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The concept of resilience has attracted an increasing attention of the research community in different fields within
the last decades. In our understanding, resilience is a (socio-technical) system’s ability to maintain its services under
stress and in turbulent conditions. We state that certain design principles and system elements, e.g. ‘diversity’
contribute more strongly to a resilient system design than others. For this review, more than 40 publications
regarding the resilience enhancing capabilities of diversity in energy systems, were analyzed using the following
research questions: 1) Which components of an energy system need to be diversified in order to increase its
resilience? 2) How can these components be diversified and to what degree is that favorable? 3) To what extent
does diversification contribute to preparing the system against unknown threats?
The literature review showed that there is an agreement about which elements should be prioritized when
diversifying energy systems, e.g. generation, fuel supply. Also diversity is already known to the community from
reliability engineering of energy systems. On the other question, as to what degree of diversity is favorable; no
consensus and no concrete design instructions were found. Hence, we conclude that, it remains an open research
question to find the proper degree of diversity for energy systems and socio-technical systems, and to explain how
it contributes to overcoming unknown threats.
Keywords: diversity, resilience, guiding principle, ecosystems, socio-technical system, energy system, literature
review, design principles

1. Introduction
It is widely accepted that energy systems are
socio-technical systems. In the last years, energy
systems have experienced a radical transition
towards a more decentralized structure using
renewable and distributed generators. The
digitalization of the systems and the growing
interconnectedness of users and technologies
further increase the complexity of energy
systems. The rate of diffusion of these innovations
in the market have never been so fast and are still
speeding up. These innovations might change the
system in a disruptive way. While in the 70’s it
took several decades to reach a distribution of 1
billion color TV-sets, the distribution of 1 billion
smart phones took less than 14 years (Lee and Lee
2014). In this fast changing environment,
uncertainties and ignorance are also growing as
opposing challenges and have to be seen as part
of the transition that cannot be omitted. Hence
there is a growing need for reliability and stability
in energy systems and this calls for a
precautionary system design. Among the different
strategies to counteract these challenges, the
concept and approach of resilience is growing in

popularity. It might be the “key strategy for
navigating the future” (Steffen et al. 2018).
1.1. Resilience as guiding concept
Currently, multiple definitions and understanding
of the resilience concept in energy systems have
been
proposed
(Jesse,
Heinrichs,
and
Kuckshinrichs 2019).
We propose the use of resilience as “a guiding
concept” and define resilience as a (sociotechnical) system’s ability to maintain its services
under stress and in turbulent conditions
(Goessling-Reisemann and Thier 2019) based on
(Gleich et al. 2010). In this context, turbulent
conditions are understood as dynamic changes,
irregular conditions, limited predictability or
surprises.
Building or creating a resilient system is not a
static activity but needs continuous adapting and
learning of the system. Resilience Management
proposes a process on how to build resilience in
socio-technical systems (Goessling-Reisemann
and Thier 2019). This process consists of a cycle
with four phases: (1) Prepare and prevent, (2)
Implement robust and precautionary design, (3)

Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference
Edited by Piero Baraldi, Francesco Di Maio and Enrico Zio
c ESREL2020-PSAM15 Organizers.Published by Research Publishing, Singapore.
Copyright 
ISBN: 978-981-14-8593-0; doi:10.3850/978-981-14-8593-0

3813

Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference

Manage and recover from crises, and (4) Learn for
the future.
This paper focuses on phase (2) and especially on
the proposed resilient enhancing design principle:
“diversity” that is part of a robust and
precautionary design of the system.
1.2. Diversity as a resilience design principle
Among the resilience design principles, e.g.
diversity, redundancy, modularity, subsidiarity,
buffer
storages,
resources,
geographical
dispersion, etc, ‘diversity’ is most known to
contribute to security of systems. It is often
mentioned in combination with ‘redundancy’.
The common understanding of system diversity is
the degree of variation, disparity and balance in a
system or the degree to which several different
functions can be used at the same time (Andy
Stirling 2010; Kharrazi et al. 2015; Sharifi and
Yamagata 2016). A system with a high degree of
diversity is considered to be “more flexible in its
options when faced with a disruption” (Kharrazi
et al. 2015) and consequently a resilient world
“would promote and sustain diversity in all forms
(biological, landscape, social, and economic)”
(Beatley 2009; Walker and Salt 2006).
It is a tradition in engineering science to use
diversity as a strategy to raise the security of
supply and the adaptive capacity (Norberg and
Cumming 2008; Roege et al. 2014). The idea
behind the tradition is that having not only
redundant structures and elements, but ones that
can be distinguished in terms of diversity, e.g.
components from different manufactures’, usage
of different protocols for the control of devices,
usage of different construction devices
(functional diversity), contributes to overall
system properties (Baumgärtner 2006; Erker,
Stangl, and Stoeglehner 2017; Godschalk 2003),
regardless of the lower level of efficiency in terms
of cost (Barakoti et al. 2019). The report
NUREG/CR-6303 defines six attributes of
diversity: design diversity, equipment diversity,
functional diversity, human diversity, signal
diversity, and software diversity as found in best
practice implementations of diversity strategies in
international nuclear power industry and several
non-nuclear industries, e.g. aerospace (space
shuttle), aviation, chemical process, rail
transportation (Wood et al. 2010).
The idea is that the diversified elements react
differently to disruptions thereby increasing the
probability of continuity in the system functions
(Fath, Dean, and Katzmair 2015). In Biology, the
diversity of species has a similar effect. Diversity
of an ecosystem is also called bio-diversity, it can
be the variety of species in an ecosystem or the
genetic diversity within a species (Hummel et al.
2018). Also, response diversity and functional
diversity can be differentiated for ecosystems
(Biggs et al. 2012; Carpenter et al. 2012;
Magurran 2013). By studying the behavior of
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ecosystems, it has been observed that ecosystems
with a high diversity rate are more likely to
contain species that can survive and even flourish
during environmental hazards than ecosystems
with low diversity (Tilman and Downing 1994).
This is because diversity causes an ecosystem to
contain or accommodate many species which
respond differently to threats (Capra and Luisi
2014; Tilman and Downing 1994). For sociotechnical systems it has been found that diversity
can be broken down to: variety, balance and
disparity (Andy Stirling 2010).
In terms of quantification of diversity popular
indices are the Shannon-Wiener Index, the Gini
Index and Stirling-Index (Shannon and Weaver
1963; Gini, Corrado 1912; Andy Stirling 2007).
Other diversity indices are mentioned in (Pielou
1966; Solow and Polasky 1994; Kruyt et al. 2009;
Kharrazi et al. 2015; Ranjan and Hughes 2014;
Kharbach 2016).
With regard to the mode of action of diversity
there is a saying that states: “No matter how great
the resources, nor how complete the knowledge,
nor how sophisticated the decision making
process, only fools put all their eggs in one
basket.” (Andrew Stirling 1994). Using this
argument common in investment theory seems
logical and comprehensible, especially when
there is a direct relation between the diversifying
objects and a possible loss. However, looking at
energy systems reveals a different picture. In
energy systems, multiple energy sources are used
and coordinated to guarantee security of supply.
Responsible for an undisturbed conduction of
electricity is the operability and good
functionality of a multitude of components, cables
and control centers thereby making the energy
system an interconnected complex system. A
direct relationship between the diversification
level of specific components and the prevented
loss can to our knowledge not be found on a
system level. The reason for that lies in the
interdependencies and interconnections between
different system components. The picture
changes, when looking just at one object, that
should be supplied with power. Diversifying the
direct supply and related energy sources for it, e.g.
by supplying the specific object through different
lines and sources, e.g. PV, a generator, a battery
stack, increases the reliability of the object. In this
case the beneficial aspect of diversification is
obvious, if one line fails another source can fill in,
e.g. a generator or battery stack.
At the same time several authors point at
problems with the design principle of diversity
e.g. (Bazilian and Roques 2008) calling the
concept of diversity applied to energy systems illdefined, because it remains unclear what should
be diversified, nor is it straightforward to quantify
the costs and benefits of increased diversity.
Similar questions had been raised by (Stirling
1994). He made a nice analysis on ignorance and
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developed an analytical approach to diversity, but
does not answer questions about the
parametrization of diversity in resilience science.
This paper summarizes the current knowledge of
diversity in energy systems. It focuses on finding
justified arguments in literature regarding the
resilience enhancing properties of diversity, as
well as concrete design instructions.
2. Methods
The analysis has been done studying primarily the
most cited publications regarding the resilience
enhancing capabilities of diversity for energy
systems. Table 1 gives an overview of the search
engines and keywords used for finding the
appropriate literature. Furthermore, references
mentioned by the respective authors on the
subject of diversity were reviewed. This adds to a
total number of 104 examined papers, articles,
books and book chapters.
Table 1. Overview of the used search engines and
Keywords for the literature research.
Search engines
Google scholar

Science direct

Keywords
Diversity socio technical system,
Diversity energy system resilience,
Energy resilience,
Diversity energy system,
Resilience diversity energy system,
Diversity energy resilience,

In a second step the search was refined having in
mind the motivation for this research, which is to
identify justifications and reasons why diversity
enhances the resilience of systems. As part of this
process, for most of the publication it was found
that their content did not exactly correspond to the
topic in question. In this case these publications
were not analyzed in depth, but omitted. The same
was done with the publications where their topic
matched our research questions, but reading the
articles carefully, they were not found to be
helpful in terms of answering our research
questions.
At the end of the refining process, 27 publications
were chosen. These publications are the basis of
the presented analysis and will be referenced in
the following sections. Table 2 shows the
considered literature, categorized by their subject
and intention.
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Table 2. Categorization of the literature considered
in the review with regard to 1) "existing concepts",
2) "new concepts" and 3) "analysis of system
properties". Authors own compilation
Category
1) Discussion, evaluation and /
or extension of existing
action
resilience-related
concepts / approaches to system
development
/
operationalization methods
2) Review of earlier work in the
field of resilience (and proposal
of a new framework / model /
conceptualization)

3) Modelling or Evaluation of
data to specify properties of
systems
/
resilience
development

Publications
Stirling 1994, Baumgärtner
2006, O’Brien et al. 2010,
Gonzalès and Parrott 2012,
Roege et al. 2014, Biggs et al.
2015, Kharbach 2016, Lin
and Bie 2016, Molyneaux et
al. 2016, Erker 2017
Folke et al. 2002, Godschalk
2003, Stirling (2007, 2010),
Biggs et al. 2012, Baek et al.
2015, Fath et al. 2015, Sharifi
and Yamagata 2016, Erker et
al. 2017, Binder et al. 2017,
Steffen et al. 2018, Jesse et al.
2019
Grubb et al. 2006, Kharrazi et
al. 2015, Nahmmacher et al.
2016, Chalvatzis and
Ioannidis 2017, Fraser 2019

Regarding the methodology used to extract the
content from the chosen literature, no specific
format was followed. This was done manually and
is subjective to the author. However, guidance for
the extraction of the content was given by the
research questions, which are:
1) Which components of an energy system
need to be diversified in order to increase
its resilience?
2) How can these components be
diversified and to what degree is that
favorable?
3) To what extent does diversification
contribute to prepare the system against
unknown threats?
We looked closely at all the references having
these questions in mind. The papers were read
several times and passages related to the research
questions marked. The result section of this paper
is a summary of the most fitting and
representative quotes found in the papers.
3. Results
Diversity has been used for many centuries as a
principle to protect systems in the face of
ignorance. In multiple sectors and branches,
diversification plays an important role, e.g. in the
financial sector, aviation, critical infrastructure.
Examples were also found in the reviewed
resilient energy systems literature. Most of the
authors introduce diversity as a resilience
enhancing principle and claim that it is crucial for
the energy system and its resilience (Erker,
Stangl, and Stoeglehner 2017). Diversity
contributes to provide resilience in the face of
ignorance and surprises and gives insurance to
cope with uncertainty (Andy Stirling 2007; Folke
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et al. 2002). Its incorporation in a system might
ensure adaptability, transformability and a higher
quality of planning processes (Stoeglehner et al.
2016).
Lovins and Lovins state in Brittle Power that
failures do not propagate, and can be repaired
from areas that are still functioning if a system has
many differing components that vary from one
place to another (Lovins and Lovins 1982).
Moreover, according to Stirling, increasing the
variety of options in a portfolio, enhancing their
mutual disparity or maximizing the balance in
their proportional contributions all offer ways to
directly hedge against ignorance and surprise
(Andy Stirling 2006).
According to Biggs, it is pure evidence, that
diversity is attributed to increase the robustness
and reliability of the system (Biggs, Schluter, and
Schoon 2015). Some Authors just state that
diversity, often in combination with redundancy,
is important for resilience without detailed
specifications (Baek, Meroni, and Manzini 2015).
One argument used is that if you have more
(spare) plants, in case of disasters that take plants
out, remaining plants can provide power to homes
and businesses as soon as power lines are restored
(Fraser 2019). (Sharifi and Yamagata 2016)
explained it like this: “Diversification of energy
supply and infrastructure is one of the most
important measures to enhance energy resilience.
This is to ensure continuity of supply in case
supply of one energy source is disrupted.”
And generally, the more components filling
similar functions in the system, the higher are the
chances that these components will have different
responses to disturbance (Gonzalès and Parrott
2012).
3.1. Which components of an energy system
need to be diversified in order to increase its
resilience?
In general, it is seen that it is better to diversify
more than less elements, in particular if the
objects are sources of ignorance in energy policy.
Reducing the diversification to just some
components or a single criterion imposes
boundaries and reduces its breath with the
consequence of impairing the usefulness of the
concept (Andrew Stirling 1994).
There is agreement in the reviewed literature on a
number of components which need to be
diversified. These include the energy generation,
in particular; the sources of energy and the
resource use, the technologies employed (Andrew
Stirling 1994; Grubb, Butler, and Twomey 2006;
Andy Stirling 2007; Bazilian and Roques 2008;
Binder, Mühlemeier, and Wyss 2017; Molyneaux
et al. 2016), the energy supply in terms of the
supplier states or companies, the regions of origin
and the energy imports (Andrew Stirling 1994;
Andy Stirling 2010; Molyneaux et al. 2016;
Sharifi and Yamagata 2016; Lin and Bie 2016)

and other infrastructural aspects such as the
regulatory and institutional frameworks (Andrew
Stirling 1994; Andy Stirling 2010; Sharifi and
Yamagata 2016).
In terms of renewable energies (Stoeglehner et al.
2016) point out, that “disposing off the biggest
pool of available land in rural areas can make the
largest contribution to diversified energy
generation. (O’Brien and Hope 2010) particularly
suggest to use decentralized renewable energy
technologies, smart metering, and a participatory
approach to stakeholder engagement during
competitive dialogue.
Diversity of energy imports and fuel suppliers
have also become important after the oil boycott
experiences in the 70s (Kharrazi et al. 2015;
Molyneaux et al. 2016). Furthermore, some
authors present more detailed approaches for a
resilient system. According to (Sharifi and
Yamagata 2016), energy systems should also be
diverse in terms of land use patterns, knowledge,
economy and demographic structures.
(Andrew Stirling 1994; Andy Stirling 2010)
points out that even the regional distribution of
major energy facilities, the scale of these
facilities, the socio-political communities (such as
unions) involved in different energy production
chains, mitigation strategies, transport routes,
facility operators and infrastructure dispositions,
equipment
vendors
and
component
manufacturers, labour unions and professional
associations and various kinds of environmental,
health or social effects could be worthy objects of
diversification, as they are “sources of ignorance
in energy policy”.
Other options for diversification are actors and
operators (e.g. plant operators) (Andy Stirling
2007; Bazilian and Roques 2008), power lines
(Fraser 2019) and reactor shutdown devices
(Lovins and Lovins 1982). (Molyneaux et al.
2016) state: The consumption structures should be
versatile in order to avoid peaks in consumption
(e.g. due to a mix of working and residential
locations) and a broad spectrum of energy sources
and technologies should be enforced.”
Table 3. gives an overview of the gathered
suggestions by several authors on the question:
which energy system components should be
diversified.
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Table 3. Overview of the components to be
diversified suggested by the authors of the revised
literature.
Category
energy
generation

Component
sources
of
energy

Reference
Lovins 1977, Grubb et al. 2006,
Stirling 2007, Bazilian and Roques
2008,

Kharrazi

et

al.

2015,

Molyneaux et al. 2016, Sharifi and
Yamagata 2016, Stoeglehner et al.

generation mix diversity is a multi-faceted issue,
it is difficult to quantify the costs and benefits
associated with greater fuel mix diversity.” In
contrast Binder states the higher the
diversification level the better for the resilience
(Binder, Mühlemeier, and Wyss 2017). Also
(Lovins and Lovins 1982) plead for “many small,
simple things” meaning the increase in diversity
from small renewable plants but both authors stay
vague with their positions.

2016

the resource
use / land use
patterns

Stirling 1994, O’Brien and Hope
2010,

Kharrazi

et

al.

2015,

Molyneaux et al. 2016, Sharifi and
Yamagata 2016

Technologies
and facilities

Stirling 1994, Grubb et al. 2006,
Stirling 2007, Bazilian and Roques
2008,

Binder

et

al.

2017,

Molyneaux et al. 2016

energy
supply

reactor shutdown devices
Supply states
or companies

Lovins and Lovins 1982
Stirling 1994, Molyneaux et al.
2016, Sharifi and Yamagata 2016,
Lin and Bie 2017

regions
origin

of

Stirling (1994, 2010), Molyneaux
et al. 2016, Sharifi and Yamagata
2016, Lin and Bie 2017

import
countries

Stirling 1994, Kharrazi et al. 2015,

power lines
regulators

Fraser 2019

Molyneaux et al. 2016, Sharifi and
Yamagata 2016, Lin and Bie 2017

Institutional frameworks
social and
economic
aspects

Stirling (1994, 2010), Sharifi and
Yamagata 2016

consumption
structure

Molyneaux et al. 2016

actors

Stirling 2007, Bazilian and Roques
2008

3.2. How can these components be diversified
and to what degree is that favorable?
Most authors of the literature reviewed agreed
that there is no known way how to measure what
degree of diversity in a system achieves the best
results. On the question of how the components
should be diversified, Stirling suggests to take
into account variety, balance and disparity.
Stirling further proposes to not limit the
diversification level to certain components. On
the other hand (Konstantinos et al. 2017) write:
“There is no absolute guidance over the
appropriate fuel mix diversity[…].” “The fact that
there are no particular thresholds providing a clear
benchmarking direction has been previously
identified as a general weakness of diversity
indices, which are beyond doubt useful for
comparative purposes.” (Bazilian and Roques
2008) concluded that “Importantly, it remains
unclear as to exactly what should be diversified,
and how much diversity is optimal. Because the

3.3. To what extent does diversification
contribute to prepare the system against
unknown threats?
It seems that the most difficult question to answer
is how diversity helps against unknown threats.
Of course there is no direct proof, but Stirling
argues that “diversity provides greater strength in
guarding against unforeseen events”. It does this
by 'reducing the potential impact of interruptions
in any single source and by providing additional
options for its replacement'. In short, the
maintenance of diversity is widely seen to confer
'resilience' in the face of ignorance” (Andrew
Stirling 1994).
Even though most of the authors agree that
diversity contributes positively to the resilience of
the system, several authors question if diversity
really helps in increasing the systems resilience.
(Bazilian and Roques 2008) state: "In short,
diversity helps to manage the risks that are
associated with individual energy technologies or
sources, but diversity is not a necessary
characteristic of a secure system.” They continue
giving examples of energy systems, e.g. the
French electricity system, the old UK coal-based
system, that were not diverse, but up to date very
secure. Even though they discuss vulnerabilities
arising from relying on one type of fuel, one
technology and a small number of related designs
or the exposure to trade unions, in the UK case.
There is less evidence of negative effects of high
diversity or redundancy in the ecological domain.
However, antagonistic interactions between
species have been shown to be detrimental to
aspects of system functioning at high diversity in
bacterial communities (Becker et al. 2012).
Greater diversity and redundancy may therefore
not always increase ecosystem-service resilience
(Biggs, Schluter, and Schoon 2015).
(Nahmmacher et al. 2016) modelled future power
systems which follow strategies based upon
common energy security indicators such as
diversity, self-sufficiency, redundancy, flexibility
and interconnectivity. The striking outcome is
that even though diversification is claimed to be
the most popular strategy against an unknown
future, the diversity strategy is found not to be
effective in improving the system's robustness,
when dealing with known threats.
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4. Conclusions and Outlook

References

‘Diversity’ is an important design principle in risk
management approaches in order to raise
reliability and security in complex systems (Wood
et al. 2010). Also in many resilience approaches
diversity is regarded as valuable and resilience
enhancing. This paper summarizes the current
knowledge of diversity of energy systems
focusing on finding justified arguments in
literature regarding the resilience enhancing
properties of diversity, as well as concrete design
instructions. In our research we asked how
diversity can be characterized, quantified and
what degree of diversity is favorable for the
resilience of systems. About 27 publications
(papers, articles, books and book chapters) have
been considered useful in order to answer our
research questions and were reviewed.
The review showed that there is an agreement
about some elements that should be prioritized
when diversifying energy systems, e.g.
generation, supply sources. On the question of
what degree of diversity is favorable, there is no
consensus. Ecosystems are often used as a
reference for the effectiveness of diversity and
some examples were found. However, it is
reasonable to question whether this knowledge
can successfully be transferred without
adaptations to energy systems, as is done in
(Lietaer et al. 2010). We also found that the
implementation of diversity in the European
power system model LIMES-EU did not have an
effect on the robustness of the system
(Nahmmacher et al. 2016).
Therefore even though resilience enhancing
properties have been investigated in depth in the
last years, and diversity seems to be a promising
resilience design principle, the resilience
enhancing capabilities of diversity stays fuzzy.
The answers offered by the resilience literature
are not satisfying. They do not help us fulfil the
task in guiding the implementation of diversity
when designing resilient systems. For specific
unwanted incidents, risk management has
developed
recommendations
for
the
implementation of diversity in systems but
regarding resilience management approaches, we
conclude that it is still an open research question
to find the right level of diversity for energy
systems or in general socio-technical systems, and
to explain how it contributes to, and enhances
their resilience.

Baek, Joon Sang, Anna Meroni, and Ezio Manzini.
2015. “A Socio-Technical Approach to
Design for Community Resilience: A
Framework for Analysis and Design Goal
Forming.” Design Studies 40 (September):
60–84. https://doi.org/10.1016/
j.destud.2015.06.004.
Barakoti, Sonia, Ilke Celik, Daryl Moorhead, and
Defne Apul. 2019. “Diversity Analysis of
Water Sources, Uses, and Flows from
Source to Use in the USA.” Science of The
Total Environment 652 (February): 1409–
15. https://doi.org/10.1016/
j.scitotenv.2018.10.335.
Baumgärtner, Stefan. 2006. “Measuring the Diversity
of What? And for What Purpose? A
Conceptual Comparison of Ecological and
Economic Biodiversity Indices.” SSRN
Electronic Journal.
https://doi.org/10.2139/ssrn.894782.
Bazilian, Morgan, and Fabien A. Roques, eds. 2008.
Analytical Methods for Energy Diversity
and Security: Portfolio Optimization in the
Energy Sector: A Tribute to the Work of Dr
Shimon Awerbuch. Elsevier Global Energy
Policy and Economics Series 12.
Amsterdam; London: Elsevier.
Beatley, Timothy. 2009. Planning for Coastal
Resilience: Best Practices for Calamitous
Times. Island Press.
Becker, Joachim, Nico Eisenhauer, Stefan Scheu, and
Alexandre Jousset. 2012. “Increasing
Antagonistic Interactions Cause Bacterial
Communities to Collapse at High
Diversity.” Ecology Letters 15 (5): 468–74.
https://doi.org/10.1111/j.14610248.2012.01759.x.
Biggs, Reinette, Maja Schlüter, Duan Biggs, Erin L.
Bohensky, Shauna BurnSilver, Georgina
Cundill, Vasilis Dakos, et al. 2012. “Toward
Principles for Enhancing the Resilience of
Ecosystem Services.” Annual Review of
Environment and Resources 37 (1): 421–
448. https://doi.org/10.1146/annurevenviron-051211-123836.
Biggs, Reinette, Maja Schluter, and Michael L.
Schoon, eds. 2015. Principles for Building
Resilience: Sustaining Ecosystem Services
in Social–Ecological Systems. Cambridge:
Cambridge University Press.
https://doi.org/10.1017/CBO978131601424
0.
Binder, Claudia, Susan Mühlemeier, and Romano
Wyss. 2017. “An Indicator-Based Approach
for Analyzing the Resilience of Transitions
for Energy Regions. Part I: Theoretical and
Conceptual Considerations.” Energies 10
(1): 36. https://doi.org/10.3390/en10010036.

Acknowledgement
We are thankful to Timseabasi Thomas for
proofreading this manuscript.
The work was carried out in the project ENavi. It was
financially supported by the German Federal Ministry
of Education and Research (BMBF) within the program
Copernicus Projects. (FKZ 16I1678)

3818

Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference
Capra, Fritjof, and Pier Luigi Luisi. 2014. The Systems
View of Life: A Unifying Vision. Cambridge:
Cambridge University Press.
https://doi.org/10.1017/CBO978051189555
5.
Carpenter, Stephen, Kenneth Arrow, Scott Barrett,
Reinette Biggs, William Brock, AnneSophie Crépin, Gustav Engström, et al.
2012. “General Resilience to Cope with
Extreme Events.” Sustainability 4 (12):
3248–3259.
https://doi.org/10.3390/su4123248.
Erker, Susanna, Rosemarie Stangl, and Gernot
Stoeglehner. 2017. “Resilience in the Light
of Energy Crises – Part I: A Framework to
Conceptualise Regional Energy Resilience.”
Journal of Cleaner Production 164
(October): 420–33. https://doi.org/10.1016/
j.jclepro.2017.06.163.
Fath, Brian D., Carly A. Dean, and Harald Katzmair.
2015. “Navigating the Adaptive Cycle: An
Approach to Managing the Resilience of
Social Systems.” Ecology and Society 20
(2): art24. https://doi.org/10.5751/ES07467-200224.
Folke, Carl, Steve Carpenter, Thomas Elmqvist, Lance
Gunderson, C. S. Holling, and Brian
Walker. 2002. “Resilience and Sustainable
Development: Building Adaptive Capacity
in a World of Transformations.” AMBIO: A
Journal of the Human Environment 31 (5):
437–40. https://doi.org/10.1579/0044-744731.5.437.
Fraser, Timothy. 2019. “Japan’s Resilient, Renewable
Cities: How Socioeconomics and Local
Policy Drive Japan’s Renewable Energy
Transition.” Environmental Politics, March,
1–24. https://doi.org/10.1080/
09644016.2019.1589037.
Gini, Corrado. 1912. Variabilita e mutabilita :
contributo allo studio delle distribuzioni e
delle relazioni statistiche. Studi EconomicaGiuridici della R. Universita di Cagliari.
Gleich, Arnim von, Stefan Goessling-Reisemann,
Sönke Stührmann, Peer Woizeschke, and
Birgitt Lutzkunisch. 2010. “Resilienz als
Leitkonzept – Vulnerabilität als Analytische
Kategorie.” Theoretische Grundlagen für
Klimaanpassungsstrategien.
Oldenburg/Bremen: Nord West 2050.
Godschalk, David R. 2003. “Urban Hazard Mitigation:
Creating Resilient Cities.” Natural Hazards
Review 4 (3): 136–43.
https://doi.org/10.1061/(ASCE)15276988(2003)4:3(136).
Goessling-Reisemann, Stefan, and Pablo Thier. 2019.
“On the difference between risk
management and resilience management for
critical infrastructures.” In M. Ruth and S.
Goessling-Reisemann, Handbook on

Resilience of Socio-Technical Systems, pp.
117-135. Edward Elgar Publishing.
Gonzalès, Rodolphe, and Lael Parrott. 2012. “Network
Theory in the Assessment of the
Sustainability of Social-Ecological Systems:
Network Theory for Social-Ecological
System Analysis.” Geography Compass 6
(2): 76–88. https://doi.org/10.1111/j.17498198.2011.00470.x.
Grubb, Michael, Lucy Butler, and Paul Twomey.
2006. “Diversity and Security in UK
Electricity Generation: The Influence of
Low-Carbon Objectives.” Energy Policy 34
(18): 4050–62.
https://doi.org/10.1016/j.enpol.2005.09.004.
Hummel et al. 2018. “Konfliktfeld Biodiversität:
Erhalt Der Biologischen Vielfalt –
Interdisziplinäre Problemstellungen.”
http://www.ianus.tudarmstadt.de/media/ianus/pdfs/arbeitspapier
e/bericht_7_1999.pdf.
Jesse, Bernhard-Johannes, Heidi Ursula Heinrichs, and
Wilhelm Kuckshinrichs. 2019. “Adapting
the Theory of Resilience to Energy Systems:
A Review and Outlook.” Energy,
Sustainability and Society 9 (1): 27.
https://doi.org/10.1186/s13705-019-0210-7.
Kharbach, Mohammed. 2016. “Diversification Criteria
for Power Systems.” Energy Policy 90
(March): 183–86.
https://doi.org/10.1016/j.enpol.2015.12.023.
Kharrazi, Ali, Masahiro Sato, Masaru Yarime,
Hirofumi Nakayama, Yadong Yu, and
Steven Kraines. 2015. “Examining the
Resilience of National Energy Systems:
Measurements of Diversity in ProductionBased and Consumption-Based Electricity
in the Globalization of Trade Networks.”
Energy Policy 87 (December): 455–64.
https://doi.org/10.1016/j.enpol.2015.09.019.
Konstantinos et al. 2017. “Energy Supply Security in
the EU: Benchmarking Diversity and
Dependence of Primary Energy.”
https://doi.org/10.1016/j.apenergy.2017.07.0
10.
Kruyt, Bert, D.P. van Vuuren, H.J.M. de Vries, and H.
Groenenberg. 2009. “Indicators for Energy
Security.” Energy Policy 37 (6): 2166–81.
https://doi.org/10.1016/j.enpol.2009.02.006.
Lee, Sangwon, and Seonmi Lee. 2014. “Early
Diffusion of Smartphones in OECD and
BRICS Countries: An Examination of the
Effects of Platform Competition and Indirect
Network Effects.” Telematics and
Informatics 31 (3): 345–55.
https://doi.org/10.1016/j.tele.2013.12.002.
Lietaer et al. 2010. “Is Our Monetary Structure a
Systemic Cause for Financial Instability?
Evidence and Remedies from Nature.” In
Revista Da Procuradoria-Geraldo Banco

3819

Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference

Central, 109–32. 5 2. Banco Central do
Brasil.
https://www.bcb.gov.br/pgbcb/122011/revist
a_pgbc_vol5_num2.pdf#page=103.
Lin, Yanling, and Zhaohong Bie. 2016. “Study on the
Resilience of the Integrated Energy
System.” Energy Procedia 103 (December):
171–76. https://doi.org/10.1016/
j.egypro.2016.11.268.
Lovins, Amory B., and L. Hunter Lovins. 1982. Brittle
Power: Energy Strategy for National
Security. Andover, Mass: Brick House Pub.
Magurran, Anne E. 2013. Measuring Biological
Diversity. Wiley-Blackwell.
https://www.wiley.com/enus/9781118687925.
Molyneaux, Lynette, Colin Brown, Liam Wagner, and
John Foster. 2016. “Measuring Resilience in
Energy Systems: Insights from a Range of
Disciplines.” Renewable and Sustainable
Energy Reviews 59 (June): 1068–79.
https://doi.org/10.1016/j.rser.2016.01.063.
Nahmmacher, Paul, Eva Schmid, Michael Pahle, and
Brigitte Knopf. 2016. “Strategies against
Shocks in Power Systems – An Analysis for
the Case of Europe.” Energy Economics 59
(September): 455–65.
https://doi.org/10.1016/j.eneco.2016.09.002.
Norberg, Jan, and Graeme Cumming. 2008.
Complexity Theory for a Sustainable Future.
Columbia University Press.
O’Brien, Geoff, and Alex Hope. 2010. “Localism and
Energy: Negotiating Approaches to
Embedding Resilience in Energy Systems.”
Energy Policy 38 (12): 7550–58.
https://doi.org/10.1016/j.enpol.2010.03.033.
Pielou, E. C. 1966. “Shannon’s Formula as a Measure
of Specific Diversity: Its Use and Misuse.”
The American Naturalist 100 (914): 463–65.
https://doi.org/10.1086/282439.
Ranjan, Ashish, and Larry Hughes. 2014. “Energy
Security and the Diversity of Energy Flows
in an Energy System.” Energy 73 (August):
137–44. https://doi.org/10.1016/
j.energy.2014.05.108.
Roege, Paul E., Zachary A. Collier, James Mancillas,
John A. McDonagh, and Igor Linkov. 2014.
“Metrics for Energy Resilience.” Energy
Policy 72 (September): 249–56.
https://doi.org/10.1016/j.enpol.2014.04.012.
Shannon, Claude Elwood, and Warren Weaver. 1963.
The Mathematical Theory of
Communication. Urbana: University of
Illinois Press.
Sharifi, Ayyoob, and Yoshiki Yamagata. 2016.
“Principles and Criteria for Assessing Urban
Energy Resilience: A Literature Review.”
Renewable and Sustainable Energy Reviews
60 (July): 1654–77.
https://doi.org/10.1016/j.rser.2016.03.028.

Solow, Andrew R., and Stephen Polasky. 1994.
“Measuring Biological Diversity.”
Environmental and Ecological Statistics 1
(2): 95–103.
https://doi.org/10.1007/BF02426650.
Steffen, Will, Johan Rockström, Katherine
Richardson, Timothy M. Lenton, Carl Folke,
Diana Liverman, Colin P. Summerhayes, et
al. 2018. “Trajectories of the Earth System
in the Anthropocene.” Proceedings of the
National Academy of Sciences 115 (33):
8252–59.
https://doi.org/10.1073/pnas.1810141115.
Stirling, Andrew. 1994. “Diversity and Ignorance in
Electricity Supply Investment: Addressing
the Solution Rather than the Problem.”
Energy Policy 22 (3): 195–216.
https://doi.org/10.1016/03014215(94)90159-7.
Stirling, Andy. 2006. “The Precautionary Approach to
Risk Appraisal.” Nuclear Waste
Management Organization.
https://www.nwmo.ca/~/media/Site/Files/PD
Fs/2015/11/04/17/31/483_12_NWMO_back
ground_paper.ashx?la=en.
Stirling, Andy. 2007. “A General Framework for
Analysing Diversity in Science, Technology
and Society.” Journal of The Royal Society
Interface 4 (15): 707–19.
https://doi.org/10.1098/rsif.2007.0213.
Stirling, Andy. 2010. “Multicriteria Diversity
Analysis.” Energy Policy 38 (4): 1622–34.
https://doi.org/10.1016/j.enpol.2009.02.023.
Stoeglehner, Gernot, Georg Neugebauer, Susanna
Erker, and Michael Narodoslawsky. 2016.
Integrated Spatial and Energy Planning:
Supporting Climate Protection and the
Energy Turn with Means of Spatial
Planning. 1st ed. Springer Briefs in Applied
Sciences and Technology. Springer
International Publishing.
https://doi.org/10.1007/978-3-319-31870-7.
Tilman, David, and John A. Downing. 1994.
“Biodiversity and Stability in Grasslands.”
Nature 367 (6461): 363–65.
https://doi.org/10.1038/367363a0.
Walker and Salt. 2006. “Resilience Thinking.” Island
Press.
https://faculty.washington.edu/stevehar/Resi
lience%20thinking.pdf.
Wood, Richard Thomas, Randy Belles, Mustafa Sacit
Cetiner, David Eugene Holcomb, Kofi
Korsah, Andy Loebl, Gary T Mays, et al.
2010. “Diversity Strategies for Nuclear
Power Plant Instrumentation and Control
Systems.” ORNL/TM-2009/302, 1000417.
https://doi.org/10.2172/1000417.

3820

