The more patents a country has accumulated indicates more technology advancement and thus the
respective level of energy security. A low number of patents in a country means low energy technology
advancement and therefore a low energy security level. The second indicator to be used as a proxy for
the technology advancement is the number of scientific and technical journal articles from year 2016
obtained from the World Bank [51]. The more the number of scientific articles originated from a country
is interpreted as an indicator for a higher energy security level, and vice versa. The normalisation for
this indicator is carried out by dividing the highest value found for a country in the world (China with
426,165 articles), assuming again that a very low amount of scientific articles published indicates a low
energy security level. The average of the two indicators is used to determine (TE1) as presented in
Equation (A19):

TE1 =
I1.TE1 + I2.TE1

2
(A19)

where I1.TE1 is the normalised number of patents and I2.TE1 is the normalised number of articles with
normalisation according to Equation (5).

Appendix A.4.2. Energy System Efficiency

Supply efficiency for the power sector is the chosen indicator to measure the energy system
efficiency. Data were collected from the LUT model [42]. Normalisation is not needed because it is
already in percentage. The mathematical notation for this parameter is represented in Equation (A20):

TE2 = I1.TE2 (A20)

where I1.TE2 is the supply efficiency.

Appendix A.4.3. Energy Intensity

Energy intensity is calculated according to the energy intensity level of primary energy in each
country (in units of MJ/USD2011 PPP GDP), with data for 2015 derived from the World Bank [52].
The values are normalised by dividing the highest value in the world (Liberia 26.0 MJ/USD2011

PPP GDP), where the highest value of energy intensity represents the lowest level of energy security.
The obtained percentage was subtracted from unity. This is expressed by Equation (A21):

TE3 = 1− I1.TE3 (A21)

where I1.TE3 is the normalised energy intensity with normalisation according to Equation (5).
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Appendix A.4.4. Energy Conservation

Energy conservation is an attitude that shows how efficient energy is consumed by people. As a
proxy indicator the efficiency of light duty vehicles is considered (in units of litres of gasoline equivalent
per 100 km of Worldwide Harmonised Light Vehicle Test Cycle (WLTC)) data for the year 2015. Data
are collected from IEA and its Global Fuel Economy Initiative [53]. Average values from the report for
EU-28, OCED and global average were used for countries that were not listed specifically by name.
Normalisation is done by the max-min approach (Canada with 9.2 and France with 5.2) according to
Equation (4) and subtracting from unity as summarised in Equation (A22), referring to more litres
needed for 100 km means lower standards for energy conservation and respective more consumption
thus a lower level of energy security.

TE4 = 1− I1.TE4 (A22)

where I1.TE4 is the normalised energy conservation with normalisation according to Equation (4).

Appendix A.5. Location

The location dimension (Lo) consists of eight parameters (Lo1, Lo2, Lo3, Lo4, Lo5, Lo6, Lo7, Lo8) and
each one is assigned to one indicator or a set of indicators to reflect that parameter in the aggregation.
In addition, each parameter is given a weight (Wj). Equation (A23) represents the parameters and their
weights. Assuming equal weights for all parameters leads to Equation (A24), applying a weight of
0.125 each:

Lo =
∑8

i=1
Wi·Loi (A23)

Lo =
∑8

i=1

(1
8

)
·Loi (A24)

Appendix A.5.1. Energy Systems Boundaries

The energy boundaries parameter of a system is measured by the area in each country. The area
in square kilometres is obtained from the World Bank [54]. The assumption for the system boundaries
is that, the bigger the area, the higher the energy security level, and vice versa. The normalisation
of the area indicator is executed by dividing the area of each country by the area of the whole world
(129,733,173 km2), and expressed by Equation (A25):

Lo1 = I1.Lo1 (A25)

where I1.Lo1 is the normalised area with normalisation according to Equation (5).

Appendix A.5.2. Location of Energy Source

To account for the parameter location of energy sources and its importance to energy security,
the distance between production and consumption (km) is chosen as an indicator. Crude oil trade
movement in 2016 between major players and regions in the world is obtained from BP [55]. The distances
between countries are calculated individually for each region or country by using centre estimation
presented in [56]. The crude oil movement is multiplied by the distance it is transported. If the country
is a net exporter, then the values are for how far its crude oil needs to be transported to consumers
as weighted average. If the country is a net importer, then the distance from all sources of crude oil
is considered as weighted average. These values are represented by larger regions to an individual
country, if the country is not mentioned directly in the data source, otherwise the values are assigned
directly to countries. Normalisation is according to the max-min approach (Angola with 11,515 km
and Canada with 2332 km) according to Equation (4), by linking long distances to low levels of energy
security, thus subtracting the normalised value from unity, as presented in Equation (A26):

Lo2 = 1− I1.Lo2 (A26)
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where I1.Lo2 is the normalised distance with normalisation according to Equation (4).

Appendix A.5.3. Density Factor (Centralised/Decentralised)

The density factor is expressed by the energy use per area. Primary energy use (in units of kWhth

per capita) is derived from World Bank data for the year or later [57]. The value of every country is
multiplied by its population (using the same value as for parameter A3) and divided by the area of
the respective country (using the same value as for parameter Lo1), indicating the energy density (in
units of MWhth of primary energy demand per square kilometre). The relation of this indicator to
energy security is inversely proportional, i.e., the higher the energy density the lower energy security.
After normalising the values by dividing the highest value in the world (Singapore 458,577 MWh/km2),
they are subtracted from unity, as represented in Equation (A27):

Lo3 = 1− I1.Lo3 (A27)

where I1.Lo3 is the normalised energy density with normalisation according to Equation (5).

Appendix A.5.4. Land Use

This parameter is used as an indicator for terrestrial- and marine-protected areas (in units of
percentage of total territorial area). Data are obtained from the World Bank [58] for the year 2017. Data
are normalised by dividing the highest value in the world (Slovenia with 55.1%). More protected areas
in a country as a percentage of its land is assumed to indicate a better support for energy security, while
a very low share of protected land is interpreted the other way around. The parameter is represented
by Equation (A28):

Lo4 = I1.Lo4 (A28)

where I1.Lo4 is the normalised protected areas with normalisation according to Equation (5).

Appendix A.5.5. Globalisation

Globalisation can be measured by proxy indicators, such as international trade in a country as
a percentage of GDP. Data were taken from the World Bank [59] for each country for the year 2015.
The data were normalised by dividing the maximum value for a country in the world (Luxembourg
438%). More trade means more secure systems, whereas very low levels of trade means a high level of
isolation and lowest levels of energy security. The second indicator used is the KOF globalisation index,
obtained from KOF (Konjunkturforschungsstelle) Swiss Economic Institute for year 2013 data [60].
There is no need for further normalisation as these values are in a percentage form with relative terms
to each other. High values indicate high levels of energy security. The average of the two indicators is
used to determine Lo5, as presented in Equation (A29):

Lo5 =
I1.Lo5 + I2.Lo5

2
(A29)

where I1.Lo5 is the normalised trade and I2.Lo5 is the KOF index with normalisation according to
Equation (5).

Appendix A.5.6. Population Settlement and Distribution

This parameter is measured by the population density. It is calculated by dividing the population
in a country (using the same value as for parameter A2) by the area (using the same value as for
parameter Lo1). Normalisation is carried out by dividing the population density in each country by
the highest population density in the world (Bahrain 1779 persons/km2), after excluding Singapore.
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Higher population density means higher level of energy security. This parameter is represented by
Equation (A30):

Lo6 = I1.Lo6 (A30)

where I1.Lo6 is the normalised population density with normalisation according to Equation (5).

Appendix A.5.7. Geography

The geography parameter consists of a complex relationship to energy security. The average of
three indicators is chosen to reflect this complexity in the energy security index. The first indicator
is the number of countries with shared borders obtained from [44]. More neighbours mean less
security and stability and higher risks. Normalisation is done by dividing over the maximum in
the world (China with 14 countries), and then subtracting from unity. The second indicator is the
seaports infrastructure, derived from [44] for the year 2015. Evaluation for this indicator is based on
the seaports sheet as provided in the Supplementary Material. Each type of infrastructure is given a
default point, then the number of these infrastructure in each country is multiplied with the points of
its own infrastructure. The types of infrastructure and their points are respectively: Container, Cargo,
LNG, Oil, Major seaports, River/lake ports and Cruise; 20, 20, 10, 10, 10, 5 and 5. Normalisation is
done by dividing the maximum value in the world (Japan with 500 points), whereas more points for
seaports infrastructure means a higher energy security level. The third indicator is the total renewable
surface water (in units of m3/year) for the year 2014 in each country, obtained from FAO [61]. Data are
normalised in two steps: First, dividing by the area to get values in units of m3/(year·km2); second,
dividing by the second highest in the world (Cambodia 2,604,397 m3/(year·km2), as the highest is
considered an outlier and therefore is given the full score. More water surface area is better for energy
security. This parameter is represented by Equation (A31):

Lo7 =
I1.Lo7 + I2.Lo7 + I3.Lo7

3
(A31)

where I1.Lo7 is the normalised number of countries with shared borders, I2.Lo7 is the normalised seaport
infrastructure and I3.Lo7 is the normalised total renewable surface water, with normalisation according
to Equation (5).

Appendix A.5.8. Industrial Intensity

Industrial intensity is measured by a calculated indicator. Industrial added value (in units of USD)
is used as obtained from the World Bank for the year 2015 or latest available for each country [62].
The industrial added values for each country are divided by the area of the respective country (using
the same value as for parameter Lo1). The results represent industrial intensity (in units of USD
per km2). Higher industrial intensity means higher financial utilisation of the area and results in a
higher energy security level. Normalisation is carried out by dividing each country’s values over the
highest value in the world (South Korea 4,811,143), while considering Singapore, Bahrain and Qatar as
outliners. This parameter is represented by Equation (A32):

Lo8 = I1.Lo8 (A32)

where I1.Lo8 is the normalised industrial intensity with normalisation according to Equation (5).

Appendix A.6. Timeframe

The timeframe dimension (T) consists of three parameters (T1, T2, T3) and each one is assigned to
one indicator or a set of indicators. Each parameter is given a weight (Wj). Equation (A33) represents
the parameters and their weights with equal weights of one third, as summarised in Equation (A34):

T = W1·T1 + W2·T2 + W3·T3 (A33)
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Appendix A.6.1. Timeline

The timeline parameter is measured by a proxy indicator. The indicator is the life expectancy
at birth from the World Bank for the year 2016 [63]. Normalisation is done by the max-min (Japan
with 84.0 years and Sierra Leone with 51.8 years) method presented in Equation (4), with high life
expectancy meaning higher level of energy security because of a higher opportunity of transferring
experience between generations. The parameter is represented by Equation (A35):

T1 = I1.T1 (A35)

where I1.T1 is the normalised life expectancy with normalisation according to Equation (4).

Appendix A.6.2. Length of the Event

The length of an event is measured by the average of two proxy indicators. The first indicator
reflects electrical outages (in units of days), expressed as average number of days per year that settlements
experience power outages or surges from the public grid. Data are obtained from [49]. Normalisation is
done in two steps: First, dividing by the population in the respective country, leading to units of days per
capita; second, dividing by the maximum value in the world (Namibia with 7.43 × 10−6 days per person)
after removing outliers with the quartile method [111] and then subtracting from unity. Less outage days
per capita means a more secure energy system. The second indicator is the average weighted age of
power plants for all renewable and non-renewable technologies derived from [45]. Normalisation is done
by the max-min (Timor-Leste with 45.35 years and Chad 2.94 years) approach presented in Equation (4).
Older power plants are less secure than newer ones, therefore, the normalised value is subtracted from
unity. The average of the two indicators is obtained in Equation (A36):

T2 =
I1.T2 + I2.T2

2
(A36)

where I1.T2 is the normalised power outage and I2.T2 is the normalised power plants’ age, both with
normalisation according to Equation (4).

Appendix A.6.3. Length of the Effect (Struggle or Impact)

The length of any effect on the energy system can be measured in time units. Therefore, the chosen
indicator is the number of years that are needed to achieve 100% renewable electricity output.
This indicator is calculated from two sets of data, the renewable electricity output (in percentage
of total electricity output) for the year 2010 [64] and the renewable electricity output (in percentage of
total electricity output) in 2015 [65]. The change rate of renewable electricity output in this 5-years
period is calculated by subtracting these two sets of data. The as such obtained rate is used to calculate
how long it will take the system to become 100% renewable. Some countries got minus values because
they are moving in the wrong direction, i.e., investing more in non-renewable than in renewable power
plant capacities. Normalisation is done in several steps: First, any country with a negative value is
set to zero, as it implies a major burden for energy security that the country is not moving towards a
sustainable and thus renewable electricity supply. Second, the country that needs the least number of
years to reach a 100% renewable electricity supply applying this static measure is defined as the most
secure and thus rewarded with the highest value. Third, the maximum number of years a country
requires for the full transition is used as the worst situation for energy security. Finally, the values are
normalised based on the longest found static transition period (50). This parameter is represented by
Equation (A37):

T3 = I1.T3 (A37)
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where I1.T3 is the normalised number of years to reach 100% renewables, with normalisation according
to Equation (5).

Appendix A.7. Resilience

The resilience dimension (R) consists of only one parameter (R1) and it is assigned to one indicator.
In this case the weight (Wj) for the parameter is unity. Equations (A38) and (A39) represent this
parameter description:

R = W1·R1 (A38)

R = (1)·R1 (A39)

Adaptive Capacity

Adaptive capacity is measured by an existing index by FM Global called resilience index [66]
and applied for the year 2015. Adaptive capacity represents the ability of the energy system in a
country or an area to absorb any shocks in the energy system, and still adapt to function as normal or
closely to normal. When a system adapts to the changes in e.g., price, supply chain or markets, then
it means such a system has adaptive capacity which makes the system more secure. The resilience
index is designed in relative form as percentage. There is no need for normalisation for this indicator.
The resilience dimension has one parameter, the adaptive capacity, which also has only one indicator,
the resilience index. The higher the resilience index the better for the energy security. This parameter
is represented by Equation (A40):

R1 = I1.R1 (A40)

where I1.R1 is the resilience index.

Appendix A.8. Environment

The environment dimension (E) consists of five parameters (E1, E2, E3, E4, E5) and each one is
assigned to one indicator to reflect that the parameter in aggregation. Each parameter is given a weight
(Wj). Equation (A41) represents the parameters and their equal weights, 0.2, which leads to Equation (A42)
for the parameters:

E = W1·E1 + W2·E2 + W3·E3 + W4·E4 + W5·E5 (A41)

E =
(1

5

)
·E1 +

(1
5

)
·E2 +
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)
·E3 +
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)
·E4 +
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5

)
·E5 (A42)

Appendix A.8.1. Energy Resources Rate of Exploitation, and Location

The rate of exploitation is measured by the ecological footprint, as discussed by Azzuni and
Breyer [32]. The indication of how many planet earths are needed to cover human activities relying
on the energy system is a good way of representing this parameter. Data on the ecological footprint
are taken from Global Footprint Network [67] for every country for the year 2012. Because many
countries use resources more than their natural capacity of regeneration, the normalisation of this
indicator was carried out by dividing the national values of each country by the second highest value
in the world, Qatar (6.24). The highest value was obtained by Luxemburg (9.1), but it is considered as
an unrepresentative outlier. It is obvious that the increase in this indicator means a less secure system.
The data are subtracted from unity to show the inverse proportionality, as expressed by Equation (A43):

E1 = 1− I1.E1 (A43)

where I1.E1 is the normalised ecological footprint with normalisation according to Equation (5).
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Appendix A.8.2. Extraction Methods of Energy Supply

The extraction method can be represented as CO2 intensity of the national energy consumption,
which is measured by how much CO2 (in units of kg) is emitted for energy use (in units of MWh
of primary energy). Cleaner fuels and extraction methods result in less CO2 emissions and thus a
more secure energy system. The data for CO2 intensity in 2014 are derived from the World Bank [68].
The original data were measured in non-SI units (kg per kg of oil equivalent energy use) and have been
converted to proper units (kg per MWh). The CO2 intensity values for each country were normalised
by dividing over the maximum in the world (Mongolia) with a CO2 intensity of 333 kg CO2/MWhth.
The parameter is represented by Equation (A44):

E2 = 1− I1.E2 (A44)

where I1.E2 is the normalised CO2 intensity with normalisation according to Equation (5).

Appendix A.8.3. Outcome of Energy Usage

When discussing the environment dimension in the energy system, it is supportive to study the
outcome of energy use. Greenhouse gas (GHG) emissions are considered as an indicator of the outcome
of the energy system. Data for GHG emissions are retrieved from the World Resources Institute [69] for
the year 2012. The data are provided in absolute values of MtCO2eq, however, to make the parameter
more sensible, GHG emissions should be related to economic performance. Therefore, the absolute
value of GHG emissions for each country was divided by GDP PPP (in USD2011) [48] for the year
2012. The values (in units of kgCO2eq/USD) were then normalised on a global level by dividing each
country’s value by the value of Mongolia (1.1935 kgCO2eq/USD), which obtained the highest value,
applying the quartile method [111] to determine outliers. All values higher than Mongolia were
excluded, for example Central African Republic and Gambia. The normalisation resulted in percentage
values with an inversely proportional relationship to energy security. The most secure energy system
is the one that has the least GHG emissions, so that the values are subtracted from unity, as described
by Equation (A45):

E3 = 1− I1.E3 (A45)

where I1.E3 is the normalised GHG emissions with normalisation according to Equation (5).

Appendix A.8.4. Effects of Climate Conditions and Climate Change on the Energy Security

This parameter comprises effects of climate change on energy security, using temperature anomalies
as indicator. Data were collected from NASA [70], and derived with the following criteria: GISS
analysis, ERSST_v5, Map type (Anomalies), period Dec–Nov, time interval 2007–2016 (one decade for
statistical reasons), base period 1931–1940 (the earliest with full data), and smoothing radius 1200 km.
The data created with these criteria were plotted against the world map using QGIS [112]. With a
temperature anomaly value for each intersection between a latitude and a longitude, the precision was
acceptable. Then the area weighted average for all the data points within the borders of a country
was calculated. The area of each data point was almost the same for all the points within a country.
The average is assigned to each country as the temperature anomaly. The next step was to normalise
these values which was carried out by dividing each country’s temperature anomaly by the highest
global value (Uzbekistan, 1.791 ◦C). The result is a percentage normalised value, and the higher the
percentage, the more negative the impact from the environment on the energy system reducing security.
The values are subtracted from unity, as represented by Equation (A46):

E4 = 1− I1.E4 (A46)

where I1.E4 is the normalised temperature anomaly with normalisation according to Equation (5).



Energies 2020, 13, 2502 36 of 49

Appendix A.8.5. Energy-Water Nexus

The last parameter of the environment dimension is energy-water nexus, for the interdependence
of water and energy [113–115]. An increase in energy demand typically leads to an increase in water
demand in an energy system, and vice versa [116]. Water is typically required for power generation,
heating and extraction of natural resources. Water extraction and treatment require energy. A balance
is needed between the consumed energy to produce drinkable water and the water needed to satisfy
energy demand [117]. Caldera et al. [118] propose renewable electricity-based seawater desalination to
achieve the balance, or by proposing future scenarios for water stress [119]. A good indicator for this
parameter is water stress, defined as water demand divided by fresh water resources [116]. Data were
taken from the United Nations database, describing the level of water stress, as freshwater withdrawal as
a proportion of available freshwater resources [71], at a country resolution for the year 2014. Water stress
is represented in a relative value, however, further normalisation is needed, because some countries
have water stress levels of more than 100%. Dividing by the highest water stress in the world results
in a not well-balanced representation. Therefore, the 100% water stress was used as the maximum,
and all countries with water stress more than 100% are considered as the maximum unsustainable
situation and set to 100% water stress. The minimum for water stress normalisation was considered
as zero, which means there is plenty of renewable fresh water. Water stress and energy security forms
an inversely proportional relation, so that the indicator is subtracted from unity, as represented by
Equation (A47):

E5 = 1− I1.E5 (A47)

where I1.E5 is the normalised water stress with normalisation according to Equation (5).

Appendix A.9. Health

The health dimension (H) consists of two parameters (H1 and H2), and each one is assigned to one
indicator or a set of indicators to reflect that parameter in the aggregation. Each parameter is given a
weight (Wj). This dimension is presented in Equation (A48), and the use of equal weights for the two
parameters results in Equation (A49):

H = W1·H1 + W2·H2 (A48)

H =
(1

2

)
·H1 +

(1
2

)
·H2 (A49)

Appendix A.9.1. The Impact of Healthy Individuals and Society on the Energy System

There are two indicators to measure the impact of people’s health on the energy system in good
approximation: health expenditure as percentage of GDP, and infant mortality rate. The data are taken
from the World Bank database for both indicators for the total health expenditures (as percentage of
GDP) [72] for the year 2014 and the mortality rate of infants (per 1000 live births) [73] for the year
2016. A higher expenditure as a percent of GDP indicates that there are many unhealthy people in
the country and results in fewer resources allocated for energy systems. In addition, it can indicate
that the healthcare system is inefficient and thus it needs more improvement. However, this will not
change the result of the impact because there are fewer resources channelled to investments in the
energy system. Further, no health expenditure at all means that people die because of small health
issues. No spending at all means that people do not buy medicine for minor diseases. Therefore, there
must be a minimum accepted value for health expenditure. For this reason, Singapore was used as
the reference point, with health expenditure per GDP of 4.9%. In linear representation, Singapore’s
values correspond to the highest. Zero health expenditure as percent of GDP and the highest health
expenditure in the world, both, correspond to the worst case in this indicator. The highest health
expenditure in the world is observed in the United States of America (17.1%). The second indicator
for this parameter is the infant mortality rate. A higher death rate of infants indicates that people are
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less healthy, thus their productivity is reduced, and the energy system is affected negatively. An ideal
situation is zero deaths of infants which is used for normalising together with the highest mortality
rate in the world (Central African Republic of 0.0885 infant deaths per live births). As the relationship
between mortality rate and energy security has inverse proportionality, the values for this indicator
are subtracted from unity. The average of the two normalised indicators is used to determine the
parameter (H1) as presented in Equation (A50):

H1 =
I1.H1 + I2.H1

2
(A50)

where I1.H1 is the normalised health expenditure and I2.H1 is the normalised infant mortality,
with normalisation according to Equation (5).

Appendix A.9.2. The Impact of the Energy System on the Health of Individuals and Societies

For the impact of the energy system on the health of individuals and societies, one indicator is
used. It is the number of deaths attributed to cancer. Data for the total number of deaths attributed to
cancer are taken from the United Nations database [74] for the year 2015. The data are converted to a
percentage by dividing the number of deaths attributed to cancer by the population of each country.
The data set is normalised with the max-min approach presented in Equation (4). The maximum was
the percentage death rate of Hungary, at a value of 0.169%, and the minimum is set to zero, a level
at which no one dies of cancer, assumingly. The higher the deaths attributed to cancer, the stronger
indication of negative impacts from the energy system on the health of the society. It is true that death
attributed to cancer can be a result of factors other than the energy system, but in this research, it
is used as a proxy for the energy system. Therefore, the relation is inversely proportional, and the
indicator is subtracted from unity, as represented by Equation (A51):

H2 = 1− I1.H2 (A51)

where I1.H2 is the normalised cancer deaths with normalisation according to Equation (4).

Appendix A.10. Culture

The culture dimension (Cu) consists of two parameters (Cu1, Cu2) and each one is assigned to an
indicator or a set of indicators to reflect that parameter in the aggregation. Equation (A52) represents the
parameters and their weights (Wj). Applying equal weights for all parameters leads to Equation (A53):

Cu = W1·Cu1 + W2·Cu2 (A52)

Cu =
(1

2

)
·Cu1 +

(1
2

)
·Cu2 (A53)

Appendix A.10.1. Cultural Effects on the Energy System

This parameter of cultural effect on the energy system has many issues to be addressed such as
production, connection, consumption, cultural acceptance (NIMBY, Not In My Back Yard). Therefore,
different proxy indicators can measure the parameter of cultural effects on the energy system. The first
indicator is the poverty headcount ratio at national level (as percentage of population). The data
are obtained from the World Bank [75] for the year 2015. Normalisation is done by subtracting the
percentage value from unity, because of the inverse proportionality. A lower poverty ratio has more
positive impact on the energy system, because people have more money to spend on more efficient
choices of energy supplies. Poverty makes people to be more focused on survival rather than better
energy security orientation. The second indicator is the GINI index as obtained from the World
Bank [76] for the year 2014. The lower the GINI index, the higher the security level, because a lower
GINI index means more equal distribution of wealth. Such equal distribution will make people more
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content and satisfied with their spending, and the energy market will have better choices for the whole
population. Normalisation is done by subtracting the GINI index value from unity. The third indicator
is the share of population in the ages between 15 to 64 years (as percentage of total population).
The data are obtained from the World Bank [77] for the year 2015. The normalisation of this indicator
is carried out by the max-min (United Arab Emirates with 84.9% and Niger with 47.0%) method
presented in Equation (4). Higher percentage of the population in this age range means more positive
attitude towards the energy system, and thus a higher energy security level. That is because this age
category has most of the energy use and they feel to be more responsible towards the energy system.
The fourth indicator is the coverage of social protection and labour programmes (as percentage of
population). The data are taken from the World Bank [78] for the year 2014. There is no need for
normalisation as the indicator is in percentage and a higher coverage indicates a better energy security
level. The parameter (Cu1) is represented by the four indicators, as summarised by Equation (A54):

Cu1 =
I1.Cu1 + I2.Cu1 + I3.Cu1 + I4.Cu1

4
(A54)

where I1.Cu1 is the normalised poverty headcount ratio, I2.Cu1 is the normalised GINI index, I3.Cu1 is
the normalised share of population in the ages between 15 to 64 years and I4.Cu1 is the normalised
coverage of social protection and labour programmes, with normalisation according to Equation (4).

Appendix A.10.2. Energy Conditions Shaping Cultural Aspects

For the energy conditions and how they shape cultural aspects, different indicators are used. The first
indicator is the primary energy use. The data are obtained from the World Bank [57] for the year 2015.
More energy use is a result of excess energy and ability to purchase, which leads to higher energy security
levels. Normalisation is done by dividing by the highest energy use in the world (Qatar 236.0 MWh
per capita), assuming that no energy use has the lowest positive impact on energy security. The second
proxy indicator is passenger aviation transportation. The data are obtained from the World Bank [79] for
the year 2015. Then, numbers of each country are divided by its population to get air transport per capita.
Good energy conditions correlate to people travelling more often and using airplanes. The normalisation
is carried out by dividing by the maximum number in the world (Ireland with 24073 passengers carried
per capita), assuming that no air transport is the lowest level for energy security. The third proxy indicator
is food supply, i.e., crops, livestock and fish (in units of g/capita/day). The data are derived from Food
and Agriculture Organization of the United Nations (FAO) [80] for the year 2013. Normalisation of
food supply is done by dividing by the highest value in the world (Montenegro 3317 g/capita/day).
A high supply is the result of good energy conditions and therefore indicates a high energy security level.
The fourth proxy indicator is the United Nations Human Development Index (HDI) [81] for the year
2014. There is no need for normalisation, as the HDI is already in a relative percentage. A higher HDI
indicates a higher energy security level. This parameter (Cu2) is summarised by Equation (A55):

Cu2 =
I1.Cu2 + I2.Cu2 + I3.Cu2 + I4.Cu2

4
(A55)

where I1.Cu2 is the normalised energy use, I2.Cu2 is the normalised passenger aviation transportation,
I3.Cu2 is the normalised food supply and I4.Cu2 is the normalised HDI, with normalisation according to
Equation (5).

Appendix A.11. Literacy

The literacy dimension (Li) consists of three parameters (Li1, Li2, Li3) and each one is assigned to one
indicator or a set of indicators to reflect that parameter in the aggregation. In addition, each parameter
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is given a weight. Equation (A56) represents the parameters and their weights (Wj), which leads to
Equation (A57) for equal weights:

Li = W1·Li1 + W2·Li2 + W3·Li3 (A56)

Li =
(1

3

)
·Li1 +

(1
3

)
·Li2 +

(1
3

)
·Li3 (A57)

Appendix A.11.1. Information Availability

The availability of information includes several aspects such as market information and public
awareness. This parameter is measured with a proxy indicator for the numbers of citable scientific
documents allocated to countries. More citable documents are used as a proxy for more information
availability and hence a higher energy security level. Data for citable documents for all countries are
taken from Scimago Journal and Country Rank (SJR) [82] for the year 2017. The values were normalised,
dividing by the highest number of citable documents in the world (USA 546605 citable documents),
as represented by Equation (A58):

Li1 = I1.Li1 (A58)

where I1.Li1 is the normalised citable documents with normalisation according to Equation (5).

Appendix A.11.2. Information Presentation and Provision

To measure how information is presented and provided, proxy indicators are used. The first
indicator is the expenditure on education (in units of percentage of total government expenditure)
from the World Bank [83] for the year 2016 or later. Higher expenditure on education is interpreted
by a higher level of energy security. Normalisation is carried out by dividing the highest value
in the world (Zimbabwe, 30.0%), assuming close to zero expenditure to correspond to a very low
level of energy security. The second indicator is the research and development (R&D) expenditure
(in units of percentage of GDP) from the World Bank [84], for the year 2014 or later. Normalisation
of R&D expenditure is done by dividing the highest in the world (South Korea, 4.29%). A higher
R&D expenditure is indicated as a higher energy security level, and the indicators representing the
parameter (Li2) are summarised by Equation (A59):

Li2 =
I1.Li2 + I2.Li2

2
(A59)

where I1.Li2 is the normalised expenditure on education, and I2.Li2 is the normalised R&D expenditure,
with normalisation according to Equation (5).

Appendix A.11.3. Usage of Energy Information

The energy information usage is approximated by the percentage of tertiary graduates from
science, engineering, manufacturing and construction programmes for the year 2015 or later. Data
are obtained and combined from United Nations [85,86]. The normalisation of tertiary graduates is
done by dividing the highest in the world (Gambia, 54.1%). The higher the percentage the more use of
energy information is assumed and thus a higher energy security level is anticipated. The parameter is
represented by Equation (A60):

Li3 = I1.Li3 (A60)

where I1.Li3 is the normalised tertiary graduates with normalisation according to Equation (5).
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Appendix A.12. Employment

The employment dimension (Em) consists of two parameters (Em1, Em2) and each one is assigned
to one indicator or a set of indicators to reflect that parameter in the aggregation. Equation (A61)
represents the parameters and their weights (Wj) as summarised by Equation (A62) for equal weights:

Em = W1·Em1 + W2·Em2 (A61)

Em =
(1

2

)
·Em1 +

(1
2

)
·Em2 (A62)

Appendix A.12.1. Effect of Energy Security on Employment Rate

The effect of a secure energy system on employment can be measured by the indicator of employment
in the power sector (in units of jobs/TWhel), based on regional distribution derived from [89]. Countries in
the same major region are assigned the same value as the sources presents employment aggregate to nine
major regions globally. Normalisation of the employment in the power sector is done by the max-min
(Afghanistan, 2508 jobs/TWhel and Canada 339 jobs/TWhel) method presented in Equation (4), i.e., the
highest number of employments is set best for energy security. This parameter (Em1) is represented by
Equation (A63):

Em1 = I1.Em1 (A63)

where I1.Em1 is the normalised employment in the power sector with normalisation according to
Equation (4).

Appendix A.12.2. Effect of Employment Rate on Energy Security

A higher employment rate indicates a higher level of energy security. This parameter is measured
by the national unemployment rate (in units of percentage of total labour force) from the World
Bank [88,89] for the year 2017. Normalisation is done by dividing the value for every country by the
maximum (Solomon Islands 31.4%) and subtracting the result from unity to account for the negative
impact of unemployment. This parameter (Em2) is represented by Equation (A64):

Em2 = 1− I1.Em2 (A64)

where I1.Em2 is the normalised unemployment rate with normalisation according to Equation (5).

Appendix A.13. Policy

The policy dimension (P) consists of three parameters (P1, P2, P3) and each one is assigned to one
indicator or a set of indicators to reflect that parameter in the aggregation. Equation (A65) represents
the parameters and their weights (Wj) leading to Equation (A66) for equal weights:

P = W1·P1 + W2·P2 + W3·P3 (A65)

P =
(1

3

)
·P1 +

(1
3

)
·P2 +

(1
3

)
·P3 (A66)

Appendix A.13.1. Political System

The parameter of the political system consists of many issues that need to be addressed such as
level of democracy, nature and stability of the political system, citizen’s will and internal and external
relationships. Thus, different proxy indicators can be used to reflect the relationship between the
political system parameter and energy security. The first indicator is the democracy index presented
by The Economist Intelligence Unit (EIU) [90] for the year 2016. It is assumed that a higher democracy
index leads to a higher energy security level. As the indicator is in units of percentage values for all
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countries, no further normalisation is needed. The second indicator is the Fragile States Index (FSI)
provided by the Fund For Peace (FFP) [91], used for the year 2016. Higher values for the FSI are
interpreted as indicator for a more fragile political system and hence a lower level for energy security.
The normalisation is carried out by dividing the FSI values for every country by the maximum in the
index (120) and subtracted from unity to represent the inverse proportionality. The third indicator
is the political stability/absence of violence and terrorism (in units of percentile ranking) obtained
from the World Bank as part of the Worldwide Governance Indicators [92] for the year 2016. Higher
stability leads to a higher energy security level. The values are already in a percentile ranking, so that
no further normalisation is needed. The fourth indicator is built on the polity data series obtained
from The Centre for Systemic Peace (CSP) [93] for the year 2015. The data provide a value from full
democracy (10) to a full autocracy (−10) for all countries. These values are normalised by setting 0% to
the lowest (−10) and 100% to the highest (10), assuming a full democracy (100%) will correspond to
highest energy security level. The fifth indicator is the human freedom index (HFI) where a higher HFI
means more human freedom and thus a higher energy security level. The data are retrieved from the
CATO institute [94] for the year 2014. Normalisation of this indicator is not needed as it is already in
percentage values. The sixth proxy indicator is the freedom in the World index obtained from Freedom
House [95] for the year 2017. This indicator does not need to be normalised, as the relationship to
energy security is directly proportional, assuming that more freedom leads to a higher energy security
level. This parameter is represented by Equation (A67):

P1 =
I1.P1 + I2.P1 + I3.P1 + I4.P1 + I5.P1 + I6.P1

6
(A67)

where I1.P1 is the democracy index, I2.P1 is the FSI, I3.P1 is the political stability, I4.P1 is the polity data
series, I5.P1 is the HFI and I6.P1 is the freedom in the world index.

Appendix A.13.2. Regulations

The parameter of regulations includes the nature of the market (liberalised or controlled), rules
and subsidies. Therefore, the parameter of regulations is measured by two proxy indicators. The first
indicator traces subsidies and other transfers (in units of percentage of central government expenditures)
as retrieved from the World Bank [96] for the year 2016. Subtracting the percentage value from unity
was done, so that highest subsidies represent lowest energy security. The second indicator is the
Regularity Indicator for Sustainability (RIES) obtained from the World Bank [97] for the year 2016.
No further normalisations are needed for this indicator. High indicator values are interpreted for a
high level of energy security. This parameter (P2) is represented by Equation (A68):

P2 =
I1.P2 + I2.P2

2
(A68)

where I1.P2 is the subsidies and I2.P2 is the RIES.

Appendix A.13.3. Governance

The last parameter in the policy dimension is measured by two proxy indicators. The first indicator
is the Rule of Law (RoL) (in units of percentile ranking), as obtained from the World Bank from the
Worldwide governance indicators [92] for the year 2016. There is no need for further normalisation.
A high value indicates a more secure energy system. The second indicator is the Corruption Perception
Index (CPI) as obtained from Transparency International [98] for the year 2016. No normalisation is
needed as this indicator is available in percentage values. Low values indicate a high level of corruption
and thus a low energy security level. This parameter (P3) is represented by Equation (A69):

P3 =
I1.P3 + I2.P3

2
(A69)
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where I1.P3 is the RoL and I2.P3 is the CPI.

Appendix A.14. Military

The military dimension (M) consists of four parameters (M1, M2, M3, M4) and each one is assigned
to one indicator or a set of indicators to reflect that parameter in the aggregation. Equation (A70)
represents the parameters and their weights (Wj), and leads to Equation (A71) for equal weights:

M = W1·M1 + W2·M2 + W3·M3 + W4·M4 (A70)

M =
(1

4

)
·M1 +

(1
4

)
·M2 +

(1
4

)
·M3 +

(1
4

)
·M4 (A71)

Appendix A.14.1. Energy Use for Military Purposes

The choice of a valid proxy indicator to measure the energy use for military purposes has taken
some efforts because of lack of direct data. The indicator is energy use in military sector. Energy use in
each country [57] is multiplied with the percentage that accounts for military uses. It was assumed
that this percentage is similar to the percentage of military expenditure of GDP [99]. The energy use
for military purposes is the multiplication of these two values. Normalisation is done by dividing the
maximum in the world (USA 794.4 TWh) indicating that higher energy consumption in the military
sector reduces energy security, thus the resulting value is subtracted from unity. This parameter (M1)
is represented by Equation (A72):

M1 = 1− I1.M1 (A72)

where I1.M1 is the normalised energy use in military sector with normalisation according to Equation (5).

Appendix A.14.2. Militarisation

The militarisation parameter can be measured with two proxy indicators. A higher military expenditure
(in units of percentage of GDP) implies more use of military and indicates a lower energy security
level. The first indicator is the military expenditure obtained from the World Bank [99] for the year
2017 or later. Normalisation is carried out by the max-min (Oman, 12.0% and Equatorial Guinea, 0.2%)
method presented in Equation (4), where the minimum represents the highest energy security level.
The second proxy indicator is the number of active armed forces (in units of persons). Data were
retrieved from the International Institute for Strategic Studies (IISS) from the military balance [100]
for the year 2015. Two steps of normalisation are executed: First, the values for active armed force
are expressed as a percentage of the population; second, the normalisation was done by dividing the
maximum value in the world (Korea DR, 4.7%). The results are subtracted from unity, because a higher
percentage of armed forces in a population means a higher militarisation level and thus a less secure
energy system. This parameter is represented by Equation (A73):

M2 =
I1.M2 + I2.M2

2
(A73)

where I1.M2 is the normalised military expenditure and I2.M2 is the normalised number of active armed
forces with normalisation according to Equation (4).

Appendix A.14.3. Energy as a Mean in a Military Conflict

To measure how much energy can be used as a political energy weapon, the share of fossil fuel
production in a country as a percentage of the total global production is used as a proxy. Three indicators
are chosen with the same concept: First, share of coal production to the world total; second, share of
crude oil production to the world total; third, share of gas production to the world total. Data for energy
balances are taken from IEA [41] for the year 2015. Each of these indicators is normalised by dividing
the maximum in the world. Highest share of coal production was for China with 48.4%, highest share
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of oil production was for the United States with 13.2% and highest share of gas production was also for
the United States with 21.3%. A higher share of the global production means a higher level of energy
security as energy has the potential to be used as energy weapon. The average of the three indicators is
considered to measure this parameter (M3) as presented by Equation (A74):

M3 =
I1.M3 + I2.M3 + I3.M3

3
(A74)

where I1.M3 is the normalised share of coal production, I2.M3 is the normalised share of oil production
and I3.M3 is the normalised share of gas production, with normalisation according to Equation (5).

Appendix A.14.4. Destabilisation Factor

Destabilising factors consist of many aspects such as the concept of resources curse, environmental
deterioration and economies of violence. To account for energy as destabilisation factor, two indicators
are chosen, and their average is calculated to measure this parameter. First, the percentage of net energy
imports or net energy exports to the total energy use in every country is used as an indicator. Data are
collected from the World Bank [101] for the year 2015. Normalisation is done by dividing the highest
absolute (Norway with 581%), both more net export or more net import as a percentage of energy
use indicates a less secure energy system. The resulting value is subtracted from unity. The second
indicator is the income from net exporting minerals from HS4 international product classification
(in units of million USD) [102] for every country for the year 2016. Normalisation is done by two steps:
First, dividing by the GDP of every country; second, by dividing over the maximum in the world
(Qatar, 15.61% of GDP) and then subtracting the result from unity. A high share of minerals revenue as
a percentage of the GDP is less favourable for energy security. This parameter (M4) is represented by
Equation (A75):

M4 =
I1.M4 + I2.M4

2
(A75)

where I1.M4 is the normalised net energy export/import and I2.M4 is the normalised income from net
exporting minerals with normalisation according to Equation (5).

Appendix A.15. Cyber Security

The cyber security dimension (Cy) consists of three parameters (Cy1, Cy2, Cy3) and each one is
assigned to one indicator or a set of indicators to reflect that parameter in the aggregation. Equation(A76)
represents the parameters and their weights (Wj) leading to Equation (A77) for equal weights:

Cy = W1·Cy1 + W2·Cy2 + W3·Cy3 (A76)

Cy =
(1

3

)
·Cy1 +

(1
3

)
·Cy2 +

(1
3

)
·Cy3 (A77)

Appendix A.15.1. Connectivity and Cyberattacks

The connectivity parameter can be measured with a proxy indicator for individuals using the
Internet (in units of percentage of population). The data were retrieved from the World Bank [103] for
the year 2016. More Internet users mean more connectivity to the Internet and thus a lower energy
security level, therefore, subtracting this value from unity. This parameter (Cy1) is represented by
Equation (A78):

Cy1 = 1− I1.Cy1 (A78)

where I1.Cy1 is the percentage of individuals using Internet.
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Appendix A.15.2. Software Use

To measure the software usage a proxy indicator is chosen in form of the technical aspect of the
Global Cybersecurity Index (GCI), as adopted from the International Communication Union [104] for the
year 2017. Values are already normalised. The higher the score, the higher the level of energy security.
This parameter (Cy2) is represented by Equation (A79):

Cy2 = I1.Cy2 (A79)

where I1.Cy2 is the normalised GCITechnical.

Appendix A.15.3. IT Skills

To account the IT skills, the Capacity Building Indicator from the Global Cybersecurity Index
is adopted from the International Communication Union [104] for the year 2017. Values are already
normalised. The higher the score, the higher the level of energy security. This parameter (Cy3) is
represented by Equation (A80):

Cy3 = I1.Cy3 (A80)

where I1.Cy3 is the normalised GCICapacity.building.
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