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Abstract 

Background To reduce the effects of climate change, the current fossil‑based energy system must transition 
to a low‑carbon system based largely on renewables. In both academic literature and non‑academic discourse con‑
cerning the energy transition, resilience is frequently mentioned as an additional objective or requirement. Despite its 
frequent use, resilience is a very malleable term with different meanings in different contexts.

Main text This paper seeks to identify how resilience is understood in the field of the energy system 
and whether there are similar aspects in the different ways the term is understood. To this end, we review more 
than 130 papers for definitions of energy system resilience. In addition, we use different aspects to categorize 
and examine these. The results paint a diverse picture in terms of the definition and understanding of resilience 
in the energy system. However, a few definition archetypes can be identified. The first uses a straightforward 
approach, in which the energy system has one clearly defined equilibrium state. Here, resilience is defined in relation 
to the response of the energy system to a disturbance and its ability to quickly return to its equilibrium. The second 
type of resilience allows for different equilibriums, to which a resilient energy system can move after a disruption. 
Another type of resilience focuses more on the process and the actions of the system in response to disruption. Here, 
resilience is defined as the ability of the system to adapt and change. In the papers reviewed, we find that the opera‑
tional definition of resilience often encompasses aspects of different archetypes. This diversity shows that resilience 
is a versatile concept with different elements.

Conclusions With this paper, we aim to provide insight into how the understanding of resilience for the energy 
system differs depending on which aspect of the energy system is studied, and which elements might be nec‑
essary for different understandings of resilience. We conclude by providing information and recommendations 
on the potential usage of the term energy system resilience based on our lessons learned.

Keywords Energy system, Resilience, Definition, Engineering resilience, Ecological resilience, Adaptive resilience

Background
In recent times, the resilience approach has gained rec-
ognition as a method of evaluating the response of 
an  energy system to shocks and the ability to recover. 
This approach goes beyond the classical ex  ante assess-
ment, which focuses on the time during a disruption. 
By contrast, resilience also includes the behavior of the 
system after disturbances [1]. However, the term has 
been interpreted differently by many scientists and no 
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consensus has yet emerged on how to understand resil-
ience in terms of the energy system [2–6]. This has led 
to a variety of approaches on how to operationalize the 
resilience of the energy system. In previous work, we 
looked into different ways of operationalizing resilience 
and categorized these approaches according to methods 
used (cf. [7]).

This diversity has been identified in several literature 
reviews. For example, using the research areas, Fran-
cis and Bekera compared different approaches to defin-
ing and assessing system resilience in their literature 
review and presented their own approach using the 
three resilience capacities (e.g., absorptive, adaptive, and 
restorative) [8]. In [9], Hosseini, Barker, and Ramirez-
Marquez compare different approaches to measuring 
resilience across various application domains and pro-
vide a classification focused on qualitative and quanti-
tative approaches and their subcategories. Sharifi and 
Yamagata reviewed work on energy resilience to create a 
conceptual framework specifically for the urban energy 
system by identifying planning and design criteria [10]. 
Gasser et al. reviewed definitions of resilience for energy 
infrastructure and compared these findings based on 
seven categories such as assessment approach, modeling 
approach, and resilience phase [1]. Ahmadi, Saboohi, 
and Vakili reviewed different papers with respect to fac-
tors of energy system resilience according to modeling 
approach and type of system [11]. In [12], different char-
acteristics of resilience are reviewed in relation to the 
type of disturbance. In [13], the authors focused on urban 
resilience and conducted a literature review to identify 
research gaps by classifying the field of research, type of 
work, and the methods applied. While numerous reviews 
have delved into the topic of energy system resilience, 
the majority tend to concentrate on assessment types, 
applied methodologies, or categorizations based on the 
field of study. One aspect that remains unexplored is the 
examination of how resilience is understood based on 
definitions and its contextual link to the energy system. 
To the best of our knowledge, this issue has not yet been 
covered by literature reviews. To address this gap, we aim 
to answer the following research questions:

• How do current definitions for resilience of the 
energy system differ?

• What relationship exists between the understanding 
of resilience and the energy system?

• Can we identify similarities among the definition of 
energy system resilience and are there grounds for 
grouping them together?

• Are there trends indicating the prevalence of a spe-
cific understanding?

The article starts by providing a scientific background 
on resilience, reviewing the concept of energy system 
resilience in the scientific literature. This is followed by an 
explanation of the methodology for the literature search 
and the method of categorizing the reviewed definitions. 
We then categorize existing definitions of resilience relat-
ing to the energy system. In addition, the links between 
definitions, categories, and the energy system are exam-
ined. The paper concludes with a summary of the litera-
ture search findings and recommendations on how to use 
the term resilience in the field of the energy system.

Resilience has emerged alongside traditional risk man-
agement to address the need for an approach that deals 
with the unpredictable rather than the identifiable [14]. 
Since systems such as the energy system are critical to 
modern societies, it is imperative that these systems con-
tinue to work even in the event of a disruption.

Researchers are looking for additional methods and 
theories to investigate system behavior in the face of dis-
turbances. Events such as the global financial crisis of 
2008 [15] and the Fukushima Daiichi nuclear disaster in 
2011 [16] cannot be predicted and are therefore often not 
considered, although they have a significant and long-
term impact on the transformation of the energy system 
(e.g., the nuclear phase-out in Germany [17]). On a more 
limited scale, the same can be said about the impact of 
events such as the blackouts in North America in 2003 
[18], India in 2012 [19], and Turkey in 2015 [20]. Another 
example is the disruption to the European energy system 
in the wake of the Russian invasion of Ukraine in 2022. 
They show that not all disruptions can be avoided [21]. 
If disturbances cannot be avoided, a theory of system 
behavior under disturbance is required. One such theory 
is the theory of resilience. Resilience is a multi-faceted, 
malleable concept that has recently gained popularity 
across a wide range of scientific disciplines [4], including 
the energy system and energy transition studies [22]. The 
theory attempts to determine how a system responds to 
a disturbance and what state it eventually assumes. To 
make a distinction between risk management and resil-
ience assessment, the former is considered a pre-event 
analysis [23], which usually results in preventive meas-
ures to minimize the frequency and consequences of 
disruptions. In contrast, resilience assessment not only 
includes an analysis of the potential disruptive event, but 
also a post-event analysis [1].

Scientific discussion about resilience has intensified 
considerably in recent years. Figure 1 shows the absolute 
number of published articles that contain the word resil-
ience in their title, keywords, or abstract, as well as the 
relative proportion of the total number of publications in 
Web of Science [24] and Science Direct [25].
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Resilience, however, is not a new concept. The word 
resilience is derived from the Latin word “resilire”, which 
means, “to spring/bounce back” [9, 26]. Its use in a scien-
tific context dates back to at least the nineteenth century 
when it was used in materials science (cf. [27]) to describe 
"… the ability of a metal to absorb energy when elastically 
deformed and then to return it when it is unloaded" [28]. 
A more recent use of the term resilience comes from the 
field of psychology, where it appeared more frequently 
from the 1950s onwards [29]. Within this field, the term 
is described as the ability of an individual to withstand a 
past or present personal crisis through positive adapta-
tion [30].

In addition to materials science and psychology, resil-
ience found its way into the realm of ecology. Here, Hol-
ling had a significant influence on the understanding of 
resilience in 1973 [31]. According to Barata-Salgueiro and 
Erkip, the operationalization of resilience for the energy 
system can be subdivided into engineering, ecological, 
and adaptive resilience [32].

Holling coined the two terms “engineering resilience” 
and “ecological resilience”, which are widely used in resil-
ience research. Engineering resilience is characterized by 
one stable point and the quick return of the system to that 
point after a disturbance. In addition, Holling provided a 
definition for ecological resilience, as he recognized that 
ecological systems could have more than one equilibrium 
state and that the system can change between these states. 
Ecological resilience defines a system as resilient if it can 
tolerate a certain level of disturbances while maintaining 
its main features and functions. Ecological systems that 
are resilient will not destabilize in the event of a shock, but 
will move to another stable state that provides the same 
function [10]. A third type of resilience was subsequently 
defined and is referred to as “adaptive resilience”. Proposed 
by Pike, Dawley, and Tomaney, this concept emphasizes 
disequilibrium rather than one or individual equilibrium 
states [33]. It is interested in how complex adaptive systems 
adapt to stress over time [34], and focuses on the process 

of adaptation rather than the individual states themselves 
[35]. Consequently, a system may not return to an (old or 
new) equilibrium state after a disruption [10], but a resilient 
system is capable of coping in the short term and adapting 
in the long term [36]. Table 1 gives a simplified overview of 
the different types of resilience and their defining qualities.

Today, a wide variety of scientific fields has taken up the 
notion of resilience, with different applications of all three 
definitions [38].

To assess resilience, a reference to the resilience function 
is often made (e.g., [4, 12, 39–44]). The resilience function 
abstractly describes how a system behaves before, during, 
and after a disturbance. A disturbance can be everything 
that changes the ability of the system to function. The func-
tion of the system is usually defined by the researcher, user, 
or regulation agency, for example for the energy system 
it could be the ability to provide energy services. Figure 2 
shows the theoretical curve of the resilience function based 
on the work of [45].

In this figure, the trajectory of the system has been sim-
plified—in reality, the resilience function may be more 
complex—but it does show the main features of the resil-
ience function. In collapse, the system is unable to recover 
and loses its function [46]. Resilient behavior is when the 
system arrives at the same system performance as before 
the disturbance [47]. In addition, the four different phases 
of the resilience function are indicated. While “preparation” 
can be defined as actions before a shock occurs, the begin-
ning and end of the two phases “absorb” and “recover” 
are not precisely defined. The “adapt” phase usually starts 
after the recovery. However, not every paper considers this 
phase to be part of resilience.

Main text
We conducted the literature research in a comprehen-
sive and replicable way. The contemporary literature on 
resilience consists of a vast number of publications, as 
shown in Fig. 1. A restriction of the selected articles is 

Fig. 1 Development of the term resilience in the literature (modified 
from [7])

Table 1 Resilience concepts and qualities (modified from [35] 
and [37])

Resilience concepts Qualities

Engineering resilience • One equilibrium
• Restores to previous condition after disruption

Ecological resilience • Multiple equilibriums
• System can absorb shocks before destabilizing, 
then move to another equilibrium state

Adaptive resilience • Focused on process of adaptation
• System can absorb disruptions
• Focus on the prepare/absorb/recover/adapt 
phases
• Dynamic and continuous process
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therefore required. In order to consider both the aspect 
of resilience and the aspect of the energy system and its 
transition, we use the expression “energy resilience” to 
combine both issues. A simple Boolean expression was 
chosen to ensure the reproducibility of the literature 
review [48]. The expression was used with the Web of 
Science database [24], while the ScienceDirect database 
[25] was used as a backup to verify whether the same 
entries appeared and to find important missing litera-
ture. In order to review the current state of research, 
the focus was on articles between 2000 and 2022. Since 
the Boolean expression frequently appears in texts, we 
focus on articles containing the Boolean expression in 
either the title, abstract, or keywords. In the next step, 
we selected the 25 most relevant entries of each year for 
further examination based on the catalog algorithm of 
the database. We study how they relate to the topic of 
energy system resilience and the transformation of the 
energy system. Following a manual examination of the 
articles and their relevance to resilience and the energy 
system, around 140 articles remain, which we further 
analyze to see if they include a definition of resilience. 
In the remaining articles, 71 different definitions exist. 
These definitions are examined to see if they differ only 
in terms of wording or if they are substantially differ-
ent. A list of all definitions can be found in the supple-
mentary material. Thirty-six articles do not contain an 
original definition but instead quote an existing defini-
tion. Twenty-seven articles do not define resilience at 
all. Since Holling and his work is considered the foun-
dation of modern resilience theory, we also include his 

work [31] in our literature review to see what influence 
it has on other papers.

As per our research question, we aim to explore the 
link between the understanding of resilience and of the 
energy system. Energy system and resilience are the fun-
damental components of energy resilience, which is why 
they are logical choices for categories. We categorize 
resilience in the reviewed paper and definitions based 
on the resilience function and based on the nature of the 
energy. In total, we categorized the papers based on four 
different aspects. We look at (1) what type of system—
quasi-static or dynamic—the article covers, (2) whether 
it examines the long-term or short-term behavior of the 
system, (3) what dimension—technical, economical, eco-
logical, or social—of the energy system the paper focuses 
on, and (4) which phases of the resilience function appear 
in the paper. These categories partly relate to the three 
resilience concepts mentioned above. For example, sys-
tem type and considered phases can indicate which resil-
ience concept researchers are using. Quasi-static systems 
align with engineering resilience, while dynamic systems 
lean towards ecological resilience. Considering the adap-
tation phase usually reflects an approach similar to adap-
tive resilience. However, this assignment is not always 
precise, and researchers might employ different concepts 
or combinations of them. The remaining categories gen-
erally do not clearly indicate which resilience concepts is 
used. The categories are not always mentioned or clearly 
defined in the reviewed articles. Instead, they were 
assigned by us to the different papers. Figure 3 shows the 
aspects examined and the categories used. Furthermore, 

Fig. 2 Conceptual trajectories of the resilience function (modified from [45])
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we use the year of publication as an additional criterion 
and examine the citations between the papers for more 
insight.

For the classification of the energy system, we distin-
guish between two types. On the one hand, we define 
the category of a quasi-stationary system, for which an 
equilibrium exists to which the system returns after a 
disturbance. On the other hand, we define the category 
of dynamic systems. These exist in a landscape of ideal 
states and typically orbit around such a state. In the case 
of a disturbance, the system may leave its orbit for a short 
time, or it may be disturbed in such a way that it orbits a 
new state.

Furthermore, we used temporal resolution as a cat-
egory. We distinguish between studies that analyze short-
term or long-term effects on the energy system. Our 
classification of long term and short term is qualitative, 
since any quantification would be problem-specific and 
the problems in the papers examined vary greatly.

In addition, we examine whether the energy system 
aspect of the studies has an impact on the understanding 
of resilience. We therefore differentiate between which 
dimensions of the energy system are considered. We 
make a distinction between technical, economical, eco-
logical, and social dimensions. A paper often examines 
more than one dimension, which is why multiple entries 
are possible.

Lastly, we use the different phases of the resilience 
function as categories. The individual phases have differ-
ent names and synonyms. To determine which synonym 
to use for our work, we examine which words appear 
most frequently in the analyzed definitions. We have cho-
sen the terms “prepare”, “absorb”, “recover”, and “adapt” 
as categories. The majority of the papers examined use 
these descriptions, which simplifies the classification (cf. 
Table  2). A detailed list of classifications made for each 
paper can be found in the supplementary material.

Resilience is highly dependent on context, leading to 
various possible categories for analyzing how a research 
paper understand the term. We aim to explore the con-
nection between the understanding of the energy system 
and resilience. Therefore, we only focus on these two 
aspects for our categories. Other factors such as distur-
bance, the assessment method, or the research field also 
have an impact on resilience understanding, but are 
beyond the scope of this paper.

To investigate whether there is a correlation between 
the different aspects and categories, we first use the χ2 
value to check if two categorical values are independ-
ent. If they are not independent, we test the strength 
and direction of their correlation by evaluating the 
ϕ value. We calculate the χ2 value using contingency 
tables. Table 3 shows a contingency table for two char-
acteristics, i and j , with two variants, 0 and 1, for a set 

Fig. 3 Overview of categories used

Table 2 Descriptions of the different phases of the resilience function and some of their synonyms found in the definitions

The number indicates how often the word appeared

Prepare Absorb Recover Adapt

Prepare 5 Absorb 26 Recover 33 Adapt 23

Anticipate 5 Withstand 13 Respond 10 Change 16

Plan 2 Maintain 11 Return 7 Adaptation 8

Retain 11 Restore 5 Changing 8

Resist 7 Changes 7

Persistence 6 Learning 7

Reorganize 6

Adaptive 5
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of samples with size n . The number of samples with 
characteristic i independent from j is given by ni◦.

We calculate the expected frequency ňij for each vari-
ant of the characteristics using the values from the cor-
responding contingency table (cf. Table 3):

Since our sample size is large enough, we choose a 
minimum expected frequency of five for the χ2 test. 
This is a common value recommended by statistics 
textbooks for 2 × 2 contingency tables [49]. To calculate 
the χ2 value for two categories, we use the following 
equation:

For binary categories, the degree of freedom equates 
to one. A significance level of 5% and a degree of free-
dom of one equates to a critical χ̂2  value of 3.841 (cf. 
[50]). If the χ2 value is greater than the critical χ̂2 value, 
we can reject the null hypothesis with a significance 
level of 5%, which means that the categories correlate. 
To determine the type and direction of the correlation, 
we calculate the ϕ value for the significant correlation 
coefficients only according to following equation:

The ϕ value is based on the χ2 value and takes val-
ues between − 1 and 1. The larger the absolute ϕ value, 
the stronger the correlation between the two tested 
variables.

In addition to the correlation analysis, we perform a 
meta-analysis of the papers. To investigate if and how 
the papers and their definitions influence each other, 
we investigate connections between the individual 
papers and the influence of the date of publication.

Using the steps described above, we review and ana-
lyze the literature on energy system resilience and the 
energy system in transition for definitions. The more 

ňij =
ni◦ ∗ n◦j

n
.

χ
2 =

∑

i,j

(

nij − ňij
)2

ňij
.

ϕ = n11n00 − n10n01√
n1◦n0◦n◦0n◦1

.

than 130 papers examined result in a large number of 
different definitions.

The definitions we found show to what extent the 
understanding of energy system resilience can differ. To 
compare and understand the different applications of 
energy system resilience, we assign the examined papers 
to the categories outlined above. We base the first cat-
egory on the type of system in question and differenti-
ate between quasi-stationary and dynamic systems. The 
assignment is not always clear, which is why some articles 
are assigned to both categories. In addition to the type 
of system, we used the type of analysis to divide the arti-
cles into those investigating long-term effects and those 
investigating short-term effects. Table 4 lists the number 
of articles assigned to the categories.

The number of allocations is relatively similar for the 
type of system as well as for the type of analysis. There 
seems to be no preference as to which type of analysis 
researchers choose for their studies. However, the two 
categories are almost equally distributed, suggesting 
that short term and quasi-static as well as long term and 
dynamic are linked.

In addition to the type of system and analysis, we con-
sider which dimension of the energy system the papers 
examine. We distinguish between technical, economi-
cal, ecological, and social dimensions. Figure  4 shows 
how often papers can be assigned to the individual 
dimensions.

The technical aspects of the system are considered in 
most definitions, which is not surprising since the energy 
system is based on technical elements. Interestingly, not 
all authors consider the technical dimension to be an 
essential part of the energy system when considering 
the resilience of the energy system (e.g., [51, 52]). At the 

Table 3 Contingency table for two characteristics

Characteristic j

j = 0 j = 1 Σ

Characteristic i i = 0 n00 n01 n0◦
i = 1 n10 n11 n1◦
Σ n◦0 n◦1 n

Table 4 Different aspects found for the behavior

Type of system Type of analysis

Quasi-static Dynamic Short term Long term

64 44 73 47

Fig. 4 Different dimensions for the systems. The horizontal line 
indicates the total number of papers analyzed
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same time, however, there are also papers that consider 
the energy system as a technical-only system. The other 
aspects are much less frequently taken into account in 
the examined papers, which is due to the fact that these 
aspects are sometimes more difficult to operationalize.

Additionally, we use the different phases of the resil-
ience function as categories to identify differences 
between definitions. Figure 5 shows how often the indi-
vidual phases can be found in the analyzed literature.

While most papers consider the “absorb”, “recover”, 
and “adapt” phases, the “prepare” phase receives little 
attention. Resilience for the energy system is thus pre-
dominantly understood as an ex post concept. The high 
proportion of papers considering the “adapt” phase 
shows that at least in the definitions, the adaptation and 
learning of the system is emphasized. This is in contrast 
to the frequently used quasi-static understanding of the 
system, which assumes that the original state will be 
restored after a disturbance. To understand whether a 
correlation exists between individual category pairs, we 

calculated the ϕ value as an indicator. Table 5 shows the ϕ 
value for all combinations of categories.

Non-trivial correlations are defined as |ϕ| > 0.3 [53], 
which can be found for 16 combinations. The combina-
tions “quasi-static” and “dynamic”, “dynamic” and “long-
term”, and “quasi-static” and “short term” are particularly 
striking. On closer examination, the dependence of 
“quasi-static” and “dynamic” is relatively straightfor-
ward, since they are opposing approaches. The negative 
sign indicates a negative correlation. The reason why it 
is not equal to − 1 is that there are definitions which do 
not specify the type of system or which consider both. 
The same consideration applies to the interdependence 
of “short term” and “long term”. The strong correlations 
between “quasi-static” and “short term” and between 
“dynamic” and “long term” show that these two concepts 
are mostly used together. This is reinforced by the nega-
tive correlation between “quasi-static” and “long term”. 
These correlations partly explain the similar distribu-
tion of these categories in the papers, which is described 
above. The positive correlation between “long term” 
and “adapt” suggests that this phase is seen in resilience 
research as a process that takes place over a long period. 
Other notable correlations are between “economical” and 
“ecological”, “economical” and “social”, and “ecological” 
and “social”. These are positive correlations, which indi-
cate that researchers examine these aspects together. We 
also observe a correlation concerning the social aspects 
and the type of system. The papers often focus on the 
social aspect of dynamic systems, while papers on quasi-
static systems tend to neglect the social aspects. The cor-
relation between “technical” and “quasi-static” suggest 

Fig. 5 Different phases found in the definitions. The horizontal line 
indicates the total number of papers analyzed

Table 5 ϕ values for all combinations of categories

 

br
os

bA
 er

ap
er

P
 re

vo
ce

R
 

Adapt 

la
ci

nh
ce

T
 la

ci
mo

no
cE

 

la
ci

go
lo

cE
 

Social 

Q
uasi-sta�c 

ci
ma

ny
D

 

Short term
 

Long term
 

Absorb  – – – – – – – – – – – 

Prepare   0.43 0.27 – – – – 0.31 -0.30 – – 

Recover    – – – – – 0.29 -0.34 – – 

Adapt     – – 0.21 0.30 -0.30 0.34 -0.21 0.37 

Technical      – – – 0.34 – – -0.23 

Economical       0.43 0.38 – – -0.26 0.22 

Ecological        0.35 – 0.26 -0.30 0.26 
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Quasi-sta�c          -0.65 0.59 -0.42 

Dynamic           -0.30 0.65 

Short term            -0.45 

Long term             

Correlations stronger than 0.3 or − 0.3 are highlighted in grey. If the χ2 value is lower than the critical χ̂2 value, “ –” is entered in the table
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that the understanding of the system is similar to engi-
neering resilience when focusing on technical aspects. 
In contrast, the correlation of “long term” and “social”, as 
well as “dynamic” and “social”, indicates that the under-
standing is closer to adaptive resilience when examining 
social aspects.

We subsequently investigate how the individual papers 
relate to each other and whether they base their defini-
tions on each other. For this purpose, we use a directed 
graph diagram as shown in Fig. 6.

The graph shows that a large number of researchers 
cite Holling’s work. His work is considered fundamen-
tal in resilience research for systems analysis, since he 
distinguished between engineering and ecological resil-
ience. However, apart from the work of Holling, articles 
rarely draw from similar research. The handful of other 
frequently cited articles include Roege et al. [54], Moly-
neaux et  al. [55], and Sharifi and Yamagate [56]. How-
ever, these papers are cited by researchers with different 
understandings of resilience. This is shown by the fact 

that the relative distribution of the categories of citing 
papers is similar for the above-mentioned papers. In 
addition, we wanted to see if cited papers were connected 
by institutes, but this did not add any further insights. We 
can therefore conclude that none of these papers could 
establish a widely accepted school of thought for any of 
the types of resilience.

To analyze if and how the concept and application of 
resilience for the energy system has changed over time, 
we also look at the development of the categories over 
time. Figure  7 shows the development of the relative 
share for the four phases of the resilience function over 
time and the categories describing the system.

For the first three periods, the number of papers exam-
ined is rather small, which limits their significance. In 
the following periods, the shares for the phases “absorb” 
and “adapt” remain relatively constant. In contrast, the 
proportion of papers that consider the phases “pre-
pare” and “recover” has increased in recent years. In the 
last period examined, half of all papers considered the 

Fig. 6 Citations between the examined articles from the literature review and Holling’s work. The directions of the arrows point from the citing 
article to the cited source. The size of the nodes shows how often this node is cited by other nodes. The color of the nodes represents the date 
of publishing, with the oldest papers depicted in grey and the newest papers in blue
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phase “prepare”. Figure  8 shows the development of the 
categories “short term”, “long term”, “quasi-static”, and 
“dynamic”.

The correlation between “dynamic” and “long term” 
as well as “quasi-static” and “short term” can be seen in 
the other categories. It is evident that in recent years, the 
focus has shifted towards works that understand resil-
ience more in terms of engineering or ecological resil-
ience. In combination with the above results, it appears 
that innovation in the field of energy system resilience is 
expressed mainly by incorporating the “prepare” phase 
in the understanding of engineering and ecological 
resilience.

Conclusions
Resilience is a term that has recently risen to prominence 
in the academic community. In the field of energy system 
analysis, interest in resilience has also increased in recent 
years. The increasing number of publications on the topic 
reflect this.

While resilience as a concept can have a deep mean-
ing and clear relevance for the energy system and the 
energy transition, the (often unacknowledged) difficulties 
in transposing it from its original field to the field of the 
energy system lead to a lack of a common understand-
ing and a lack of precision as to what resilience actually 
means.

We are aware that the literature research is limited by 
the selection of keywords and the selection of papers 
by the ranking of the databases. Nevertheless, we have 

analyzed almost 140 papers, which is a sufficiently solid 
sample size to prove that there is no uniform understand-
ing of resilience in the field of the energy system. This is 
evident from the 71 different identified definitions and 
that no work in the field of the energy system has been 
able to establish itself as particularly important in terms 
of citations. While some definitions only differ in terms 
of words, others differ in terms of vision and consider dif-
ferent elements of resilience. The most frequently cited 
work remains Holling’s paper. However, his work origi-
nated in the field of ecology.

The selected categories for resilience and the energy 
system underscore their diverse interpretations. While 
the examined studies emphasize that resilience is primar-
ily an ex post property, the consideration of resilience 
phases varies. Among these phases, the “absorb” phase 
tends to receive the most attention.

With regard to the understanding of the energy sys-
tem, the focus primarily lies on technical aspects. How-
ever, resilience is also examined within the realms of 
economic, ecological, and social aspects. The compre-
hension of both the energy system and resilience in this 
context is remarkably diverse, as indicated by the various 
definitions and categorizations found in the literature.

By linking definitions and respective analyzed systems, 
we were able to identify trends and recurring elements 
in the understanding and application of resilience for the 
energy system. Using previously defined categories of 
resilience (i.e., engineering, ecological, and adaptive resil-
ience) allows for a broad grouping of diverse interpreta-
tions based on identified correlations.

The strong correlation between “recover” and “quasi-
static” indicates that for technical systems, researchers 
use engineering and ecological resilience almost exclu-
sively. Similarly, the correlation between “adaptive” and 
“dynamic” suggests that scientists use adaptive resilience 
for an energy system in transition. In many cases, how-
ever, these terms are not used by the authors. In addi-
tion, there is a limited trend over time which shows that 
a “static” and “short-term” understanding is increas-
ingly used compared to a “dynamic” interpretation of 
resilience.

In conclusion, we have shown that a diverse under-
standing of resilience exists in the field of the energy 
system. One challenge for the application of resilience 
to the energy system is the lack of a single, clear defini-
tion. Since resilience is always a problem-specific prop-
erty, such a definition would have to strike a balance 
between being too general, and therefore meaningless, 
and being too specific, and therefore too restrictive in 
its application. While the three above-stated concepts 
(engineering, ecological, and adaptive resilience) can 
be seen as special cases for contextualization, a general 

Fig. 7 Relative share of the phases of the resilience function

Fig. 8 Relative share of the system categories
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definition needs further discussion, which this paper 
aims to initiate. In our paper, we focused on compre-
hending resilience within the context of the energy 
system. Given the highly context-dependent nature of 
the resilience concept, additional research is needed 
to explore how other factors (e.g., the characteristics 
of the disruption) impact the overall understanding of 
resilience for the energy system.

Based on our research, we urge authors of work on 
resilience for the energy system to clearly state which 
type of resilience is being used, i.e., engineering, ecologi-
cal, or adaptive. A good example is Senkel et al. [43], who 
first list the different types of resilience and then clearly 
state that their approach to energy system resilience is 
based on engineering resilience. In addition, authors 
should either refer to an existing definition and place it 
in the context of their work or create their own work-
ing definition of resilience for the context of their work. 
Together with the findings of our analysis, these recom-
mendations should lead to a clearer, more concise under-
standing and application of resilience for the energy 
system in the future.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13705‑ 024‑ 00478‑9.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
Thomas Brooks proofread the final manuscript.

Author contributions
All authors contributed to the conceptualization of the study. BJ developed 
the methodology, collected the data, and conducted the analysis. BJ prepared 
the original draft, supported by GK. All authors helped to write and review 
the manuscript. GK and VK supervised the study. All authors have read and 
approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The authors 
would like to thank the German Research Foundation (DFG, 491111487) for 
funding this paper. Open Access funding enabled and organized by Projekt 
DEAL.

Availability of data and materials
The datasets used and/or analyzed during this study can be requested from 
the corresponding author in justified cases.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 18 October 2022   Accepted: 14 July 2024

References
 1. Gasser P, Lustenberger P, Cinelli M, Kim W, Spada M, Burgherr P et al 

(2021) A review on resilience assessment of energy systems. Sustain 
Resilient Infrastruct 6:273–299. https:// doi. org/ 10. 1080/ 23789 689. 2019. 
16106 00

 2. Guha S (2020) Quantification of inherent energy resilience of process 
systems pertaining to a gas sweetening unit. Int J Ind Chem 11:71–90. 
https:// doi. org/ 10. 1007/ s40090‑ 020‑ 00203‑3

 3. Dong K, Dong X, Jiang Q, Zhao J (2021) Assessing energy resilience and 
its greenhouse effect: a global perspective. Energy Econ 104:105659. 
https:// doi. org/ 10. 1016/j. eneco. 2021. 105659

 4. Gasser P, Suter J, Cinelli M, Spada M, Burgherr P, Hirschberg S et al (2020) 
Comprehensive resilience assessment of electricity supply security for 
140 countries. Ecol Ind 110:105731. https:// doi. org/ 10. 1016/j. ecoli nd. 
2019. 105731

 5. Wang J, Zuo W, Rhode‑Barbarigos L, Lu X, Wang J, Lin Y (2019) Literature 
review on modeling and simulation of energy infrastructures from a 
resilience perspective. Reliab Eng Syst Saf 183:360–373. https:// doi. org/ 
10. 1016/j. ress. 2018. 11. 029

 6. Rehak D, Senovsky P, Hromada M, Lovecek T (2019) Complex approach 
to assessing resilience of critical infrastructure elements. Int J Crit Infra‑
struct Prot 25:125–138. https:// doi. org/ 10. 1016/j. ijcip. 2019. 03. 003

 7. Jesse B‑J, Heinrichs HU, Kuckshinrichs W (2019) Adapting the theory of 
resilience to energy systems: a review and outlook. Energ Sustain Soc 
9:27. https:// doi. org/ 10. 1186/ s13705‑ 019‑ 0210‑7

 8. Francis R, Bekera B (2014) A metric and frameworks for resilience 
analysis of engineered and infrastructure systems. Reliab Eng Syst Saf 
121:90–103. https:// doi. org/ 10. 1016/j. ress. 2013. 07. 004

 9. Hosseini S, Barker K, Ramirez‑Marquez JE (2016) A review of defini‑
tions and measures of system resilience. Reliab Eng Syst Saf 145:47–61. 
https:// doi. org/ 10. 1016/j. ress. 2015. 08. 006

 10. Sharifi A, Yamagata Y (2016) Principles and criteria for assessing urban 
energy resilience: a literature review. Renew Sustain Energy Rev 
60:1654–1677. https:// doi. org/ 10. 1016/j. rser. 2016. 03. 028

 11. Ahmadi S, Saboohi Y, Vakili A (2021) Frameworks, quantitative indica‑
tors, characters, and modeling approaches to analysis of energy system 
resilience: a review. Renew Sustain Energy Rev 144:110988. https:// doi. 
org/ 10. 1016/j. rser. 2021. 110988

 12. Jasiūnas J, Lund PD, Mikkola J (2021) Energy system resilience—a 
review. Renew Sustain Energy Rev 150:111476. https:// doi. org/ 10. 
1016/j. rser. 2021. 111476

 13. Büyüközkan G, Ilıcak Ö, Feyzioğlu O (2022) A review of urban resilience 
literature. Sustain Cities Soc 77:103579. https:// doi. org/ 10. 1016/j. scs. 
2021. 103579

 14. Park J, Seager TP, Rao PSC, Convertino M, Linkov I (2013) Integrating risk 
and resilience approaches to catastrophe management in engineering 
systems: perspective. Risk Anal 33:356–367. https:// doi. org/ 10. 1111/j. 
1539‑ 6924. 2012. 01885.x

 15. Taylor J (2009) The financial crisis and the policy responses: an empirical 
analysis of what went wrong. National Bureau of Economic Research, 
Cambridge, MA. https:// doi. org/ 10. 3386/ w14631

 16. IAEA. The Fukushima Daiichi Accident. Vienna, Austria: International 
Atomic Energy Agency; 2015.

 17. Nam H, Konishi S, Nam K‑W (2021) Comparative analysis of decision 
making regarding nuclear policy after the Fukushima Dai‑ichi Nuclear 
Power Plant Accident: case study in Germany and Japan. Technol Soc 
67:101735. https:// doi. org/ 10. 1016/j. techs oc. 2021. 101735

 18. Andersson G, Donalek P, Farmer R, Hatziargyriou N, Kamwa I, Kundur P 
et al (2005) Causes of the 2003 major grid blackouts in North America 
and Europe, and recommended means to improve system dynamic 
performance. IEEE Trans Power Syst 20:1922–1928. https:// doi. org/ 10. 
1109/ TPWRS. 2005. 857942

https://doi.org/10.1186/s13705-024-00478-9
https://doi.org/10.1186/s13705-024-00478-9
https://doi.org/10.1080/23789689.2019.1610600
https://doi.org/10.1080/23789689.2019.1610600
https://doi.org/10.1007/s40090-020-00203-3
https://doi.org/10.1016/j.eneco.2021.105659
https://doi.org/10.1016/j.ecolind.2019.105731
https://doi.org/10.1016/j.ecolind.2019.105731
https://doi.org/10.1016/j.ress.2018.11.029
https://doi.org/10.1016/j.ress.2018.11.029
https://doi.org/10.1016/j.ijcip.2019.03.003
https://doi.org/10.1186/s13705-019-0210-7
https://doi.org/10.1016/j.ress.2013.07.004
https://doi.org/10.1016/j.ress.2015.08.006
https://doi.org/10.1016/j.rser.2016.03.028
https://doi.org/10.1016/j.rser.2021.110988
https://doi.org/10.1016/j.rser.2021.110988
https://doi.org/10.1016/j.rser.2021.111476
https://doi.org/10.1016/j.rser.2021.111476
https://doi.org/10.1016/j.scs.2021.103579
https://doi.org/10.1016/j.scs.2021.103579
https://doi.org/10.1111/j.1539-6924.2012.01885.x
https://doi.org/10.1111/j.1539-6924.2012.01885.x
https://doi.org/10.3386/w14631
https://doi.org/10.1016/j.techsoc.2021.101735
https://doi.org/10.1109/TPWRS.2005.857942
https://doi.org/10.1109/TPWRS.2005.857942


Page 11 of 14Jesse et al. Energy, Sustainability and Society           (2024) 14:46  

 19. Tang Y, Bu G, Yi J (2012) Analysis and lessons of the blackout in Indian 
power grid on July 30 and 31, 2012. Proc CSEE 32:167–174

 20. ENTSO‑E. Report on blackout in Turkey on 31st March 2015. European 
Network of Transmission System Operators for Electricity; 2015.

 21. Cimellaro GP (2016) Urban resilience for emergency response 
and recovery: fundamental concepts and applications, 1st edn. 
Springer International Publishing, Cham. https:// doi. org/ 10. 1007/ 
978‑3‑ 319‑ 30656‑8

 22. Gatto A, Drago C (2020) A taxonomy of energy resilience. Energy Policy 
136:111007. https:// doi. org/ 10. 1016/j. enpol. 2019. 111007

 23. Florin M‑V, Linkov I. IRGC resource guide on resilience 2017. https:// doi. 
org/ 10. 5075/ EPFL‑ IRGC‑ 228206

 24. Web of Science. Web of Science: Advanced Search 2022. https:// www. 
webof scien ce. com/ wos/ woscc/ advan ced‑ search.

 25. ScienceDirect. ScienceDirect: Advanced Search 2022. https:// www. 
scien cedir ect. com/ search.

 26. Thoma K, Deutsche Akademie der Technikwissenschaften, editors. 
Resilien‑Tech: “Resilience‑by‑Design” ; Strategie für die technologischen 
Zukunftsthemen. München: Utz; 2014.

 27. Rankine WJM (1858) A manual of applied mechanics, 2nd edn. Griffin, 
London

 28. Campbell FC, editor. Elements of metallurgy and engineering alloys. 
Materials Park, Ohio: ASM International; 2008.

 29. Werner EE (2005) Resilience research. In: Peters RDEV, Leadbeater B, 
McMahon RJ (eds) Resilience in children, families, and communities. US, 
Springer, pp 3–11. https:// doi. org/ 10. 1007/0‑ 387‑ 23824‑7_1

 30. Riley JR, Masten AS (2005) Resilience in context. In: Peters RDEV, 
Leadbeater B, McMahon RJ (eds) Resilience in children, families, and 
communities. New York, Springer, US, pp 13–25. https:// doi. org/ 10. 
1007/0‑ 387‑ 23824‑7_2

 31. Holling CS (1973) Resilience and stability of ecological systems. Annu 
Rev Ecol Syst 4:1–23. https:// doi. org/ 10. 1146/ annur ev. es. 04. 110173. 
000245

 32. Barata‑Salgueiro T, Erkip F (2014) Retail planning and urban resilience—
an introduction to the special issue. Cities 36:107–111. https:// doi. org/ 
10. 1016/j. cities. 2013. 01. 007

 33. Pike A, Dawley S, Tomaney J (2010) Resilience, adaptation and adapt‑
ability. Camb J Reg Econ Soc 3:59–70. https:// doi. org/ 10. 1093/ cjres/ 
rsq001

 34. Simmie J, Martin R (2010) The economic resilience of regions: towards 
an evolutionary approach. Camb J Reg Econ Soc 3:27–43. https:// doi. 
org/ 10. 1093/ cjres/ rsp029

 35. Dolega L, Celińska‑Janowicz D (2015) Retail resilience: a theoretical 
framework for understanding town centre dynamics. Studia Regionalne 
i Lokalne. https:// doi. org/ 10. 7366/ 15094 99526 001

 36. Engle NL, de Bremond A, Malone EL, Moss RH (2014) Towards a 
resilience indicator framework for making climate‑change adaptation 
decisions. Mitig Adapt Strateg Glob Change 19:1295–1312. https:// doi. 
org/ 10. 1007/ s11027‑ 013‑ 9475‑x

 37. Aytac DO, Arslan TV, Durak S (2016) Adaptive reuse as a strategy toward 
urban resilience. Eur J Sustain Dev. https:// doi. org/ 10. 14207/ ejsd. 2016. 
v5n4p 523

 38. Li X, Zhang L, Hao Y, Shi Z, Zhang P, Xiong X et al (2023) Understand‑
ing resilience of urban food‑energy‑water nexus system: insights from 
an ecological network analysis of megacity Beijing. Sustain Cities Soc 
95:104605. https:// doi. org/ 10. 1016/j. scs. 2023. 104605

 39. Yang B, Ge S, Liu H, Li J, Zhang S (2022) Resilience assessment meth‑
odologies and enhancement strategies of multi‑energy cyber‑physical 
systems of the distribution network. IET Energy Syst Integr. https:// doi. 
org/ 10. 1049/ esi2. 12067

 40. Anuat E, Van Bossuyt DL, Pollman A (2021) Energy resilience impact of 
supply chain network disruption to military microgrids. Infrastructures 
7:4. https:// doi. org/ 10. 3390/ infra struc tures 70100 04

 41. Sun Q, Wu Z, Ma Z, Gu W, Zhang X‑P, Lu Y et al (2022) Resilience 
enhancement strategy for multi‑energy systems considering multi‑
stage recovery process and multi‑energy coordination. Energy 
241:122834. https:// doi. org/ 10. 1016/j. energy. 2021. 122834

 42. Gautam P, Piya P, Karki R (2021) Resilience assessment of distribution 
systems integrated with distributed energy resources. IEEE Trans Sustain 
Energy 12:338–348. https:// doi. org/ 10. 1109/ TSTE. 2020. 29941 74

 43. Senkel A, Bode C, Schmitz G (2021) Quantification of the resilience of 
integrated energy systems using dynamic simulation. Reliab Eng Syst 
Saf 209:107447. https:// doi. org/ 10. 1016/j. ress. 2021. 107447

 44. Čaušević S, Saxena K, Warnier M, Abhyankar AR, Brazier FMT (2021) 
Energy resilience through self‑organization during widespread power 
outages. Sustain Resilient Infrastruct 6:300–314. https:// doi. org/ 10. 
1080/ 23789 689. 2019. 16663 41

 45. Singapore‑ETH Centre. Future Resilient Systems (FRS) booklet. 2nd ed. 
Singapore: Singapore‑ETH Centre; 2015.

 46. Nan C, Sansavini G (2017) A quantitative method for assessing resil‑
ience of interdependent infrastructures. Reliab Eng Syst Saf 157:35–53. 
https:// doi. org/ 10. 1016/j. ress. 2016. 08. 013

 47. Bruneau M, Chang SE, Eguchi RT, Lee GC, O’Rourke TD, Reinhorn AM 
et al (2003) A framework to quantitatively assess and enhance the 
seismic resilience of communities. Earthq Spectra 19:733–752. https:// 
doi. org/ 10. 1193/1. 16234 97

 48. Eikeland PO, Inderberg THJ (2016) Energy system transformation 
and long‑term interest constellations in Denmark: can agency beat 
structure? Energy Res Soc Sci 11:164–173. https:// doi. org/ 10. 1016/j. erss. 
2015. 09. 008

 49. Camilli G, Hopkins KD (1978) Applicability of chi‑square to 2x2 
contingency tables with small expected cell frequencies. Psychol Bull 
85:163–167. https:// doi. org/ 10. 1037/ 0033‑ 2909. 85.1. 163

 50. Kokoska S, Nevison C (1989) Critical values for the chi‑square distribu‑
tion. In: Kokoska S, Nevison C (eds) Statistical tables and formulae. 
Springer New York, New York, NY, pp 58–59. https:// doi. org/ 10. 1007/ 
978‑1‑ 4613‑ 9629‑1_9

 51. Ibanez E, Lavrenz S, Gkritza K, Giraldo DAM, Krishnan V, McCalley JD et al 
(2016) Resilience and robustness in long‑term planning of the national 
energy and transportation system. IJCIS 12:82. https:// doi. org/ 10. 1504/ 
IJCIS. 2016. 075869

 52. Gargiulo C, Lombardi C. Urban retrofit and resilience: the challenge of 
energy efficiency and vulnerability. Tema J Land Use 2016; Mobil Envi‑
ron: 137–162 Paginazione. https:// doi. org/ 10. 6092/ 1970‑ 9870/ 3922.

 53. Akoglu H (2018) User’s guide to correlation coefficients. Turk J Emerg 
Med 18:91–93. https:// doi. org/ 10. 1016/j. tjem. 2018. 08. 001

 54. Roege PE, Collier ZA, Mancillas J, McDonagh JA, Linkov I (2014) Metrics 
for energy resilience. Energy Policy 72:249–256. https:// doi. org/ 10. 
1016/j. enpol. 2014. 04. 012

 55. Molyneaux L, Wagner L, Froome C, Foster J (2012) Resilience and 
electricity systems: a comparative analysis. Energy Policy 47:188–201. 
https:// doi. org/ 10. 1016/j. enpol. 2012. 04. 057

 56. Sharifi A, Yamagata Y (2015) A conceptual framework for assessment of 
urban energy resilience. Energy Procedia 75:2904–2909. https:// doi. org/ 
10. 1016/j. egypro. 2015. 07. 586

 57. Fiksel J (2003) Designing resilient, sustainable systems. Environ Sci 
Technol 37:5330–5339. https:// doi. org/ 10. 1021/ es034 4819

 58. Hawes C, Reed C (2006) Theoretical steps towards modelling resilience 
in complex systems. In: Gavrilova M, Gervasi O, Kumar V, Tan CJK, Taniar 
D, Laganá A et al (eds) Computational science and its applications—
ICCSA 2006, vol 3980. Springer Berlin Heidelberg, Berlin Heidelberg, pp 
644–653

 59. Evans GR (2008) Transformation from “Carbon Valley” to a “Post‑Carbon 
Society” in a climate change hot spot: the Coalfields of the Hunter 
Valley, New South Wales, Australia. Ecol Soc. https:// doi. org/ 10. 5751/ 
ES‑ 02460‑ 130139

 60. Smith A, Stirling A. Social‑ecological resilience and socio‑technical 
transitions: critical issues for sustainability governance 2008.

 61. O’Brien G (2009) Vulnerability and resilience in the European energy 
system. Energy Environ 20:399–410. https:// doi. org/ 10. 1260/ 09583 
05097 88066 457

 62. Afgan N, Cvetinovic D (2010) Wind power plant resilience. Therm Sci 
14:533–540. https:// doi. org/ 10. 2298/ TSCI1 00253 3A

 63. Reed DA, Powell MD, Westerman JM (2010) Energy supply system 
performance for Hurricane Katrina. J Energy Eng 136:95–102. https:// 
doi. org/ 10. 1061/ (ASCE) EY. 1943‑ 7897. 00000 28

 64. O’Brien G, Hope A (2010) Localism and energy: negotiating approaches 
to embedding resilience in energy systems. Energy Policy 38:7550–
7558. https:// doi. org/ 10. 1016/j. enpol. 2010. 03. 033

 65. Chaudry M, Ekins P, Ramachandran K, Shakoor A, Skea J, Strbac G, et al. 
Building a resilient UK energy system. UK Energy Research Centre; 2011.

https://doi.org/10.1007/978-3-319-30656-8
https://doi.org/10.1007/978-3-319-30656-8
https://doi.org/10.1016/j.enpol.2019.111007
https://doi.org/10.5075/EPFL-IRGC-228206
https://doi.org/10.5075/EPFL-IRGC-228206
https://www.webofscience.com/wos/woscc/advanced-search
https://www.webofscience.com/wos/woscc/advanced-search
https://www.sciencedirect.com/search
https://www.sciencedirect.com/search
https://doi.org/10.1007/0-387-23824-7_1
https://doi.org/10.1007/0-387-23824-7_2
https://doi.org/10.1007/0-387-23824-7_2
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1016/j.cities.2013.01.007
https://doi.org/10.1016/j.cities.2013.01.007
https://doi.org/10.1093/cjres/rsq001
https://doi.org/10.1093/cjres/rsq001
https://doi.org/10.1093/cjres/rsp029
https://doi.org/10.1093/cjres/rsp029
https://doi.org/10.7366/1509499526001
https://doi.org/10.1007/s11027-013-9475-x
https://doi.org/10.1007/s11027-013-9475-x
https://doi.org/10.14207/ejsd.2016.v5n4p523
https://doi.org/10.14207/ejsd.2016.v5n4p523
https://doi.org/10.1016/j.scs.2023.104605
https://doi.org/10.1049/esi2.12067
https://doi.org/10.1049/esi2.12067
https://doi.org/10.3390/infrastructures7010004
https://doi.org/10.1016/j.energy.2021.122834
https://doi.org/10.1109/TSTE.2020.2994174
https://doi.org/10.1016/j.ress.2021.107447
https://doi.org/10.1080/23789689.2019.1666341
https://doi.org/10.1080/23789689.2019.1666341
https://doi.org/10.1016/j.ress.2016.08.013
https://doi.org/10.1193/1.1623497
https://doi.org/10.1193/1.1623497
https://doi.org/10.1016/j.erss.2015.09.008
https://doi.org/10.1016/j.erss.2015.09.008
https://doi.org/10.1037/0033-2909.85.1.163
https://doi.org/10.1007/978-1-4613-9629-1_9
https://doi.org/10.1007/978-1-4613-9629-1_9
https://doi.org/10.1504/IJCIS.2016.075869
https://doi.org/10.1504/IJCIS.2016.075869
https://doi.org/10.6092/1970-9870/3922
https://doi.org/10.1016/j.tjem.2018.08.001
https://doi.org/10.1016/j.enpol.2014.04.012
https://doi.org/10.1016/j.enpol.2014.04.012
https://doi.org/10.1016/j.enpol.2012.04.057
https://doi.org/10.1016/j.egypro.2015.07.586
https://doi.org/10.1016/j.egypro.2015.07.586
https://doi.org/10.1021/es0344819
https://doi.org/10.5751/ES-02460-130139
https://doi.org/10.5751/ES-02460-130139
https://doi.org/10.1260/095830509788066457
https://doi.org/10.1260/095830509788066457
https://doi.org/10.2298/TSCI1002533A
https://doi.org/10.1061/(ASCE)EY.1943-7897.0000028
https://doi.org/10.1061/(ASCE)EY.1943-7897.0000028
https://doi.org/10.1016/j.enpol.2010.03.033


Page 12 of 14Jesse et al. Energy, Sustainability and Society           (2024) 14:46 

 66. Cherp A, Jewell J, Goldthau A (2011) Governing global energy: systems, 
transitions, complexity: governing global energy. Glob Policy 2:75–88. 
https:// doi. org/ 10. 1111/j. 1758‑ 5899. 2010. 00059.x

 67. Afgan N, Veziroglu A (2012) Sustainable resilience of hydrogen energy 
system. Int J Hydrogen Energy 37:5461–5467. https:// doi. org/ 10. 1016/j. 
ijhyd ene. 2011. 04. 201

 68. Carlson JL, Haffenden RA, Bassett GW, Buehring WA, Collins MJ, Folga 
SM, et al. Resilience: theory and application. 2012.

 69. Blum H, Legey LFL (2012) The challenging economics of energy secu‑
rity: ensuring energy benefits in support to sustainable development. 
Energy Econ 34:1982–1989. https:// doi. org/ 10. 1016/j. eneco. 2012. 08. 013

 70. Goldthau A, Sovacool BK (2012) The uniqueness of the energy security, 
justice, and governance problem. Energy Policy 41:232–240. https:// doi. 
org/ 10. 1016/j. enpol. 2011. 10. 042

 71. Ouyang M, Dueñas‑Osorio L, Min X (2012) A three‑stage resilience anal‑
ysis framework for urban infrastructure systems. Struct Saf 36–37:23–31. 
https:// doi. org/ 10. 1016/j. strus afe. 2011. 12. 004

 72. Richter R. Resilience and critical infrastructure. Conference Proceedings, 
vol. 7, Brno: 2012, p. 71–6.

 73. Afgan NH (2013) Energy, water and environment catastrophic events in 
resident buildings. Energy Build 65:523–528. https:// doi. org/ 10. 1016/j. 
enbui ld. 2013. 03. 003

 74. Hodbod J, Adger WN (2014) Integrating social‑ecological dynamics and 
resilience into energy systems research. Energy Res Soc Sci 1:226–231. 
https:// doi. org/ 10. 1016/j. erss. 2014. 03. 001

 75. Hoggett R (2014) Technology scale and supply chains in a secure, 
affordable and low carbon energy transition. Appl Energy 123:296–306. 
https:// doi. org/ 10. 1016/j. apene rgy. 2013. 12. 006

 76. Masys AJ, Ray‑Bennett N, Shiroshita H, Jackson P (2014) High impact/
low frequency extreme events: enabling reflection and resilience in a 
hyper‑connected world. Procedia Econ Finance 18:772–779. https:// doi. 
org/ 10. 1016/ S2212‑ 5671(14) 01001‑6

 77. Strunz S (2014) The German energy transition as a regime shift. Ecol 
Econ 100:150–158. https:// doi. org/ 10. 1016/j. ecole con. 2014. 01. 019

 78. Brand U, von Gleich A (2015) Transformation toward a secure and 
precaution‑oriented energy system with the guiding concept of 
resilience—implementation of low‑exergy solutions in Northwestern 
Germany. Energies 8:6995–7019. https:// doi. org/ 10. 3390/ en807 6995

 79. Gao J, Liu X, Li D, Havlin S (2015) Recent progress on the resilience of 
complex networks. Energies 8:12187–12210. https:// doi. org/ 10. 3390/ 
en810 12187

 80. He P, Ng TS, Su B (2015) Energy import resilience with input–output 
linear programming models. Energy Econ 50:215–226. https:// doi. org/ 
10. 1016/j. eneco. 2015. 05. 007

 81. Hughes L (2015) The effects of event occurrence and duration on resil‑
ience and adaptation in energy systems. Energy 84:443–454. https:// 
doi. org/ 10. 1016/j. energy. 2015. 03. 010

 82. Matzenberger J, Hargreaves N, Raha D, Dias P (2015) A novel approach 
to assess resilience of energy systems. Int J Disaster Resilience Built 
Environ 6:168–181. https:// doi. org/ 10. 1108/ IJDRBE‑ 11‑ 2013‑ 0044

 83. Exner A, Politti E, Schriefl E, Erker S, Stangl R, Baud S et al (2016) Measur‑
ing regional resilience towards fossil fuel supply constraints. Adaptabil‑
ity and vulnerability in socio‑ecological transformations—the case of 
Austria. Energy Policy 91:128–137. https:// doi. org/ 10. 1016/j. enpol. 2015. 
12. 031

 84. Lin Y, Bie Z (2016) Study on the resilience of the integrated energy 
system. Energy Procedia 103:171–176. https:// doi. org/ 10. 1016/j. egypro. 
2016. 11. 268

 85. Molyneaux L, Brown C, Wagner L, Foster J (2016) Measuring resilience 
in energy systems: insights from a range of disciplines. Renew Sustain 
Energy Rev 59:1068–1079. https:// doi. org/ 10. 1016/j. rser. 2016. 01. 063

 86. Panteli M, Nikolaidis AI, Charalambous CA, Zhou Y, Wood FR, Glynn S, 
et al. Analyzing the resilience and flexibility of power systems to future 
demand and supply scenarios. 2016 18th Mediterranean Electrotechni‑
cal Conference (MELECON), Lemesos, Cyprus: IEEE; 2016, p. 1–6. https:// 
doi. org/ 10. 1109/ MELCON. 2016. 74953 12.

 87. Wiese F (2016) Resilience thinking as an interdisciplinary guiding 
principle for energy system transitions. Resources 5:30. https:// doi. org/ 
10. 3390/ resou rces5 040030

 88. Binder C, Mühlemeier S, Wyss R (2017) An indicator‑based approach 
for analyzing the resilience of transitions for energy regions. Part I: 

theoretical and conceptual considerations. Energies 10:36. https:// doi. 
org/ 10. 3390/ en100 10036

 89. Elena C, Mariella DF, Fabio F (2017) Energy resilience of historical urban 
districts: a state of art review towards a new approach. Energy Procedia 
111:426–434. https:// doi. org/ 10. 1016/j. egypro. 2017. 03. 204

 90. Faber MH, Qin J, Miraglia S, Thöns S (2017) On the probabilistic charac‑
terization of robustness and resilience. Procedia Eng 198:1070–1083. 
https:// doi. org/ 10. 1016/j. proeng. 2017. 07. 151

 91. Kelly‑Pitou KM, Ostroski A, Contino B, Grainger B, Kwasinski A, Reed G 
(2017) Microgrids and resilience: using a systems approach to achieve 
climate adaptation and mitigation goals. Electr J 30:23–31. https:// doi. 
org/ 10. 1016/j. tej. 2017. 11. 008

 92. Erker S, Stangl R, Stoeglehner G (2017) Resilience in the light of energy 
crises—Part I: a framework to conceptualise regional energy resilience. 
J Clean Prod 164:420–433. https:// doi. org/ 10. 1016/j. jclep ro. 2017. 06. 163

 93. Ragheb SA, Ayad HM, Galil RA. An energy‑resilient city, an appraisal 
matrix for the built environment, Bristol, UK: 2017, p. 667–78. https:// 
doi. org/ 10. 2495/ SDP17 0581.

 94. Erker S, Stangl R, Stoeglehner G (2017) Resilience in the light of energy 
crises—Part II: application of the regional energy resilience assessment. 
J Clean Prod 164:495–507. https:// doi. org/ 10. 1016/j. jclep ro. 2017. 06. 162

 95. Huang G, Wang J, Chen C, Guo C, Zhu B (2017) System resilience 
enhancement: smart grid and beyond. Front Eng 4:271. https:// doi. org/ 
10. 15302/J‑ FEM‑ 20170 30

 96. Taysom E, Crilly N (2017) Resilience in sociotechnical systems: the 
perspectives of multiple stakeholders. She Ji J Design Econ Innov 
3:165–182. https:// doi. org/ 10. 1016/j. sheji. 2017. 10. 011

 97. Wang J, Sun T, Deng S, Li K, Zhao J, Gao L et al (2017) A resilience analy‑
sis on energy system: a preliminary case study for solar‑assisted CCS. 
Energy Procedia 142:3220–3225. https:// doi. org/ 10. 1016/j. egypro. 2017. 
12. 494

 98. Anderson K, Laws N, Marr S, Lisell L, Jimenez T, Case T et al (2018) 
Quantifying and monetizing renewable energy resiliency. Sustainability 
10:933. https:// doi. org/ 10. 3390/ su100 40933

 99. Komendantova N (2018) Energy transition in the Austrian Climate and 
Energy model regions: a multi‑risk participatory governance perspec‑
tive on regional resilience. Procedia Eng 212:15–21. https:// doi. org/ 10. 
1016/j. proeng. 2018. 01. 003

 100. Lau E, Chai K, Chen Y, Loo J (2018) Efficient economic and resilience‑
based optimization for disaster recovery management of critical 
infrastructures. Energies 11:3418. https:// doi. org/ 10. 3390/ en111 23418

 101. Loktionov VI. Energy resilience assessment in the period of transition to 
sustainable energy. 2018 International multi‑conference on industrial 
engineering and modern technologies (FarEastCon), Vladivostok: IEEE; 
2018, p. 1–7. https:// doi. org/ 10. 1109/ FarEa stCon. 2018. 86026 22.

 102. Mola M, Feofilovs M, Romagnoli F (2018) Energy resilience: research 
trends at urban, municipal and country levels. Energy Procedia 
147:104–113. https:// doi. org/ 10. 1016/j. egypro. 2018. 07. 039

 103. Mutani G, Todeschi V (2018) Energy resilience, vulnerability and risk 
in urban spaces. J Sustain Dev Energy Water Environ Syst 6:694–709. 
https:// doi. org/ 10. 13044/j. sdewes. d6. 0203

 104. Sanduleac M, Eremia M, Picioroaga I. Resilience through self‑sufficiency 
in smart cities: a preliminary Bucharest use case. 2018 International 
symposium on fundamentals of electrical engineering (ISFEE), Bucha‑
rest, Romania: IEEE; 2018, p. 1–6. https:// doi. org/ 10. 1109/ ISFEE. 2018. 
87424 61.

 105. He P, Ng TS, Su B (2019) Energy‑economic resilience with multi‑region 
input–output linear programming models. Energy Econ 84:104569. 
https:// doi. org/ 10. 1016/j. eneco. 2019. 104569

 106. Prince AJ‑J, Haessig P, Bourdais R, Gueguen H (2019) Resilience 
in energy management system: a study case. IFAC‑PapersOnLine 
52:395–400. https:// doi. org/ 10. 1016/j. ifacol. 2019. 08. 242

 107. Voisin N, Tidwell V, Kintner‑Meyer M, Boltz F (2019) Planning for sus‑
tained water‑electricity resilience over the US: persistence of current 
water‑electricity operations and long‑term transformative plans. Water 
Security 7:100035. https:// doi. org/ 10. 1016/j. wasec. 2019. 100035

 108. Hamborg S, Meya JN, Eisenack K, Raabe T (2020) Rethinking resilience: 
a cross‑epistemic resilience framework for interdisciplinary energy 
research. Energy Res Soc Sci 59:101285. https:// doi. org/ 10. 1016/j. erss. 
2019. 101285

https://doi.org/10.1111/j.1758-5899.2010.00059.x
https://doi.org/10.1016/j.ijhydene.2011.04.201
https://doi.org/10.1016/j.ijhydene.2011.04.201
https://doi.org/10.1016/j.eneco.2012.08.013
https://doi.org/10.1016/j.enpol.2011.10.042
https://doi.org/10.1016/j.enpol.2011.10.042
https://doi.org/10.1016/j.strusafe.2011.12.004
https://doi.org/10.1016/j.enbuild.2013.03.003
https://doi.org/10.1016/j.enbuild.2013.03.003
https://doi.org/10.1016/j.erss.2014.03.001
https://doi.org/10.1016/j.apenergy.2013.12.006
https://doi.org/10.1016/S2212-5671(14)01001-6
https://doi.org/10.1016/S2212-5671(14)01001-6
https://doi.org/10.1016/j.ecolecon.2014.01.019
https://doi.org/10.3390/en8076995
https://doi.org/10.3390/en81012187
https://doi.org/10.3390/en81012187
https://doi.org/10.1016/j.eneco.2015.05.007
https://doi.org/10.1016/j.eneco.2015.05.007
https://doi.org/10.1016/j.energy.2015.03.010
https://doi.org/10.1016/j.energy.2015.03.010
https://doi.org/10.1108/IJDRBE-11-2013-0044
https://doi.org/10.1016/j.enpol.2015.12.031
https://doi.org/10.1016/j.enpol.2015.12.031
https://doi.org/10.1016/j.egypro.2016.11.268
https://doi.org/10.1016/j.egypro.2016.11.268
https://doi.org/10.1016/j.rser.2016.01.063
https://doi.org/10.1109/MELCON.2016.7495312
https://doi.org/10.1109/MELCON.2016.7495312
https://doi.org/10.3390/resources5040030
https://doi.org/10.3390/resources5040030
https://doi.org/10.3390/en10010036
https://doi.org/10.3390/en10010036
https://doi.org/10.1016/j.egypro.2017.03.204
https://doi.org/10.1016/j.proeng.2017.07.151
https://doi.org/10.1016/j.tej.2017.11.008
https://doi.org/10.1016/j.tej.2017.11.008
https://doi.org/10.1016/j.jclepro.2017.06.163
https://doi.org/10.2495/SDP170581
https://doi.org/10.2495/SDP170581
https://doi.org/10.1016/j.jclepro.2017.06.162
https://doi.org/10.15302/J-FEM-2017030
https://doi.org/10.15302/J-FEM-2017030
https://doi.org/10.1016/j.sheji.2017.10.011
https://doi.org/10.1016/j.egypro.2017.12.494
https://doi.org/10.1016/j.egypro.2017.12.494
https://doi.org/10.3390/su10040933
https://doi.org/10.1016/j.proeng.2018.01.003
https://doi.org/10.1016/j.proeng.2018.01.003
https://doi.org/10.3390/en11123418
https://doi.org/10.1109/FarEastCon.2018.8602622
https://doi.org/10.1016/j.egypro.2018.07.039
https://doi.org/10.13044/j.sdewes.d6.0203
https://doi.org/10.1109/ISFEE.2018.8742461
https://doi.org/10.1109/ISFEE.2018.8742461
https://doi.org/10.1016/j.eneco.2019.104569
https://doi.org/10.1016/j.ifacol.2019.08.242
https://doi.org/10.1016/j.wasec.2019.100035
https://doi.org/10.1016/j.erss.2019.101285
https://doi.org/10.1016/j.erss.2019.101285


Page 13 of 14Jesse et al. Energy, Sustainability and Society           (2024) 14:46  

 109. Bychkov I, Feoktistov A, Gorsky S, Edelev A, Sidorov I, Kostromin R, 
et al. Supercomputer Engineering for Supporting Decision‑making on 
Energy Systems Resilience. 2020 IEEE 14th International Conference on 
Application of Information and Communication Technologies (AICT), 
Tashkent, Uzbekistan: IEEE; 2020, p. 1–6. https:// doi. org/ 10. 1109/ AICT5 
0176. 2020. 93688 59.

 110. Gatto A, Drago C (2020) Measuring and modeling energy resilience. 
Ecol Econ 172:106527. https:// doi. org/ 10. 1016/j. ecole con. 2019. 106527

 111. Guha S (2020) Quantification of inherent energy resilience of process 
systems for optimization of energy usage. Environ Prog Sustain Energy. 
https:// doi. org/ 10. 1002/ ep. 13308

 112. Mutani G, Todeschi V, Beltramino S (2020) Energy consumption models 
at urban scale to measure energy resilience. Sustainability 12:5678. 
https:// doi. org/ 10. 3390/ su121 45678

 113. Rajabzadeh M, Kalantar M (2022) Enhance the resilience of distribution 
system against direct and indirect effects of extreme winds using bat‑
tery energy storage systems. Sustain Cities Soc 76:103486. https:// doi. 
org/ 10. 1016/j. scs. 2021. 103486

 114. Underwood G, Hill D, Lamichhane S (2020) Earthquakes, blockades and 
energy crises: a conceptual framework for energy systems resilience 
applied to Nepal. Energy Res Soc Sci 69:101609. https:// doi. org/ 10. 
1016/j. erss. 2020. 101609

 115. Lin Li, Vijaykrishnan N, Kandemir M, Irwin MJ. Adaptive error protec‑
tion for energy efficiency. ICCAD‑2003. International Conference on 
Computer Aided Design (IEEE Cat. No.03CH37486), San Jose, CA, USA: 
IEEE; 2003, p. 2–7. https:// doi. org/ 10. 1109/ ICCAD. 2003. 159662.

 116. Van De Vyver J, Deconinck G, Belmans R. The need for a distributed 
algorithm for control of the electrical power infrastructure. 2003 
International Conference Physics and Control. Proceedings (Cat. 
No.03EX708), Lugano, Switzerland: IEEE; 2003, p. 211–5. https:// doi. org/ 
10. 1109/ CIMSA. 2003. 12272 29.

 117. Farrell AE, Zerriffi H, Dowlatabadi H (2004) Energy infrastructure and 
security. Annu Rev Environ Resour 29:421–469. https:// doi. org/ 10. 1146/ 
annur ev. energy. 29. 062403. 102238

 118. Watanabe C, Kishioka M, Carvajal CA (2005) IT substitution for energy 
leads to a resilient structure for a survival strategy of Japan’s electric 
power industry. Energy Policy 33:1069–1084. https:// doi. org/ 10. 1016/j. 
enpol. 2003. 11. 007

 119. Ulieru M. Design for Resilience of Networked Critical Infrastructures. 
2007 Inaugural IEEE‑IES Digital EcoSystems and Technologies Confer‑
ence, Cairns, Australia: IEEE; 2007, p. 540–5. https:// doi. org/ 10. 1109/ 
DEST. 2007. 372035.

 120. Amin M. Challenges in reliability, security, efficiency, and resilience of 
energy infrastructure: toward smart self‑healing electric power grid. 
2008 IEEE Power and Energy Society General Meeting ‑ Conversion and 
Delivery of Electrical Energy in the 21st Century, Pittsburgh, PA, USA: 
IEEE; 2008, p. 1–5. https:// doi. org/ 10. 1109/ PES. 2008. 45967 91.

 121. Celac S (2011) Issues of energy security in the Black Sea Region. In: 
Gheorghe A, Muresan L (eds) Energy security. Springer, Netherlands, 
Dordrecht, pp 37–45. https:// doi. org/ 10. 1007/ 978‑ 94‑ 007‑ 0719‑1_4

 122. Minullin Y, Schrattenholzer L (2008) Lessons learned for regional and 
global energy security. In: Voeller JG (ed) Wiley handbook of science 
and technology for homeland security. Wiley, pp 1–25. https:// doi. org/ 
10. 1002/ 97804 70087 923. hhs099

 123. Kelly MJ (2010) Energy efficiency, resilience to future climates and long‑
term sustainability: the role of the built environment. Phil Trans R Soc A 
368:1083–1089. https:// doi. org/ 10. 1098/ rsta. 2009. 0212

 124. Michaelowa A, Connor H, Williamson LE (2010) Use of indicators to 
improve communication on energy systems vulnerability, resilience 
and adaptation to climate change. In: Troccoli A (ed) Management of 
weather and climate risk in the energy industry. Springer, Netherlands, 
Dordrecht, pp 69–87. https:// doi. org/ 10. 1007/ 978‑ 90‑ 481‑ 3692‑6_5

 125. Salat S, Bourdic L (2011) Power laws for energy efficient and resilient cit‑
ies. Procedia Eng 21:1193–1198. https:// doi. org/ 10. 1016/j. proeng. 2011. 
11. 2130

 126. Sovacool BK, Mukherjee I (2011) Conceptualizing and measuring 
energy security: a synthesized approach. Energy 36:5343–5355. https:// 
doi. org/ 10. 1016/j. energy. 2011. 06. 043

 127. Weber C, Shah N (2011) Optimisation based design of a district energy 
system for an eco‑town in the United Kingdom. Energy 36:1292–1308. 
https:// doi. org/ 10. 1016/j. energy. 2010. 11. 014

 128. Molyneaux L, Froome C, Wagner L, Foster J (2013) Australian power: can 
renewable technologies change the dominant industry view? Renew 
Energy 60:215–221. https:// doi. org/ 10. 1016/j. renene. 2013. 05. 009

 129. Sircar I, Sage D, Goodier C, Fussey P, Dainty A (2013) Constructing 
resilient futures: integrating UK multi‑stakeholder transport and energy 
resilience for 2050. Futures 49:49–63. https:// doi. org/ 10. 1016/j. futur es. 
2013. 04. 003

 130. Cox W, Considine T. Grid fault recovery and resilience: applying struc‑
tured energy and microgrids. ISGT 2014, Washington, DC, USA: IEEE; 
2014, p. 1–5. https:// doi. org/ 10. 1109/ ISGT. 2014. 68164 92

 131. Kinn MC, Abbott C (2014) To what extent is electricity central to 
resilience and disaster management of the built environment? Procedia 
Econ Finance 18:238–246. https:// doi. org/ 10. 1016/ S2212‑ 5671(14) 
00936‑8

 132. Tainter JA, Taylor TG (2014) Complexity, problem‑solving, sustainability 
and resilience. Build Res Inf 42:168–181. https:// doi. org/ 10. 1080/ 09613 
218. 2014. 850599

 133. Ji C, Wei Y. Dynamic resilience for power distribution and customers. 
2015 IEEE International Conference on Smart Grid Communications 
(SmartGridComm), Miami, FL, USA: IEEE; 2015, p. 822–7. https:// doi. org/ 
10. 1109/ Smart GridC omm. 2015. 74364 03.

 134. Kharrazi A, Sato M, Yarime M, Nakayama H, Yu Y, Kraines S (2015) 
Examining the resilience of national energy systems: measurements of 
diversity in production‑based and consumption‑based electricity in the 
globalization of trade networks. Energy Policy 87:455–464. https:// doi. 
org/ 10. 1016/j. enpol. 2015. 09. 019

 135. Korhonen J, Snäkin J‑P (2015) Quantifying the relationship of resilience 
and eco‑efficiency in complex adaptive energy systems. Ecol Econ 
120:83–92. https:// doi. org/ 10. 1016/j. ecole con. 2015. 09. 006

 136. Kwasinski A. Numerical evaluation of communication networks 
resilience with a focus on power supply performance during natural 
disasters. 2015 IEEE International Telecommunications Energy Confer‑
ence (INTELEC), Osaka, Japan: IEEE; 2015, p. 1–6. https:// doi. org/ 10. 
1109/ INTLEC. 2015. 75723 74.

 137. Maharjan S, Zhang Y, Gjessing S, Ulleberg O, Eliassen F. Providing 
Microgrid Resilience during Emergencies Using Distributed Energy 
Resources. 2015 IEEE Globecom Workshops (GC Wkshps), San Diego, 
CA, USA: IEEE; 2015, p. 1–6. https:// doi. org/ 10. 1109/ GLOCO MW. 2015. 
74140 31.

 138. Mulyono NB (2015) Mutual support in energy sector: toward energy 
resilience. Procedia Comput Sci 60:1041–1050. https:// doi. org/ 10. 
1016/j. procs. 2015. 08. 149

 139. Cherp A, Jewell J, Vinichenko V, Bauer N, De Cian E (2016) Global energy 
security under different climate policies, GDP growth rates and fossil 
resource availabilities. Clim Change 136:83–94. https:// doi. org/ 10. 1007/ 
s10584‑ 013‑ 0950‑x

 140. Fonseca JA, Schlueter, A. Expanding boundaries—assessing the 
performance and resilience of future energy systems at neighborhood 
scale—Fonseca JA, Schlueter A. vdf Hochschulverlag AG an der ETH 
Zürich; 2016. https:// doi. org/ 10. 3218/ 3774‑6_ 16.

 141. Bei L, Roche R, Miraoui A. System resilience improvement using multi‑
ple energy supply systems under natural disasters. IECON 2016—42nd 
Annual Conference of the IEEE Industrial Electronics Society, Florence, 
Italy: IEEE; 2016, p. 3912–7. https:// doi. org/ 10. 1109/ IECON. 2016. 77932 
78.

 142. Maryono WHB, Widjonarko P. Energy resilience assessment by using 
SEM approach in the Central Java Province, Indonesia. Procedia—Social 
and Behavioral Sciences 2016;227:146–51. https:// doi. org/ 10. 1016/j. 
sbspro. 2016. 06. 055.

 143. Olazabal M, Pascual U (2016) Use of fuzzy cognitive maps to study 
urban resilience and transformation. Environ Innov Soc Trans 18:18–40. 
https:// doi. org/ 10. 1016/j. eist. 2015. 06. 006

 144. Clegg S, Mancarella P. Integrated electricity‑heat‑gas network model‑
ling for the evaluation of system resilience to extreme weather. 2017 
IEEE Manchester PowerTech, Manchester, United Kingdom: IEEE; 2017, 
p. 1–6. https:// doi. org/ 10. 1109/ PTC. 2017. 79811 33.

 145. Fonseca JA, Estévez‑Mauriz L, Forgaci C, Björling N (2017) Spatial 
heterogeneity for environmental performance and resilient behavior 
in energy and transportation systems. Comput Environ Urban Syst 
62:136–145. https:// doi. org/ 10. 1016/j. compe nvurb sys. 2016. 11. 001

https://doi.org/10.1109/AICT50176.2020.9368859
https://doi.org/10.1109/AICT50176.2020.9368859
https://doi.org/10.1016/j.ecolecon.2019.106527
https://doi.org/10.1002/ep.13308
https://doi.org/10.3390/su12145678
https://doi.org/10.1016/j.scs.2021.103486
https://doi.org/10.1016/j.scs.2021.103486
https://doi.org/10.1016/j.erss.2020.101609
https://doi.org/10.1016/j.erss.2020.101609
https://doi.org/10.1109/ICCAD.2003.159662
https://doi.org/10.1109/CIMSA.2003.1227229
https://doi.org/10.1109/CIMSA.2003.1227229
https://doi.org/10.1146/annurev.energy.29.062403.102238
https://doi.org/10.1146/annurev.energy.29.062403.102238
https://doi.org/10.1016/j.enpol.2003.11.007
https://doi.org/10.1016/j.enpol.2003.11.007
https://doi.org/10.1109/DEST.2007.372035
https://doi.org/10.1109/DEST.2007.372035
https://doi.org/10.1109/PES.2008.4596791
https://doi.org/10.1007/978-94-007-0719-1_4
https://doi.org/10.1002/9780470087923.hhs099
https://doi.org/10.1002/9780470087923.hhs099
https://doi.org/10.1098/rsta.2009.0212
https://doi.org/10.1007/978-90-481-3692-6_5
https://doi.org/10.1016/j.proeng.2011.11.2130
https://doi.org/10.1016/j.proeng.2011.11.2130
https://doi.org/10.1016/j.energy.2011.06.043
https://doi.org/10.1016/j.energy.2011.06.043
https://doi.org/10.1016/j.energy.2010.11.014
https://doi.org/10.1016/j.renene.2013.05.009
https://doi.org/10.1016/j.futures.2013.04.003
https://doi.org/10.1016/j.futures.2013.04.003
https://doi.org/10.1109/ISGT.2014.6816492
https://doi.org/10.1016/S2212-5671(14)00936-8
https://doi.org/10.1016/S2212-5671(14)00936-8
https://doi.org/10.1080/09613218.2014.850599
https://doi.org/10.1080/09613218.2014.850599
https://doi.org/10.1109/SmartGridComm.2015.7436403
https://doi.org/10.1109/SmartGridComm.2015.7436403
https://doi.org/10.1016/j.enpol.2015.09.019
https://doi.org/10.1016/j.enpol.2015.09.019
https://doi.org/10.1016/j.ecolecon.2015.09.006
https://doi.org/10.1109/INTLEC.2015.7572374
https://doi.org/10.1109/INTLEC.2015.7572374
https://doi.org/10.1109/GLOCOMW.2015.7414031
https://doi.org/10.1109/GLOCOMW.2015.7414031
https://doi.org/10.1016/j.procs.2015.08.149
https://doi.org/10.1016/j.procs.2015.08.149
https://doi.org/10.1007/s10584-013-0950-x
https://doi.org/10.1007/s10584-013-0950-x
https://doi.org/10.3218/3774-6_16
https://doi.org/10.1109/IECON.2016.7793278
https://doi.org/10.1109/IECON.2016.7793278
https://doi.org/10.1016/j.sbspro.2016.06.055
https://doi.org/10.1016/j.sbspro.2016.06.055
https://doi.org/10.1016/j.eist.2015.06.006
https://doi.org/10.1109/PTC.2017.7981133
https://doi.org/10.1016/j.compenvurbsys.2016.11.001


Page 14 of 14Jesse et al. Energy, Sustainability and Society           (2024) 14:46 

 146. Freeman J, Hancock L (2017) Energy and communication infrastruc‑
ture for disaster resilience in rural and regional Australia. Reg Stud 
51:933–944. https:// doi. org/ 10. 1080/ 00343 404. 2016. 11464 03

 147. Grafakos S, Enseñado EM, Flamos A (2017) Developing an integrated 
sustainability and resilience framework of indicators for the assessment 
of low‑carbon energy technologies at the local level. Int J Sustain Energ 
36:945–971. https:// doi. org/ 10. 1080/ 14786 451. 2015. 11307 09

 148. Mühlemeier S, Binder CR, Wyss R (2017) “It’s an endurance race”: an 
indicator‑based resilience analysis of the energy transition in the Allgäu 
Region, Bavaria. GAIA Ecol Perspect Sci Soc 26:199–206. https:// doi. org/ 
10. 14512/ gaia. 26. S1.7

 149. Tran HT, Balchanos M, Domerçant JC, Mavris DN (2017) A framework for 
the quantitative assessment of performance‑based system resilience. 
Reliab Eng Syst Saf 158:73–84. https:// doi. org/ 10. 1016/j. ress. 2016. 10. 
014

 150. Hagen J (2018) Building resilience against cyber threats in the energy 
sector. Int J Crit Infrastruct Prot 20:26–27. https:// doi. org/ 10. 1016/j. ijcip. 
2017. 11. 003

 151. Laws ND, Anderson K, DiOrio NA, Li X, McLaren J (2018) Impacts of valu‑
ing resilience on cost‑optimal PV and storage systems for commercial 
buildings. Renew Energy 127:896–909. https:// doi. org/ 10. 1016/j. renene. 
2018. 05. 011

 152. Martišauskas L, Augutis J, Krikštolaitis R (2018) Methodology for energy 
security assessment considering energy system resilience to disrup‑
tions. Energ Strat Rev 22:106–118. https:// doi. org/ 10. 1016/j. esr. 2018. 08. 
007

 153. Schilling T, Wyss R, Binder C (2018) The resilience of sustainability transi‑
tions. Sustainability 10:4593. https:// doi. org/ 10. 3390/ su101 24593

 154. Wyss R, Mühlemeier S, Binder C (2018) An indicator‑based approach for 
analysing the resilience of transitions for energy regions. Part II: empiri‑
cal application to the case of Weiz‑Gleisdorf. Austria. Energies 11:2263. 
https:// doi. org/ 10. 3390/ en110 92263

 155. Zhou Y, Panteli M, Moreno R, Mancarella P (2018) System‑level assess‑
ment of reliability and resilience provision from microgrids. Appl Energy 
230:374–392. https:// doi. org/ 10. 1016/j. apene rgy. 2018. 08. 054

 156. Hussain A, Bui V‑H, Kim H‑M (2019) Microgrids as a resilience resource 
and strategies used by microgrids for enhancing resilience. Appl Energy 
240:56–72. https:// doi. org/ 10. 1016/j. apene rgy. 2019. 02. 055

 157. Mazur C, Hoegerle Y, Brucoli M, Van Dam K, Guo M, Markides CN et al 
(2019) A holistic resilience framework development for rural power 
systems in emerging economies. Appl Energy 235:219–232. https:// doi. 
org/ 10. 1016/j. apene rgy. 2018. 10. 129

 158. Pagliaro M (2019) Renewable energy systems: enhanced resilience. 
Lower Costs Energy Tech 7:1900791. https:// doi. org/ 10. 1002/ ente. 
20190 0791

 159. Wang J, Zhao J, Deng S, Sun T, Du Y, Li K et al (2019) Integrated 
assessment for solar‑assisted carbon capture and storage power 
plant by adopting resilience thinking on energy system. J Clean Prod 
208:1009–1021. https:// doi. org/ 10. 1016/j. jclep ro. 2018. 10. 090

 160. Aldieri L, Gatto A, Vinci CP (2021) Evaluation of energy resilience 
and adaptation policies: an energy efficiency analysis. Energy Policy 
157:112505. https:// doi. org/ 10. 1016/j. enpol. 2021. 112505

 161. Zaheer A (2020) Sustainability and resilience in megacities through 
energy diversification, land fragmentation and fiscal mechanisms. 
Sustain Cities Soc 53:101841. https:// doi. org/ 10. 1016/j. scs. 2019. 101841

 162. Esfandi S, Rahmdel L, Nourian F, Sharifi A (2022) The role of urban spatial 
structure in energy resilience: an integrated assessment framework 
using a hybrid factor analysis and analytic network process model. 
Sustain Cities Soc 76:103458. https:// doi. org/ 10. 1016/j. scs. 2021. 103458

 163. Gazijahani FS, Salehi J, Shafie‑khah M (2022) Benefiting from energy‑
hub flexibilities to reinforce distribution system resilience: a pre‑ and 
post‑disaster management model. IEEE Syst J. https:// doi. org/ 10. 1109/ 
JSYST. 2022. 31470 75

 164. Kumar S, Loosen M, Madlener R (2020) Assessing the potential of low‑
carbon technologies in the German energy system. J Environ Manage 
262:110345. https:// doi. org/ 10. 1016/j. jenvm an. 2020. 110345

 165. Poudel B, Lin L, Phillips T, Eggers S, Agarwal V, McJunkin T (2022) Opera‑
tional resilience of nuclear‑renewable integrated‑energy microgrids. 
Energies 15:789. https:// doi. org/ 10. 3390/ en150 30789

 166. Charani Shandiz S, Foliente G, Rismanchi B, Wachtel A, Jeffers RF 
(2020) Resilience framework and metrics for energy master planning 

of communities. Energy 203:117856. https:// doi. org/ 10. 1016/j. energy. 
2020. 117856

 167. Tobajas J, Garcia‑Torres F, Roncero‑Sánchez P, Vázquez J, Bellatreche L, 
Nieto E (2022) Resilience‑oriented schedule of microgrids with hybrid 
energy storage system using model predictive control. Appl Energy 
306:118092. https:// doi. org/ 10. 1016/j. apene rgy. 2021. 118092

 168. Wang Y, Gong Z, Pan W (2020) Promoting economic recovery from the 
perspective of energy‑economic resilience: model construction and 
case study. Front Energy Res 8:212. https:// doi. org/ 10. 3389/ fenrg. 2020. 
00212

 169. Wang Y, Rousis AO, Strbac G (2022) Resilience‑driven optimal sizing 
and pre‑positioning of mobile energy storage systems in decentralized 
networked microgrids. Appl Energy 305:117921. https:// doi. org/ 10. 
1016/j. apene rgy. 2021. 117921

 170. Xu Y, Chen S, Tian S, Gong F (2021) Demand management for resilience 
enhancement of integrated energy distribution system against natural 
disasters. Sustainability 14:5. https:// doi. org/ 10. 3390/ su140 10005

 171. Mohaghegh Zahed L, Abbaspour M, Ghodoosi J, Sharifi A (2022) Deter‑
mination and prioritization of criteria to design urban energy resilience 
conceptual model (Part 1). Int J Environ Sci Technol 19:3593–3606. 
https:// doi. org/ 10. 1007/ s13762‑ 022‑ 03949‑8

 172. Zhao H, Xiang Y, Shen Y, Guo Y, Xue P, Sun W et al (2022) Resilience 
assessment of hydrogen‑integrated energy system for airport electri‑
fication. IEEE Trans on Ind Applicat 58:2812–2824. https:// doi. org/ 10. 
1109/ TIA. 2021. 31274 81

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1080/00343404.2016.1146403
https://doi.org/10.1080/14786451.2015.1130709
https://doi.org/10.14512/gaia.26.S1.7
https://doi.org/10.14512/gaia.26.S1.7
https://doi.org/10.1016/j.ress.2016.10.014
https://doi.org/10.1016/j.ress.2016.10.014
https://doi.org/10.1016/j.ijcip.2017.11.003
https://doi.org/10.1016/j.ijcip.2017.11.003
https://doi.org/10.1016/j.renene.2018.05.011
https://doi.org/10.1016/j.renene.2018.05.011
https://doi.org/10.1016/j.esr.2018.08.007
https://doi.org/10.1016/j.esr.2018.08.007
https://doi.org/10.3390/su10124593
https://doi.org/10.3390/en11092263
https://doi.org/10.1016/j.apenergy.2018.08.054
https://doi.org/10.1016/j.apenergy.2019.02.055
https://doi.org/10.1016/j.apenergy.2018.10.129
https://doi.org/10.1016/j.apenergy.2018.10.129
https://doi.org/10.1002/ente.201900791
https://doi.org/10.1002/ente.201900791
https://doi.org/10.1016/j.jclepro.2018.10.090
https://doi.org/10.1016/j.enpol.2021.112505
https://doi.org/10.1016/j.scs.2019.101841
https://doi.org/10.1016/j.scs.2021.103458
https://doi.org/10.1109/JSYST.2022.3147075
https://doi.org/10.1109/JSYST.2022.3147075
https://doi.org/10.1016/j.jenvman.2020.110345
https://doi.org/10.3390/en15030789
https://doi.org/10.1016/j.energy.2020.117856
https://doi.org/10.1016/j.energy.2020.117856
https://doi.org/10.1016/j.apenergy.2021.118092
https://doi.org/10.3389/fenrg.2020.00212
https://doi.org/10.3389/fenrg.2020.00212
https://doi.org/10.1016/j.apenergy.2021.117921
https://doi.org/10.1016/j.apenergy.2021.117921
https://doi.org/10.3390/su14010005
https://doi.org/10.1007/s13762-022-03949-8
https://doi.org/10.1109/TIA.2021.3127481
https://doi.org/10.1109/TIA.2021.3127481

	Characterization of necessary elements for a definition of resilience for the energy system
	Abstract 
	Background 
	Main text 
	Conclusions 

	Background
	Main text
	Conclusions
	Acknowledgements
	References


