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ABSTRACT

Climate change and increased urban population are two major concerns for society. Moving towards more
sustainable energy solutions in the urban context by integrating renewable energy technologies supports
decarbonizing the energy sector and climate change mitigation. A successful transition also needs adequate
consideration of climate change including extreme events to ensure the reliable performance of energy
systems in the long run. This review provides an overview of and insight into the progress achieved in the
energy sector to adapt to climate change, focusing on the climate resilience of urban energy systems. The
state-of-the-art methodology to assess impacts of climate change including extreme events and
uncertainties on the design and performance of energy systems is described and discussed. Climate
resilience is an emerging concept that is increasingly used to represent the durability and stable
performance of energy systems against extreme climate events. However, it has not yet been adequately
explored and widely used, as its definition has not been clearly articulated and assessment is mostly based
on qualitative aspects. This study reveals that a major limitation in the state-of-the-art is the inadequacy of
climate change adaptation approaches in designing and preparing urban energy systems to satisfactorily
address plausible extreme climate events. Furthermore, the complexity of the climate and energy models
and the mismatch between their temporal and spatial resolutions are the major limitations in linking these
models. Therefore, few studies have focused on the design and operation of urban energy infrastructure in
terms of climate resilience. Considering the occurrence of extreme climate events and increasing demand
for implementing climate adaptation strategies, the study highlights the importance of improving energy
system models to consider future climate variations including extreme events to identify climate resilient
energy transition pathways.

Keywords: climate resilience, climate change adaptation, urban energy systems, renewable energy,
extreme events, decentralized generation

INTRODUCTION

According to the Paris Agreement, countries
should act to keep the increase in global average
temperature to well below 2°C above pre-industrial

2030 and 2050 and achieving significant negative
emissions in the second half of the century [2].
Cities and urban areas play a significant role in
the energy transition and the path towards sustain-
levels. In particular, reducing the consequent risks ablht.y' Urban areasare c-har.acterlz'edbyhlgh-energy
. . . density and heterogeneity in their energy use pro-
and impacts of climate change needs to limit the files [3]. Al “thirds of the elobal ori ]
increase to 1.5°C [1]. The energy sector plays an es 15]. Almost two-thirds of the global primary en
extremely important role in this regard. At least
four of the United Nation’s Sustainable Devel-
opment Goals (SDGs)—SDG3-good health and

well-being, SDG7-affordable and clean energy,

ergy use is attributed to urban areas accommodat-
ing 3.5 billion people (around 50% of the world’s
population [4]), which leads to 71% of global direct
energy-related greenhouse gas (GHG) emissions
[5,6]. The projected population growth in urban ar-
eas (68% of the world’s population by 2050 [4]), to-
gether with climate change and economic growth,

SDG11-sustainable cities and communities, and
SDG13-climate action—are highly relevant to the
energy and climate policies. Limiting the increase

) . . will place greater stress on vital resources, includ-
in global average temperature requires decarboniz-

ing energy generation on a glob al scale between ing energy [7] Low carbon and resilient strategies
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are needed when preparing cities for a huge influx
of people by 2050 [8]. We should increase energy
generation through sustainable approaches to cover
future demands and move towards the climate
targets. This requires a notable change in the
energy infrastructure, accommodating renewable
energy technologies such as solar and wind.

Renewable generation and energy demand
are highly affected by climate conditions [9,10].
Climate change can induce intensified climate
variations and consequently stronger and more
frequent extreme events [11]. The frequency of
some extreme events have increased over the last
30 years [12] and more weather-related disasters
are expected in the future [13]. For example, in
Europe increases are expected in heatwaves with
shorter return periods, droughts, wildfires, river and
coastal floods, and windstorms [14]. Such extreme
conditions can affect two-thirds of the European
population by 2100 [15]. One example is the 2003
heatwave in Europe which caused 70000 excess
summer deaths as a result of, among other factors,
maladapted built environments [16]. Climate-
induced risks, many resulting from extreme climate
events [17], should be recognized before the
further development of energy infrastructures [18].
Extreme weather events are one of the main reasons
for energy disturbances [19]. The annual cost of
blackouts from extreme weather conditions ranges
from $20 to $55 billion in the USA [20]. Inadequate
climate-focused strategies can affect energy security
and induce extra costs. Rather than just aiming for
decarbonizing the energy systems and climate
change mitigation, it is essential to plan for climate
change adaptation as well, especially in urban areas
with complex energy flows and interactions. Climate
change mitigation and adaptation strategies should
be assessed in parallel, considering a wide range
of actions from supply to demand. This requires
a reliable impact assessment of climate change on
energy systems and proper evaluation of sustainable
energy solutions.

Understanding the impacts of climate variations
on the energy infrastructure is extremely challenging
because of the multivariate and multiscale changes
of the climate system [21] as well as the complex
workflows between climate models and energy sys-
tems. Failing to address these challenges can lead
to significant performance drops in the energy sys-
tems. Furthermore, uncertainties brought by climate
change can easilylead to blackouts especially consid-
ering high renewable energy penetration levels [10].
Therefore, improving the energy systems to with-
stand these climate variations in a robust and re-
silient manner is vital to make the sustainable en-
ergy transition a reality. Enhancing the connectivity
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between climate and energy system models and im-
proving the design of energy systems to withstand
future climate variations in a flexible manner will
play a vital role in the sustainable transition of en-
ergy systems. There has been significant progress
in developing climate models and projecting future
climate conditions over the last two decades. More-
over, in the recent past, energy models have been de-
veloped to consider uncertainties at the design and
operation phases including many complex interac-
tions among different actors within the energy do-
main. Linking these models to properly understand
and quantify the impacts of climate change on the
energy system brings unprecedented opportunities
to assess and improve the design and performance
of energy systems. However, there exist limitations
in this regard, which makes the transition of energy
systems challenging. This paper investigates this re-
search gap by focusing on climate resilience [22] of
urban energy systems [ 10]. Bridging this gap enables
us to enhance the connectivity and assess the im-
pacts of climate change by addressing extreme con-
ditions, assessing risks, analysing possible remedies
and drawing promising pathways to the energy sys-
tem transition.

The concept of resilience within the energy sys-
tem domain is complex and multi-faceted [19] and
can be used to address extraordinary conditions with
different natures. However, most of the available
works are focused on detecting faults in the energy
supply networks, dealing with spatial scales much
larger than the city scale and not considering the
complexities in urban areas [23]. Climate resilience
is an emerging concept that is increasingly used to
represent the durability and stable performance of
energy systems against extreme climate events. De-
spite the growing interest in climate resilience, the
concept has not yet been adequately explored in
relation to the recent advances in climate change
modelling [17].

This work summarizes studies on climate re-
silience of energy systems and promising methods
to incorporate climate resilience into the energy sys-
tem design and assessment process in urban areas
based on the present state-of-the-art. An overview of
the transition of urban energy systems is provided,
which also discusses the upcoming challenges and
expectations. The next section provides a review of
the impacts of climate change on different aspects of
energy systems and urban energy conditions. Then,
there is discussion of the concept of resilience and
its interpretation in the context of energy studies.
An explanation is provided of the major computa-
tional challenges in the assessment of energy systems
for future climatic conditions. The penultimate sec-
tion suggests some pathways to assess the climate
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resilience of urban energy systems considering fu-
ture climate models. Finally, the concluding remarks
are presented.

TRANSITION OF URBAN ENERGY
SYSTEMS AND CHALLENGES
ASSOCIATED WITH THEIR CLIMATE
CHANGE ADAPTATION

The Fifth Assessment Report (ARS) of the Inter-
governmental Panel on Climate Change (IPCC)
defines an energy system as ‘all components related
to the production, conversion, delivery, and use of
energy’ [24]. An energy system is a socio-technical
system that handles the combined processes of ac-
quiring and using energy in a given society or econ-
omy, with strong connections to markets, consumer
behaviours and other factors that affect the construc-
tion and operation of the technical infrastructures
[25]. Urban energy systems are those designed to
cater the energy demand in cities and urban areas,
and they gain from having an optimal scale for com-
bining energy conservation programs with promis-
ing energy strategies [26]. An urban environment is
usually separated from many of the energy system-
related processes, such as extraction of resources,
refining, transportation and storage. Therefore,
adapting the definition of an energy system to an
urban energy system depends on how the bound-
aries of a city are defined. There are arguably three
definitions: 1) pure geographic, which considers
the technologies that lie within a city’s administra-
tive boundaries; 2) geographic-plus, which adds
the traceable upstream flows to the pure geographic
definition; 3) pure consumption, which encom-
passes all the energy activities of a city’s occupants
wherever they occur [25]. The perspective that we
have in this work is closer to the second definition.
Urban energy systems go through transition to
improve their efficiency and sustainability. Not
all the elements related to the transition, such as
introduction of block chains, energy informatics,
intelligent grid, machine learning, are related to
the scope of this work and our main focus is on the
elements that are related to the urban climate.

The classical decentralized power systems based
on fossil fuel sources and the associated grid (elec-
tricity, heat and gas) possess the capability to with-
stand the variations in the energy demand without
a considerable impact on the reliability of the en-
ergy supply. In a world longing for renewable en-
ergy as a result of climate, social and health (e.g.
caused by photochemical smog n cities) concerns as
well as the depletion of fossil fuel resources and un-
certainties in the energy market, major changes are
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happening in the energy infrastructure [27,28].
However, moving towards renewable energy gener-
ationinduces several challenges. For example, power
generation by solar photovoltaic (PV) and wind tur-
bine technologies is strongly influenced by weather
conditions. Often the peak energy demand does
not follow the peak generation and catering the
mismatch requires auxiliary solutions such as en-
ergy storage, fossil fuel or nuclear generators. En-
abling energy storage devices to work in harmony
with the existing infrastructure [28] is very chal-
lenging, meanwhile vital, for the sustainable energy
transition. Energy management becomes more chal-
lenging when integrating renewable generation, and
more critical to guarantee grid stability. Renewable
energy generation is mostly based on distributed
energy sources, unlike non-renewable sources such
as fossil fuel and nuclear energy. This can change
the roles and relations in the energy market, for
example, the large-scale deployment of building-
integrated PV technology can change the classical
consumers to prosumers who both produce and use
energy [29,30]. This alters the one-way flow of en-
ergy from the producer to the consumer (also called
radial flow), and consequently transforms the role
of energy grids dramatically. Accommodating the
changes in the system design and grid plays a vital
role in the energy transition, which can be consid-
ered as a major challenge.

Besides the structural changes that require ac-
commodating renewable energy technologies, en-
ergy infrastructure is strongly influenced by changes
that take place in the transportation and building
sectors, especially in cities and urban areas [31].
The transport sector is responsible for 15% of CO,
emissions [32], which contributes considerably to
climate change. The electrification of the transport
sector is highly promoted nowadays as a sustainable
solution, especially in urban areas. This notably influ-
ences the net energy demand as well as the demand
pattern. Similarly, the building sector brings many
challenges into the grid [33], for example increas-
ing the urban density and consequently higher de-
mands and peaks. Inclusion of different sectors, such
as transportation and district heating/cooling, and
developing an integrated infrastructure enable the
decarbonization of multiple sectors at the same time
[34]. However, the design and operation of such an
interconnected infrastructure is a major challenge.
Malfunctions in one sector can easily penetrate the
whole infrastructure, leading to blackouts especially
during extreme conditions such as extreme climate
events [10]. These all indicate that the energy sector
is becoming the backbone of urban infrastructures,
which brings many challenges especially concerning
its transition [34].
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Figure 1. An urban area is a multi-complex system with strong interactions. Climate is a major factor, affecting the energy demand, renewable gen-
eration and citizens’ comfort. Urban climate and its spatial and temporal variations, induced by natural variations and/or urban morphology, are the
boundary conditions that affect the urban systems, buildings and citizens. Urban energy systems, as multi-variant cyber-physical systems, have com-
plex interactions with their environments. The complexity increases by the higher integration of decentralized renewable energy generation, making
the energy flow more complex, compared to a centralized system (e.g. supplied by a power plant). Climate change and intensified weather variations
can challenge the energy systems and consequently living conditions in urban areas. Becoming climate resilient demands further learning more about
the complex interactions, taking advantage of data science and technology enhancement and counting for extreme events.

In addition to the altered flow of energy and hav-
ing prosumers affecting the energy grid, energy stor-
age is getting popular at the domestic scale to profit
from the fluctuations in real-time pricing [29], which
will be driven by cyber interactions among differ-
ent parties. This can play a critical role in boost-
ing the resilience of energy systems, usually by em-
powering the autonomous operation of the energy
system, especially in the form of distributed energy
storage in smart grids, also known as community en-
ergy storage (CES) [30,35]. Smart heating, Vehicle
to Grid (V2G), etc., are also used to take advantage
of the fluctuating energy demand and generation.
The operation of prosumers, distributed system op-
erators, ancillary grid service providers, etc., strongly
depend on the information flow between different
parties [36]. For example, distributed system oper-
ators would be eager to know the future forecast
of energy demand while prosumers would be more
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interested in the forecast of spot price (peer-to-peer
market). Information flow between different parties
can play a critical role in this regard especially in
linking different sectors with the energy infrastruc-
ture (also known as sector coupling). This can con-
vert urban energy systems into a cyber-physical sys-
tem [37]. Further, this can also extend the smart
grid concept and open windows to the energy in-
ternet. The emergence of cyber-physical interactions
between different parties within the energy domain
is considered as the next challenge.

Climate change will introduce many changes to
energy systems, affecting different aspects of the en-
ergy flow from generation to demand [18]. Most of
these changes lead to considerable uncertainties in
the energy infrastructure at differentlevels, for exam-
ple uncertainties in equipment, inputs and outputs
[38]. The availability of renewable energy, for exam-
ple wind and solar energy, is an important input that
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depends on climate conditions. Output uncertain-
ties are affected by demand conditions and uncer-
tainties in building parameters, occupant behaviour,
climate conditions and control strategies [38,39].
The demand side uncertainties can get intensified in
urban areas because of increased complexity, cov-
ering a wide range of concepts and disciplines, for
example from building physics to social psychology
[40]. Climate change and its uncertainties can af-
fect the demand and generation sides considerably
[9], with significant impacts on the transition of en-
ergy systems [10] (see Fig. 1). At one end, climate
change mitigation pushes to bring up many changes
into the energy systems while on the other side
extreme climate events and non-extreme climate
variations make the climate change adaptation and
energy transition more challenging. This creates a vi-
cious cycle. Improving the flexibility and climate re-
silience of energy systems is the way to cope with cli-
mate change and extreme events, which is vital for a
reliable energy transition.

IMPACTS OF CLIMATE CHANGE
INCLUDING EXTREME EVENTS ON
ENERGY SYSTEMS

Climate change entails the temporal and spatial vari-
ations of weather conditions and their statistics, in-
ducing deviations from the common patterns of en-
ergy demand and generation. Such variations come
with large uncertainties and most probably strong
extreme events that make the energy system de-
viate from the generally accepted guidelines. Ex-
treme climatic events and uncertainties can induce
increased risks at all levels within the energy sec-
tor, including design and operation [18]. Impacts
of climate change on the energy system can be
roughly classified into three categories including en-
ergy infrastructures, energy supply and energy de-
mand [41,42], affecting different aspects of urban
energy conditions. Ciscar and Dowling [41] briefly
reviewed the approaches for impact assessment of
climate change on the energy sector, considering
qualitative economic and energy models with top-
down (economic) and bottom-up (engineering or
techno-economic) approaches. Table 1 summarizes
some recent studies about the impact assessment of
climate change on the energy systems.

Some of the climate-induced problems for the en-
ergy infrastructure result from short-term extreme
events (short-duration events such as heat-induced
sagging and hurricanes) as well as long-term changes
in climate (e.g. drought and water shortage). Harsh
extremes and frequent variations (fluctuations) can
induce shocks to the system and push the perfor-
mance limits of its components. Despite the low
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probability of extreme weather conditions, their
consequences can be very costly. Around 80% of the
large-scale power disruptions during 2003-2012 in
the United States were induced by extreme weather
[12]. Most of the available literature is about the fail-
ures in the energy transmission networks from ex-
treme events such as tornados, focusing on power
plants, transmission and grid infrastructure. Power
supply and system operation can get disturbed by
several types of extreme weather conditions, such
as high temperatures and winds, heavy snow and
floods [5S]. Oil and gas supply can be disrupted
by extreme weather events too, leading to produc-
tion shutdowns, such as hurricanes in the Gulf of
Mexico in 2004 and 2005 [56]. The increased aver-
age temperature can result in longer warm seasons
and an increased probability of wildfires, posing a
threat to power transmission facilities [19]. There
also will be some secondary effects, for example re-
duced efficiency of energy system components from
high water temperature, which affects the cooling of
power plants [56].

The availability of renewable energy which
depends on climate conditions is an important
factor for the performance of distributed energy
systems (DES). It is expected that the impacts of
climate change become more severe with increased
integration of renewable generation into energy
systems [42], as studied for wind [57], hydropower
[58] and solar energy [59]. The scale of the impact
depends on the renewable source and geographical
location. For example, several researchers have
shown that the evolution of wind from climate
change is quite weak for the twenty-first century
[57,60]; however, climate uncertainties can affect
the assessment considerably [61]. Very few studies
have looked into the impacts of climate change
on solar energy potentials, reporting large uncer-
tainties in the cloud cover estimations induced
by global climate models (GCMs) [59]. Impacts
of climate change on solar energy depend on the
geographical location, for example it may increase
solar potentials for south-eastern Europe [62] and
decrease for Canada [56]. The secondary impacts
of climate change may also affect solar energy
generation, for instance by reducing the efficiency
of photovoltaic cells because of higher temperatures
[S6]. Energy generation can shift more towards
water-dependent technologies in the future, which
implies that a significant amount of uncertainty
will be added to the already uncertain operation
of hydropower systems from climate change [S6],
for example the uncertainty range of £9 TWh in
estimating the hydropower energy generation per
year [58]. Some other impacts of climate change
on the energy supply can be the lower efficiency of
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thermoelectric and nuclear plant generation through
lower availability of cooling water, lower availability
of biomass from less production, less hydropower
resources and lower efficiency of renewable electric-
ity technologies [18,42]. It is interesting to know
that the major climate change-induced challenges
for solar and wind energy generation are realized at
fine temporal resolutions [63], which are often not
captured.

In addition to assessing the availability of re-
newable energy generation, proper adaptation of
energy systems also requires reasonable estima-
tions for the amount and variations of energy de-
mand in the future, with suitable temporal and
spatial resolutions. There are some works assess-
ing the effects of climate change on the energy
demand in urban areas at different spatial scales
such as city [64], country [65,66] and even con-
tinent [67], mostly focusing on buildings as the
major components of urban areas. Climate uncer-
tainties can affect considerably estimations of the
energy demand, as shown by Nik [64] through
implementation of several future climate scenar-
ios, based on the 4th Assessment Report (AR4) of
IPCC and with different spatial resolutions, simu-
lating the energy demand of the Swedish building
stock. The adopted temporal resolution can also af-
fect the assessment results considerably. For exam-
ple, for the case of assessing the energy demand
of the residential building stock in Stockholm, the
hourly heating and cooling demand reached, re-
spectively, 50% and 400% above the typical con-
ditions during extreme climatic conditions [64].
This illustrates the critical situation for energy sys-
tems to cover peak demands in future [68]. The
uncertainties from the demand side can be ampli-
fied in urban areas because of the increased com-
plexity, covering a wide range of concepts and

disciplines, for example from building physics to
social psychology [40]. Nik [9] reviewed some ma-
jor works that study the impacts of climate change
on buildings and their energy performance. In gen-
eral, impacts of climate change and extreme weather
events on the peak demand are well beyond the
net annual change in energy demand. This makes it
challenging at both the design and operation phases
of urban energy systems, requiring improvement of
the flexibility and robustness of energy systems to
withstand climate variations and extremes. Hence
we should assess the impacts of climate change at
both the design and operation stages where proper
quantification of climate resilience plays a major role
[10].

RESILIENCE OF ENERGY SYSTEMS:
STATE-OF-THE-ART

The concept of climate resilience is introduced cor-
responding to situations that a system can function
during (and/or after) extreme climate events, e.g.
Ref. [22]. A resilient system should be able to re-
spond to change and bounce back towards equilib-
rium or stability after an extreme event [69]. There
is no standard definition for the resilience of energy
systems [70] and it varies, depending on the con-
text and objective. In general, a resilient energy sys-
tem should speedily recover and learn from shocks
and provide alternative means of satisfying energy
service needs [71,72]. Resilience measures can be
divided into two groups of short-term and long-
term measures, with the former referring to preven-
tive and corrective actions and the latter to plan-
ning for climate change adaptation [19]. Table 2
presents some definitions of resilience in the liter-
ature focusing on the climate resilience of energy
systems.

Table 2. Resilience definitions with the focus on energy systems.

Resilience is defined as the ability of an energy system to: Reference
absorb, adapt and respond to changes (73]
respond to change and getting back to equilibrium or stability [69]
avoid or minimize interruptions of service during an extraordinary and hazardous event [74]
plan for, recover from and adapt to adverse events over time [75]
tolerate disturbance and continue delivering affordable energy services to consumers [71]
have a secure energy supply chain that withstands shocks and adopts (flexibility + elasticity) [76]
anticipate, absorb, adapt to and/or rapidly recover from a disruptive event [77]
withstand extraordinary events with high impact and low probability; recover fast after disruption; learn to adapt [19,78]
and prevent/mitigate similar impacts

reorganize during perturbations, with the assistance of new states through using different processes and (79]
structures

maintain reliability at extreme events [80,81]
meet performance levels as it is in normal operation during a disruption [82]
recover to pre-disturbance secure state after the gradual degradation under increasing system stress (83]
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Table 3. Some concepts that describe the energy system in relation to a shock or an extraordinary event.

Concept

Definition

Reliability

Addresses the issues of service interruption and energy supply loss

Relates to high probability low impact scenarios

Focuses on known threats

Does not consider the continuous evolution of the system

Stability

Addresses the capability to return into the equilibrium following a disruption

Mostly defined as maintaining the state of equilibrium

Does not consider the continuous evolution of the system

Robustness

Addresses the resistance to change against interruptions/extremes

Relates to low probability high impact scenarios

Can be secured by counting for ‘predictable’ natural and technical factors

Flexibility

Addresses the capability to modify generation/consumption patterns in reaction to interruptions/extremes

Mostly defined as the capability of the system to withstand the external disturbances with a minimum impact

on its performance

Relates to high probability low impact scenarios

Resilience

Addresses the flexibility and survivability against extremes

Reflects concerns arising from exposure to complex and uncertain factors

Relates to low probability high impact scenarios

Counts for extremes that may have not been experienced before

Prepares for diverse and partially ‘unpredictable’ factors

Considers transient behaviour and measures the capability of a system to reorganize during/after the

perturbations

Research works about the resilience of en-
ergy systems gain from the earlier works on the
‘reliability’ of power systems, such as Ref. [84].
The reliability-oriented approach is mainly focused
on the known threats, while the resilience-oriented
approach also counts for extremes that may have
not been experienced before Ref. [70]. The main
difference between the two approaches is that re-
liability often relates to ‘high probability low im-
pact’ scenarios (which does not consider extremes),
while resilience relates to ‘low probability high im-
pact’ scenarios [85]. This is also the difference be-
tween ‘flexibility’ and resilience [86,87]. Resilience
can be closely associated with ‘robustness’ and
‘stability’, which are often used in control sys-
tems with wide applicability in power system en-
gineering. Robustness mostly refers to the resis-
tance to change against extreme conditions, while
resilience puts an emphasis on flexibility and sur-
vivability [88]. A robust energy system can be se-
cured by accounting for ‘predictable’ natural and
technical factors followed by upgrading infrastruc-
ture and switching to more abundant resources.
On the other hand, resilience is attained when
the energy system is prepared for diverse and par-
tially ‘unpredictable’ factors by increasing its abil-
ity to withstand and recover from various disrup-
tions. This has to do with the fact that resilience
reflects and provides ways to deal with generic
concerns arising from exposure to complex and
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uncertain factors. Stability is defined as the capability
of returning to the original or desirable equilibrium
following a disruption (the sooner the return, the
better the stability) [89]. However, the concept of
stability does not consider the continuous evolution
of the system [90], which is also a limitation in the
concept of reliability [80]. The aforementioned con-
cepts are summarized in Table 3 and reflected in
Fig. 2.

Characterizing climate resilience is highly depen-
dent on the considered infrastructure, phenomena,
climate-induced risks, as well as spatial and temporal
scales. General definitions for resilience such as
the “ability to anticipate, absorb, adapt to and/or
rapidly recover from a disruptive event’ [77] pro-
vide enough space to select and/or define the char-
acteristics and performance criteria that match the
purpose of the assessment. Despite the considered
characteristics, they should facilitate to avoid or min-
imize interruptions of service during extraordinary
events. Figure 3 summarizes the major characteris-
tics that are counted in the literature for a resilient
energy system. Based on their nature, these charac-
teristics can be divided into four major groups of (1)
resisting, (2) adapting to, (3) preparing for and (4)
recovering from an extraordinary event. A resilient
energy system should have a combination of these
characteristics with different natures. For example,
a combination of robustness, resourcefulness, recov-
ery and adaptability [19,70,91] or a combination of
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Stability Reliability
Maintaining the state of equilibrium High probability low impact scenarios
Considering known threats

Capability to return into the equilibrium Service interruption and energy supply loss

RESILIENCE

Preparing to exposure to complex, uncertain and unprecedented factors
Counting for plausible extreme events

Considering transient behaviour

Reorganizing during/after extremes

Adapting to interruptions and extremes

Low probability high impact scenarios Withstanding disturbances with minimum impac

Resistance to change against extremes
Counting for ‘predictable’ extremes High probability low impact scenarios
Robustness Flexibility

Figure 2. The specific characteristics of resilience (text in black) and its similarities
(text in green and yellow) and differences (text in red) with stability, reliability, ro-
bustness and flexibility. The yellow texts on the border of resilience are not always
considered in studying resilience.

resistance, reliability, redundancy and recovery [ 77].
However, most of these concepts have been articu-
lated without considering climate change and future
climate modelling. Therefore, it is expected to see
modifications in such characterizations in the near
future.

Resilience thinking can be interpreted as an ap-
proach to the management of socio-ecological sys-
tems aiming to develop an integrated framework
for disaster risk management [17]. The frameworks
for assessing and managing resilience are mainly in-
spired by the ones used for risk assessment and
take risk analysis as a central component [75]. But
the resilience frameworks go beyond the boundaries
of risk management ‘to address the complexities of
large integrated systems and the uncertainty of fu-
ture threats, especially those associated with climate

Resistance
Robustness
Stability
Redundancy
Reliability
[70,71,74,76,77]

change’ [75]. Planning for resilience requires the
ability to predict the future and to understand the
governing system dynamics. Depending on the re-
search scope and case studies, there are differ-
ences in definitions, characteristics and assessment
criteria that are used in the framework. As it is
challenging to quantify resilience from the energy
system perspective, it is also interpreted as an ex-
tension of the power supply reliability [74]. Table 4
provides an overview of the major approaches and
methods used for assessing the resilience of energy
systems. According to Panteli and Mancarella [19],
aproper research framework should have three main
models for weather, component and system, aim-
ing at the quantitative assessment of climate impacts
on the key resilience features. Considering power
systems, the modelling techniques are divided into
two major groups of analytical and simulations tech-
niques. The advantage of analytical techniques is
their relative simplicity; however, simulations are
recommended for the resilience studies as the cli-
mate is a complex system with a variant and stochas-
tic nature. Most of the simulation techniques for as-
sessing resilience are based on Monte Carlo (MC)
simulations. Concerning urban energy systems, a
novel framework was designed and applied by Perera
et al. [10] which enables quantification of climate re-
silience of urban energy systems considering climate
uncertainties. The key to the climate resilience as-
sessment is the proper linkage between climate and
energy models. Besides considering climate uncer-
tainties, it is important to adopt a suitable tempo-
ral resolution for the analyses to reveal the risk of
extreme events. This allows counting for ‘unprece-
dented’ extreme events which are physically ‘plau-
sible’ and reflected by future climate models. Some

Adaptation
Flexibility
Diversity

Absorbing the shock
Alternative solutions

[17,19,70,71,76,77,91-93]

RESILIENCE

Planning and preparation
Predictive analysis
Understanding the system dynamics
Learning from experience
Resourcefulness
Eco-development
[17,19,69,70,72,77,91,92]

Recovery
Remedy

[17,19,70,71,77,83,91]

Figure 3. Dividing the resilience characteristics into four major groups based on resisting, adapting to, preparing for and

recovering from an extraordinary event.
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Table 4. Some major approaches for assessing the climate resilience of energy systems.

Approach Reference
Measuring resilience considering the type of extreme event, time duration of the disruption event and its impact [82]
on the performance indicators

Formulating resilience simply as the capability of the system to maintain reliability during extreme events [80,81]
System-of-systems: a framework with three main models for weather, component and system [19]
Applying the risk management and investment perspective and using reliability assessment frameworks to deal [74]
with hazardous conditions

Determining the capacity of the system to fulfil energy security through considering relations and interactions [71,76]
between significant elements of the energy system

Classifying the disruptive climate-induced events into five categories of small, moderate, serious, major and [12]
extreme impact, depending on 1) the frequency and duration of the event, and 2) the number of customers being

affected

Proposing a framework to evaluate energy security® under long-term energy scenarios (generated by integrated [93]
assessment models)

Distinguishing three basic weather conditions: normal, adverse and extreme [55]
Assessing the weather-related faults: single and multiple

Assessing physical damages and their effects (on the electricity supply and distribution network): ranging from

‘no effect’ till circuit outages and significant physical damage

Modelling the performance of the system as a sequence of random events, affecting each other by the time [70]
Introducing sequential Monte-Carlo-based time-series simulation model

Using the concept of components’ fragility curves for applying weather- and time-dependent failure probabilities

Dividing resilience into short- and long-term resilience as a function of time

Planning short-term measures (preventive and corrective actions) with the use of weather forecasts in the scale

of days/hours

Planning for climate change adaptation and robustness to achieve long-term resilience by risk and reliability

studies in which plausible future scenarios are considered

Considering multiple climate scenarios from regional climate models [10]

Generating extreme and non-extreme time series for energy demand and generation

Stochastic robust optimization of the energy system

Assessing indicators (cost and system autonomy)

*Energy security is defined as low vulnerability (treated as a combination of risks associated with inter-regional energy trade) of vital energy systems.

works refer to these events as ‘unforeseeable’ events
(mainly inspired by risk assessment, e.g. Ref. [94]);
however, for assessing ‘climate resilience’, unprece-
dented climate events are foreseeable using climate
models, so we refer to these events as ‘plausible’
extreme events.

CHALLENGES IN THE IMPACT
ASSESSMENT OF CLIMATE CHANGE ON
URBAN ENERGY SYSTEMS

Climate is a very dynamic system and studying its
behaviour depends highly on the selected temporal
and spatial resolutions. The climate that affects cit-
izens, buildings and energy systems in urban areas
is urban climate, which is the altered version of the
regional climate in a finer spatial scale and affected
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by the energy and material flows in the urban con-
text. Figure 4 schematically explains the connection
between urban energy conditions and climate. Vari-
ations in the global climate will be transferred to the
urban climate (and even microclimate with much
smaller spatial scales), affecting the performance of
buildings and energy systems. Depending on the
urban design and morphology, climate variations
can get amplified or dampened in the urban scale
[95,96]. Currently, the climate research community
are focused on global and regional climate models
(GCMs and RCM:s), while the urban scale model
is rare and not coordinated. An RCM (usually with
spatial resolution of 20-50 km, although higher reso-
lution modelling is becoming increasingly available)
is usually nested in a GCM (with the spatial resolu-
tion of 100-300 km) and driven by the conditions
of the global climate at the boundaries of the RCM
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Global climate

Urban area —

Microclimate

Urban energy __|
systems

Urban climate

Figure 4. The energy performance of urban areas is tightly connected to the urban climate conditions. Variations in the global

climate affect the regional and urban climate.

domain. It is well known that RCMs can reproduce
a more realistic regional climate, especially with re-
gard to extremes [97].

To assess the impacts of climate change on
energy systems, meteorological data for the
past/present (baseline or reference) and future cli-
mate are needed. While future climate information
can only be provided by GCM and/or RCM, the
past/present data climate can be represented by
historical observations or GCM/RCM simulation
for the historical climate. A common approach in
energy studies is to use a one-year typical weather
data set to represent climate over a 30-year period,
known to be a Typical Meteorological Year (TMY).
TMY helps to represent typical conditions for the
past/current climate and limits the calculation load;
however, it is unable to fully represent extreme
conditions. There exist different approaches for
creating a typical or reference weather year, and
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Herrera et al. [98] and Nik [9] have reviewed the
major ones.

A common approach in resilience studies in-
volves dividing weather into different states, for ex-
ample two states of ‘normal’ and ‘adverse’, three
states by adding an ‘extreme’ state, or multi-state
models to represent a wider range of fluctuating
weather conditions [99]. However, the available
studies are mostly based on past climate and not
considering future climate and its uncertainties. Two
major challenges with extreme weather are estimat-
ing the rate of change and connecting that to the
risk assessment [100]. Assessing and quantifying
the climate resilience of energy systems requires
proper connection of future climate, projected by cli-
mate models, to energy models. Moreover, as be-
coming climate resilient demands withstanding the
plausible abnormal conditions, we need to know
about the local climate with the hourly or sub-hourly
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Climate scenario 1 Climate scenario 5 Climate scenario #

Climate scenario 2 Climate scenario 6 Climate scenario # Climate scenario # Climate scenario #

Climate scenario 3 Climate scenario 7 Climate scenario # Climate scenario # Climate scenario # Climate scenario #

Climate scenario # il Climate scenario #

Climate scenario # Climate scenario #

Climate scenario 4 Climate scenario 8

Figure 5. Global Climate Models (GCMs) are used to simulate future climate conditions. According to the Fifth Assessment Report (AR5) of IPCC, there
are four Representative Concentration Pathways (RCPs), forcing GCMs to generate future climate projections: RCP2.6, RCP4.5, RCP6.0 and RCP8.5.
Regional Climate Models (RCMs) are used to downscale GCMs dynamically with fine spatial and temporal resolution, enabling a physically consistent
representation of climate variations and extremes. As a result of the existence of different RCPs, climate models and uncertainties, a thorough impact
assessment of climate change should consider multiple climate scenarios. This increases the calculation load, especially considering the fine temporal

and spatial resolutions that are required for climate resilience studies on the urban scale.

temporal resolution and under many plausible fu-
ture scenarios.

Future climate conditions are simulated by
GCMs, adopting different initial conditions
and forced by several forcing factors such as
anthropogenic greenhouse gas (GHG) concen-
trations which depend on emission scenarios or
concentration pathways (known as Representative
Concentration Pathways or RCPs) developed
by IPCC [24]. As a result of the coarse spatial
resolution of GCMs, and recognized biases, their
output cannot be directly used in energy system
analyses [101]. Therefore, downscaling is needed
to simulate local weather conditions. Two main
approaches for downscaling GCMs are dynamical
and statistical downscaling [9]. Dynamic down-
scaling often involves using an RCM, whereas
statistical downscaling builds on the statistical
relationship between large-scale climate and local
climate established with the historical records.
The morphing technique [102] is a widely used
statistical approach, based on combing present-day
observed weather data with GCM data. This ap-
proach only reflects changes in the average weather
conditions and underestimates extremes. This is
where dynamic downscaling can help, simulating
weather data sets that are physically consistent
across different variables and have suitable temporal
and spatial resolutions [103]. Downscaling GCMs
into different spatial resolutions results in different
weather conditions. Moreover, the effects of urban
and microclimate may induce considerable changes
in the urban scale [104], which is hard, if not pos-
sible, to take into account by a conventional RCM.
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Nevertheless, observation of past climate, plus
GCM and RCM simulations are important tools
to provide needed weather data for energy system
assessments.

Allin all, the synthesized weather data will be dif-
ferent depending on the selected GCM, RCM, emis-
sions scenario, GHG concentration (or RCP) and
the spatial resolution (Fig. S explains this for dif-
ferent RCPs, GCMs and RCMs). Consequently, it
is not considered appropriate to rely on only a few
numbers of climate scenarios. Moreover, relatively
long periods (20-30 years) should be selected as
the natural variability in the climate system is usu-
allylarge. Therefore, short-term comparisons are not
reliable [103]. This, together with the need for con-
sidering several climate scenarios, requires handling
large data sets [9], which can become computation-
ally expensive.

Access to representative and ready-to-use future
weather files is another challenge for energy stud-
ies, which hopefully will fade away in the near future
by the higher availability of future climate data sets
and the increased interest in the energy sector. There
are some ready-to-use weather data sets; however,
they are mostly developed by extending the available
approaches on the statistically downscaled GCM
data (e.g. by applying the morphing technique).
These data sets neglect future climate variations and
anomalies and cannot represent extreme conditions.
Therefore, they are not suitable for resilience studies.
Fortunately, some approaches have been developed
to consider extreme climatic conditions while keep-
ing the calculation load affordable. For example, the
weather generator of the UK Met Office, UKCP09,
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is trained using historical weather data and gener-
ates long-term weather data through random sam-
pling. Schulz et al. [3] developed the Extreme
Meteorological Year (XMY) using four combina-
tions of extremes. Nik [9] developed a method
for synthesizing representative future weather data
sets out of RCMs, generating three data sets: Typ-
ical Downscaled Year (TDY), Extreme Cold Year
(ECY) and Extreme Warm Year (EWY). The gen-
erated data sets include extreme conditions and
overcome the challenge of future climate uncer-
tainties by considering several climate scenarios,
meanwhile keeping the calculation load limited. The
application of the method has been compared with
other available approaches and weather data sets
[10S] and verified against several types of simula-
tions and impact assessments [9], including quanti-
fying the impacts of climate change on urban energy
systems [10].

Panteli and Mancarella [70] count 11 measures
to enhance the long-term resilience of the energy
network, one of which being the accurate estimation
of the location and strength of extreme climate
conditions. However, such an accurate estimation
is almost impossible for future climate [9,64]. It is
thus necessary to develop methods for assessing the
climate resilience of energy systems that consider
climate uncertainties and multiple future climate
scenarios, as well as to account for high stochas-
ticity and multi-dimensional impacts of weather
(considering fine enough temporal and spatial
resolutions).

CLIMATE RESILIENCE OF URBAN
ENERGY SYSTEMS: HOW TO PROCEED?

As discussed in the previous sections, the major
challenges in assessing the climate resilience of ur-
ban energy systems are: (1) complex and mul-
tivariate energy flows in urban areas, (2) high
dynamism and multi-scale variations of climate,
(3) future climate uncertainties, (4) long-term fu-
ture weather data sets and heavy calculation loads,
(5) lack of standardized frameworks to commu-
nicate outputs of climate models to energy mod-
els or to generate representative future weather
data sets for the energy and resilience studies,
(6) ambiguous definitions/indicators for resilience,
(7) lack of methods and frameworks to design
and optimize energy systems for future climate
and to assess climate resilience of urban energy
systems.

Field et al. [11] define climate change adapta-
tion as the process of adjustment to the actual or an-
ticipated climate to moderate harm and/or exploit
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beneficial opportunities. Climate resilience can be
considered an important part of climate change
adaptation which mostly deals with risky conditions
and climate disasters [22]. Moving towards climate
resilient urban energy systems, a design-focused
vision needs to be adopted (together with operation-
focused), especially when higher shares of renew-
able and distributed generation (DG) are integrated.
Figure 6 provides a general framework for assessing
the climate resilience of urban energy systems, illus-
trating different components that should be consid-
ered. Surely the adopted details, data and methods
depend on the case study and availability of data.

Assessing the climate resilience of energy sys-
tems in the urban context requires consideration of a
wide range of future climate projections and a frame-
work that accounts for different components/levels
(e.g. building, urban, generation, demand and sup-
ply, centralized and decentralized energy systems)
and their complex interactions. Performing such an
assessment requires one to:

* be flexible enough to readjust the resilience defini-
tion/criteria and decide on suitable performance
criteria that serve the purpose,

® treat urban areas and energy systems as complex
systems with complex interactions and account
for impacts from the influencing factors and their
associated uncertainties,

* select suitable platforms or frameworks that can
assess climate resilience considering uncertainties
and complex interactions, e.g. by adopting proba-
bilistic approaches and Monto Carlo simulations,

¢ avoid single scenario approaches and consider
multiple scenarios for the influencing factors (e.g.
climate, urbanization, user behaviour, etc.) and
their combinations,

* select a wide range of future climate scenarios to
consider uncertainties and extremes with small
probabilities and account for plausible future ex-
treme events,

¢ apply updated and reliable climate scenarios, for
example scenarios that are developed based on the
mostrecent IPCC reports such as Coupled Model
Intercomparison Project Phase S (CMIPS) and
CMIP6,

¢ apply weather data with a fine enough spatial and
temporal resolution, for example at least regional,
and ideally urban, scale weather conditions with
time resolution finer than 6 hours,

¢ develop/adopt suitable weather data sets and con-
sider both long- and short-term variations of cli-
mate to develop the plan for a proper climate
change adaptation,

¢ develop the energy system design and optimiza-
tion methods/platforms further, to become faster
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Climate models

Extracting data from climate models considering:
*Multiple models

*Climate uncertainties

*Fine temporal resolution

*Fine spatial resolution

Weather data
Synthesizing data for energy analyses considering:

*Typical and extreme data and/or
‘Big data

Energy models

Assessing energy performance of urban areas considering:
-Climate impacts on energy demand

-Climate impacts on energy supply (generation and distribution)
-Complex urban interactions

-Optimization of the energy system design/operation

Resilience assessment

Assessing climate resilience by defining/considering:
‘Resilience indicators

-Climate impacts on the indicators

-Quantifying risks

-Suggesting remedies

-Assessing remedies

Figure 6. A general framework to assess the climate resilience of urban energy sys-
tems for future climate.

in handling complex systems with large data sets.
Methods powered by data analytics can be useful
in this regard.

It is important to synthesize and apply proper
weather data sets that account for unpredictable but
plausible extreme events, enabling climate resilient
designs. For example, the method developed by Nik
[9] has been extended for studying the climate flexi-
bility and resilience of energy systems and their per-
formance during extreme conditions [10] (check
Fig. 7). To do so, instead of only relying on typi-
cal and extreme months, the weather data sets were
synthesized to represent typical and extreme con-
ditions per hour, by considering for example 390
scenarios (13 future climate scenarios for 30-year
periods) (see Refs [9] and [10] for details). This
enables addressing the extreme climatic conditions
with the hourly temporal resolution while consid-
ering climate uncertainties. Moreover, the expected
values of climate and energy variables were calcu-
lated (per hour) by assessing their cumulative distri-
bution considering multiple climate scenarios. This
resulted in several sets of pseudo-sequential time se-
ries of weather and energy data, representing the
long-term variations of future climate in a meaning-
tul way, which helps to address climate variations
and uncertainties (see Ref. [ 10] for details). The de-
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veloped methodology can also be applied to study
climate resilience and perform predictive analyses
using observed weather data and short-term weather
forecasts.

CONCLUDING REMARKS

A sustainable transition of the energy sector plays
a major role in mitigating climate change. A suc-
cessful transition is not possible without proper cli-
mate change adaptation and counting for climate
uncertainties and extremes. Urban areas and their
energy systems have great potential and responsibil-
ity for such a transition and climate change adapta-
tion. Failing in that can lead to irreversible environ-
mental conditions and heavy economic losses, while
a resilient design can move the energy system to-
wards higher flexibility and robustness.

It is necessary to thoroughly assess the transi-
tion pathways and quantify the risks and uncertain-
ties. In this regard, climate resilience can be con-
sidered a critical part of climate change adaptation,
mostly addressing extreme events and climate disas-
ters. Therefore, having a climate resilient design of
urban energy systems can lead to a resilient opera-
tion in the future, and consequently a safe transition.
However, there are a number of major challenges
in assessing the climate resilience of energy systems,
with the most important one being a lack of proper
frameworks and/or methods to transfer data and in-
formation from climate models to energy models.

Impacts of climate change, including extreme
conditions (and the consequent uncertainties), on
urban energy systems are mostly neglected in the en-
ergy system design phase, although there are very
limited discussions on the operation phase. Most
of the available resilience studies are focused on
the energy supply, considering traditional and fossil
fuel-based energy sources. The available approaches
for assessing the resilience are mostly for the spa-
tial scales larger than urban scale and focused on a
single aspect. The major limitations include inade-
quate representation of probable future conditions
because of the limited number of scenarios for fu-
ture conditions and not considering extreme events,
methodological limitations in the energy system de-
sign and optimization to address urban complexi-
ties, climate uncertainties, extreme weather events,
as well as a lack of a clear definition and quantifi-
cation of resilience and performance gap. All the
aforementioned limitations make it difficult to un-
derstand the changes required in the superstructure
of urban energy infrastructure. This may lead to ei-
ther overconservative limits for renewable energy in-
tegration or even cascade failures and blackouts. The
consequences are not limited to the energy sector,
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Figure 7. Assessing the climate resilience of urban energy systems demands consideration of several future climate scenarios (as well as scenarios to
represent the variable conditions in urban areas). Representative weather data sets can be synthesized out of climate models to reduce the computation
load without underestimating extreme conditions. For a system design, it is possible to combine several climate scenarios (to cover climate uncertainties)
and synthesize typical and extreme scenarios (three weather data sets) as well as probabilistic sequences (e.g. seven data sets for the percentiles of
5-10-20-30-20-10-5%), to be used in energy simulations and to optimize urban energy systems (more details are available in Refs [9,10]).

but even propagate to other interconnected infras-
tructures.

Assessing the climate resilience of urban energy
systems is possible by considering a wide range of
future climate projections and adopting a suitable
framework to account for the different components
that affect the energy flow in the urban scale, from
generation to demand. The multivariate and multi-
scale variations as well as complex interactions and
uncertainties that affect the energy flow in urban ar-
eas should be considered in the design and oper-
ation of energy systems and grids, especially those
linked with extreme climate and high impact events.
This requires further development of the energy
modelling techniques and frameworks to consider
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climate change variations and quantify energy de-
mand and renewable generation potential at the
building, neighbourhood, district and urban scale.
Moreover, it is needed to synthesize proper weather
data sets that account for plausible extreme events.
We suggest a general framework for assessing the cli-
mate resilience of urban energy systems, while the
adopted details and methods can vary depending on
the specific needs of a case. In practice, the devel-
oped framework can be used as an early warning sys-
tem by being connected to weather forecasts. Be-
fore making decisions, relevant data from multiple
sources needs to be gathered and analysed to create
a valid representation of the upcoming conditions.
Such an analysis is possible through data analytics
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and having an ever-updating model of the urban
energy system or its digital twin.
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