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Since power systems are susceptible to damages induced by disastrous incidents, the assessment and
improvement of system resilience are unavoidable as a new goal of planning and operation. On the other
hand, the expansion of generation and transmission grids constitute an essential part of power system
planning as it needs a huge budget. So, a primary concern of researchers has always been the optimal
planning of power systems. This paper studies the emerging concept of resilience, its criteria, and
indicators, how to enhance it, and the identification of its strengths and weaknesses. It also reviews the
strategies recommended in the literature to improve power system resilience. The paper briefly reports
the models for expansion plan analysis and the generation and transmission expansion planning (GTEP)
tools with or without the target of resilience enhancement, which can be instrumental in future research
and can be used to estimate the effectiveness of different tools. Furthermore, the paper discusses the
planning problems, thereby opening the way for further work in future studies. Finally, the study presents
the most eminent challenges of GTEP to accomplish better, resilient, and innovative plans to escalate
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1. INTRODUCTION

Given the growing energy consumption in the
contemporary world, the investigation into the
development of power systems has become inevitable. A
power system refers to a complicated grid composed of
instruments to meet consumer needs. These facilities
automatically protect the power systems upon detecting
a violation of the electrical constraints. In this encoding,
the operator separates components from the grid to protect
them against any damage given the system evolutions and
the implications of a set of predefined events. As load
increases, operators should adopt proper strategies for the
long-term development of the power systems by
systematic planning for the inclusion of grid components.
On the other hand, the opt performance results from
decisions on precise planning. Various methods have so far
been used to provide the best grid expansion design.
Accordingly, this paper aims to comprehensively explore
generation and transmission expansion planning (GTEP)
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to improve the resilience of power systems. The study
focuses on expanding the power systems in the generation,
transmission, and distribution sections. However,
investment is more significant in the generation and
transmission sections than in the distribution sections.
Although GTEP is interdependent, it can be planned
separately or concurrently. The GTEP is a complicated
problem with nonlinear and binary variables, and time-
consuming calculations. Restructured electricity markets
exhibit further uncertainties, e.g., random and logical
uncertainty, which should consider in the GTEP
optimization problem. Power systems constantly expose to
perturbations, so it is necessary to enhance system
resilience to ensure its capability.  Also, rapid fault
detection and system recovery to normal conditions in the
shortest possible time are significant factors in maintaining
the security of a power system. In this case, the static and
dynamic effects of hundreds of events should be examined
in power systems. Table 1 briefly presents a review of
some models with their advantages and disadvantages.
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TABLE 1. Review of some models with their advantages and disadvantages

Models

Advantages Disadvantages

1. Topological model

1.1. Modified topology model

1.2. Maximum flow model
2. Stochastic simulation model

2.1. Model (practice)
2.2. Markov China model
3. High-level statistical model

3.1 Cascade model

3.2 Branch process model

4. Dynamic simulation model

4.1. model OPA

4.2. Manchester model

4.3. COSMIC model

4.4. Quasi-dynamic multi-time model

4.5. ASSESS MODEL

4.6. TRELSS model

4.7. PRA dynamic model

5. Interdependent models

Power system analysis

Quick detection of unexpected emergency behavior
Consider some basic electrical properties.

Provide criteria for combined electrical topology.
Rapid assessment of vulnerability, risk probability,
and robustness

Use the maximum flow method

Consider the weight of the line and the node

Pay attention to the most uncertainties during the e Lack of attention to dynamic stability
waterfall and waterfall details

Introducing single-track and multi-track modes

Adopt an incident tree-based approach

Indicates non-local diffusion

Able to enable risk assessment

Simple and compact

The probability of failure is related to the load level
Can be considered as an improved CASCADE
model

It considers each component of failure from an early
stage through a specific distribution

o Lack of electrical properties

o Ignores all the details of the waterfall

Simulation of most of the dynamic mechanisms in o Detailed information on the power
the waterfall system is required
Provides a deeper understanding of cascade failure o Slow simulation

e The network of this model has a small
number of nodes, which is very
different from the real system.

o In this model, it is assumed that all
elements of the system are the same

Considers the effects of the operation, automation, o System control is done with only a
communications, relay protection, mode of small number of parameters
operation, and planning e There is no clear relationship between
Tree contact, line failure due to line heating, and the model parameters and the actual

UVM model system

e The protection system is not modeled

¢ This model cannot cover the self-
organized crisis caused by the
interactions between the power plant,
the operator, and the control system

Approve AC power flow

Monte Carlo methods are used for risk assessment

Considers the mechanism of nonlinear dynamics

Different relay and load models are involved

Uses a quasi-dynamic approach

The approximate time of evolution is considered

Improved reuse simulation

Optimal AC power flux is provided with security

restrictions

Use of quasi-steady state dynamic model simulator

Modeling control in the system through time domain

simulator access to statistical tools

Considers the actions of breakers

Voltage problems are modeled using quasi-steady

state AC power flux

Two levels of cascade failure are simulated using

two different models

The effect of various changes in the system is

simulated

Interaction analysis between network connections o Validation is difficult
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e The vulnerability of the entire system connection has

5.1. Interconnected models based on
complex networks .

been investigated and analyzed
Interdependencies are depicted

e Precise mechanisms are ignored

e Computer and cyber risks are considered

5.2. Interrelated Markov chain models .

Able to predict system level with tracking details

e Dynamic nodes, PMU, and local cyber-controlled

5.3. Hierarchical physics-cyber model

models based on congestion ;
parameters are involved

e Frequency, phase angle, and other related

e Control strategies are presented

6. Other models .

6.1. Potential waterfall model

Focuses on specific parts of the mechanism

o It focuses only on parts of the cascade
failure mechanisms.

The "cluster" approach is used

The goal is to predict possible cascade fractures

6.2. Hidden error model .

6.3. Models based on historical data

Considers hidden failure and reuse of the generator
Accurately reproduce historical events

Complementary models available

This study provides an up-to-date review of GTEP
models and tools and concentrates on the essential role of
this scientific discipline in improving power system
resilience. Unlike previous studies, this review emphasizes
the effect of GTEP models on enhancing the resilience of
power systems. Another contribution of the paper is the
analysis of the trend of previous studies and the challenges
that need new expansion models with/without considering
the power system resilience.

The remaining parts of the paper are structured as
below. Section 2 reviews resilience concepts, assessment
frameworks, and enhancement, as well as its indices.
Section 3 deals with models and their applications in
expansion planning. Section 4 discusses the literature on
the planning of GTEP that aimed at enhancing power
system resilience, or did not consider this perspective.
Section 5 lists and analyzes the challenges of GTEP.
Section 6 finally concludes the paper with some final
points.

2. THE CONCEPT OF RESILIENCE

Resilience is a dynamic, complicated, and
multidimensional concept in the field of power systems,
which has emerged relatively late [1]. Recently,
disastrous incidents research has focused on the concept
of ‘resilience’ [2]. Different definitions have been put
forth for resilience, but they all have similar natures [3].
The word resilience is rooted in the Latin word resilio,
means ‘leaping back’ as a system feature, and implies the
capability of improvement against destructive events. In
the simplest sense, power system resilience is defined as
the capacity of a grid for the timely management of high-
impact, low probability (HILP) incidents, e.g.,
atmospheric incidents and natural disasters [4].
Arghandeh et al. [5] resilience defines as ‘the capability
of a system to keep a continuous flow of power to
customers by load prioritization.” The UK Energy

Research Centre (UKERC) defines resilience as ‘the
capacity of a power system to tolerate disturbance and
continue to deliver affordable energy services to
consumers [6].” The US office [7] defines this concept as
‘the capacity of grids to anticipate, absorb, adapt to,
or/and rapidly recover from a destructive incident’. Also,
resilience has been described in terms of the power
system consistency and recovery during and after a
disaster [8]. According to Presidential Policy Directive
(PPD-21), resilience is ‘the ability to prepare for or adapt
to changing conditions and recover rapidly from
disruptions’ including ‘deliberate attacks, accidents, or
naturally occurring threats or incidents’ [9]. In 2009, the
American Society of Mechanical Engineers (ASME)
defined resilience as ‘the ability of a system to recover to
its normal operating conditions after the occurrence of
disruptive events’ [10]. In 2011, an effective strategy was
proposed for resilience enhancement. In 2013, a paper
was published on the economic advantages of a resistant
power grid focused on grid resilience during natural
incidents [11]. NIAC’s description of resilience
encompasses robustness (ability to absorb), which
implies the ability to absorb shocks and continue to work,
defined as the system’s resilience against disruption to
minimize loss. According to Ouyang and Duenas-Osorio
[12], resilience is the ability of the network to withstand
damage, continue to work in the event of damage, and
recover quickly from blackouts. It also includes
adaptability, i.e., the ability to reduce future losses by
using learning lessons to reinforce resilience. It refers to
the endogeneity of the system and minimizes the
consequences by  self-organizing. Finally, the
reinforcement of any of these four features will
strengthen the power system’s resilience [13].

Over 70 definitions can be found for the emerging
concept of resilience in different papers in different
disciplines. These definitions shift between the two
features of adaptation and recovery [14]. The term
resilience was first introduced in 1973 by Holling [15] to
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describe how to change perspective on environmental
systems and behaviors and to describe different
approaches to resource management. Today, however, it
has gained more importance in other disciplines [16]. For
example, extensive effort has been made to describe and
measure the resilience of power systems. In 2011,
resilience was defined using the concepts of power
system reliability and recovery [17]. In fact, ‘the time
dimension’ distinguishes resilience from reliability.
Expansion planning mainly aims to prevent incidents and
protect the equipment thoroughly. Recently, research has
been conducted on ‘timely response and rapid recovery’
from destructive incidents. Therefore, attaining
arrangements for resilience has become a chief priority,
and practical actions should be taken before, during, and
after incidents to assist the safe operation of power
systems. After planning, system resilience measurement
is the main issue [18].

Therefore, a review paper that describes challenges in
this field can help the power engineer community to
develop standard indices and create a framework for its
assessment and reinforcement. This paper tries to shed
light on the concept of resilience and its improvement in
planning for the expansion of power systems during
disastrous incidents, which has become a hot issue today.
In this section, we provide a general framework for
assessing and reinforcing power system resilience based
on a comprehensive review of authentic literature. Due to
reinforce system resilience, we first need to determine
resilience and a proper method for its measurement. So,
this paper provides a literature review on the definitions
and measurement of resilience. Then, we discuss them as
a tool for enhancing power system resilience with an
emphasis on modern technologies.

2. 1. Key Features of Resilience Since
disturbances are unpredictable and may have disastrous
impacts on vital infrastructure rapidly, resulting in
considerable losses in the system, so it is very
complicated and time-consuming to recover the system
[1]. An important characteristic of power system
resilience is how to recover it. A resilient power system
should have the following features. Figure 1 depicts a
resilience curve [4]:

1) Before the incident, the system should be
consistent and resilient enough, and the operator should
estimate the location and severity of the incident to
prepare with a series of preventive actions.

2) After the incident, the operator is informed
about the situation by advanced information systems, and
since the system has entered the destruction phase, the
resilience is jeopardized. At this stage, the key features of
resilience, including capability, redundancy, and
adaptive self-organizing, help reinforce resilience and
reduce vulnerability.

3) As the disturbance advances, the system is

damaged. At this stage, emergency prioritization,
preparation, and coordination adjustment allow the
operator to identify the main components for the recovery
system as soon as possible and estimate the damages of
the incident.

4)  As the impact of the incident is minimized (ro —
r,), the system enters the recovery phase at t;, and the
units are re-installed. Then, the system will enter the post-
recovery phase (rq), at which stage the resilience may no
longer be as remarkable as the pre-incident resilience (ro),
i.e., rg <ro. The recovery duration depends on the incident
intensity and the power system’s resilience features (tf —
te > tg — tc). So, having the critical resilience features, the
power system can predict the following incidents and
improve from destruction to the resilient stage. Also, it
can adapt its performance and structure to alleviate the
impact of the subsequent incidents.

2. 2. Evaluate the Resilience of the Power System
Power system assessment and resilience have dominated
research in recent years, but the present methods in the
resilience measurement still need development and
revision. This subsection discusses power system
resilience assessment. Since research on resilience
assessment has a multidimensional nature and includes
both quantitative and qualitative aspects, they are dealt
with below.

2. 2. 1. Qualitatively Evaluating the Resilience of a
Power System The qualitative methods allow
investigation of power system resilience from
engineering, social, and organizational perspectives.
Library work, questionnaires, and personal ratings are
used as introduced by Carlson et al. [19] to study
resilience. Analytical methods, e.g., the analytic
hierarchy process (AHP), can be easily applied in
decision-making as employed according to Orencio and
Fujii, [20]. The qualitative assessment of the system
formulated by Roege et al. [21], and a qualitative
evaluation of resilience by events analysis is focused
[22].

2. 2. 2. Quantitative Evaluation of Power System
Resilience Quantitative evaluation methods
include simulation-based, analytical, and statistical
analysis methods, among which simulation-based
methods can easily be combined with incident scenarios
and allow easy calculation of incident implications. The
complicated network model was used by Chanda and
Srivastava [23], and outage records are used as
Maliszewski and Perrings [24] for data analysis. An
analytical method is adopted from Whitson and Ramirez-
Marquez [25] to estimate power outage duration, and a
statistical model is used as introduced by Nateghi et al.
[26]. A quantitative assessment method is proposed by
Nan and Sansavini [27] for resilience composed of two
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Figure 1. Events-related trapezoidal curve [4]

components an integrated metric to measure resilience
and a hybrid model to show the failure behavior of the
infrastructural systems.

2. 3. Framework Assessing and Improve
Resilience Research is growing on the
assessment and enhancement of power system resilience.
However, no unique framework for resilience has been
agreed upon, and it still seems necessary to study
methodologies and research challenges, formulate
resilience reinforcement strategies, and develop
definitions and indices. In 2007, the ‘resilience triangle’
(see Figure 2) was introduced as a guideline for resilience

Resilience Objective
Setting

Adaptive Capacity

- Plannlng—>|

dentify and prioriti
System

Absorptive Capacity

Resilience
Capacities

Restorative Capacity

Vulnerability
Studies

Operation

assessment. The resilience of engineering systems is
proposed by Ren et al. [28] by using the resilience
triangle model developed by MCEER. Panteli et al. [29],
indices are presented for resilience quantification in
which the resilience triangle is developed into a ‘resilient
trapezoid’. Francis and Bekera [30] proposed a
framework for resilience assessment, which includes
identifying and prioritizing the system, defining the
system domain, describing main goals of the system,
describing physical, chemical, spatial, and social
properties, identifying analytical purposes, and analyzing
system vulnerability and dynamic behavior. Then,
considering the system performance, resilience goals are

Cost/Benefit Analysis

|———Adaptat|0n —_— l'— Recovery ——

Power System States

Figure 2. Power system resilience framework
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set, and the stakeholders (profit/cost analysis) participate.
The last component of the framework is resilience
capacities, which encompasses absorption, adaptive, and
recovery capacity. Engineering system resilience was
explored by Mehrpouyan et al. [31] using the spectral
graph approach. Engineering system redundancy, which
enables increasing system reliability and decreasing
vulnerability, was studied by Wang and Li [32]. A
quantitative framework was proposed by Amirioun et al.
[33] for the assessment of resilience and the application
of microgrids in which destruction index (DI), recovery
index (REI), and microgrid resilience index (MRI) are
presented for describing the performance of system
resilience. As depicted in Figure 3, the assessment of grid
resilience, which is employed to assess grid status,
compare the grid, and adopt arrangements for its
resilience reinforcement, includes risk modeling.
Research around the world has focused on the
assessment and reinforcement of the resilience of power
systems against disasters [34]. On the other hand,
engineers have been challenged by power system
complexity and the range of incidents. Ouyang et al.
[35], the features of severe incidents are ignored in
resilience assessment. The resilience assessment and

Resilience
Engineering

Disaster

Response

& (ma

reinforcement strategies are expressed in details through
the CIM method [36]. This part of the paper mentions
solutions for resilience reinforcement (see Figure 4). All
methods of resilience quantification cannot cover all
resilience stages and overlap with other concepts, e.g.,
robustness and vulnerability [37]. Furthermore, some
quantification methods for resilience estimation are
inconsistent with the concept of resilience [38]. So, when
responding to disturbances, it is necessary to develop a
method for infrastructure resilience assessment. Zhang et
al. [39] calculated the resilience during an incident within
a three-stage framework, and the capacity of grid
recovery is evaluated by the Monte Carlo simulation after
the incident. The paper proposed an artificial metric
system to calculate power system resilience performance.
Indeed, contemporary research aims to develop
infrastructures or minimize the losses of disastrous
incidents [40].

2. 4. Resilience Metrics Some definitions
of resilience indices are provided by Ayyub [41] and
discussed in detail by Hosseini et al. [42]. Two indices
are provided by Barker et al. [43] for resilience, and one
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Figure 3. Strengthening the resilience of the power system
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Figure 4. A) The solution to strengthening the resilience of infrastructure. B) The solution to strengthening exploitation resilience

[36]
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new criterion of resilience was discussed by Hu et al.
[44]. A benchmark was proposed by Zhao and Zeng [45]
for resilience, considering the impacts of weariness and
different vulnerability scenarios. Figure 5 displays
resilience indices.

3. MODELS AND THEIR APPLICATIONS IN
PLANNINGy

A wide range of studies have addressed the modeling of
vulnerability, outage duration during disasters, and post-
disaster system restoration, and most proposed methods
assess post-incident damages. This section discusses
some models used in expansion planning. Various
models have been presented for resilience assessment,
e.g., the OPA-based DC model [46] and the AC power
flux model [47]. The storms damage to a power system
is estimated by Guikema et al. [48]. Various methods
have so far been proposed for GEP, including
mathematical optimization methods, e.g., analytic
hierarchy process [49], decision tree [50], dynamic
planning [51], decomposition method [52], meta-
exploratory optimization methods, e.g., evolutionary
planning, ant colony optimization, frog leaping algorithm
[53], and PSO [54], and exploratory methods [55].
Furthermore, GEP models are based on robust
optimization in which unknown parameters are displayed
by an uncertainty set introduced by Mejia-Giraldo and
McCalley [56]. In 1997, linear planning was first used by
Garver to solve a TEP problem in which transmission
losses were ignored, and all constraints were linear [57].
Robust optimization (RO) determines unknown
parameters by a set of uncertainties and uses renewable
energy resources to describe the unknown nature [58].
RO needs less data than SP [59]. TEP has also been
solved by using mathematical optimization techniques,

How fast resilience § — @
Dist How Restorative
Urbance How fast
Resilience droos?
How restorative F—1 A

Post-distirbance How How extensive is
Extensive is the Post- the post- | E
disturbance degraded disturbance degrade:

) How promptly does
Restorative the network — I
recover?

Figure 5. Resilience metrics

which are harder to use because of nonlinearity and the
number of constraints and variables. Branch-dependent
method [60] and Benders decomposition techniques [61]
have been used too. Two-stage optimization was used by
Zhang and Conejo [62] as a framework to address
uncertainty in TEP. It is also observed that meta-
exploratory optimization methods are employed, such as
the honeybee algorithm by Meza et al. [63], the chaos
theory by Hedman et al. [64], the evolutionary
differential system by Limbu et al. [65], the frog leaping
algorithm by Roh et al. [66], smart systems such as
genetic algorithms by Rahimzadeh et al. [67], all are
useful to find globally optimal solutions but suffer from
very slow convergence. In addition to classic methods,
the decomposition methods mentioned above have also
been employed for analyzing TEP problems. Although
the Benders decomposition technique exhibits better
performance when analytic methods are used, other
methods have also been used to solve TEP problems,
such as the internal point method to solve linear and
nonlinear problems and the branch and bound method
based on the Benders analytic decomposition.

3.1.Planning to Improve, Evaluate, and Resilience
Resilience reinforcement plans are divided into long-
term, medium-term, and short-term plans. They are also
categorized into single-stage problems (static planning)
or multi-stage problems (dynamic planning). In static
planning, no time horizon is set, and a plan is developed
for a certain year, in which it is assumed that all new lines
should be installed in the first year of the planning
horizon. But, in dynamic planning, horizon years are
studied separately, and new lines are specified for each
year. Indeed, power system planning aims to establish
resilience in the grid against natural disasters in a more
robust manner. Studies have presented different
optimization models, from mixed integer programming
to quadratic planning and the more complicated
stochastic planning, and more robust optimization, to
facilitate the decision process. On the other hand, grid
resilience should be improved in critical conditions (i.e.,
its capacity to cope with incidents and rapidly recover
after disturbances) by corrective action — to minimize
losses and recover the power system to its normal state
after an incident — and remedial actions — to lead the
power system to its normal state before an incident after
load elimination [68]. Resource allocation is another key
strategy for resilience planning. To minimize the effects
of natural disasters and improve power system resilience,
the use of distributed generation (DG) resources was
proposed by Wang et al. [1], and the operational
strategies that are converted into mixed integer linear
programming by the linear scaling method were focused
by Wang et al. [69]. As well the failure caused by the
incident has been assessed. Defensive islanded schemes
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are used by Panteli et al. [70] in which the risk severity
index, which can record the random and spatial impact,
is employed to determine the application of these
schemes. Also, the concept of the fragility curve, which
expresses the probability of failure as a function of
meteorological parameters, has been used. When natural
disasters strike, operation strategies consisting of
maintenance planning [71] and wide-area control, should
adjust in response to communication failures [72] based
on the present status of the system and related equipment,
as well as the likely future states related to the climatic
conditions. A power and natural gas system is suggested
by Shao et al. [73] by replacing the underground gas lines
to enhance resilience. However, no suggestion has made
to eliminate the risk of fire. Gao et al. [74] found that
structure, dynamics, and failure mechanisms of a grid
determine its resilience. A system of systems (SoS)
resilience assessment is proposed by Han et al. [75]. The
dominant and analytical Markov chain technique is used
by Kwasinski et al. [76] to evaluate and analyze
resilience with the availability of fuel, and it used by
Song et al. [77] with the availability of photovoltaics. To
assess and reinforce the resilience of a three-step system,
a metric is defined by Li et al. [78] for resilience and
simulated different scenarios to analyze the grid structure
against natural incidents. Despite the simplicity of these
approaches, the simulation techniques, e.g., the Monte
Carlo simulation, used by Arab et al. [79]; results show
that they are more appropriate for studies on power
system resilience. Panteli et al. [80] used mixed integer
programming to evaluate incident effects on power
system resilience. A robust optimization model is
proposed by Xu et al. [81] to minimize restoration time
and improve resilience. Lei et al. [82]presented a
scenario-based two-stage stochastic optimization model
before a natural disaster. In [83], reliability indices, such
as loss of load probability (LOLP) and expected demand
not supplied (EDNS) in the presence of microgrids, are
employed to reinforce power system resilience. Since
modern intelligent network technologies are effective in
improving power system resilience and reinforcing
power systems against extreme incidents [1], modern
systems should be resistant in addition to purposefulness
[84]. In research, systems have been hardened by
underground electricity lines, vegetation cover
management, so on, which also have been effective in
resilience enhancement [85]. Wang et al. [86] proposed
three-level planning to harden power and natural gas
systems against disastrous incidents. A robust defense
method is employed. Operation activities to reinforce
resilience and to make a comparison for distinguishing
system hardening and operating activities are given by
Panteli et al. [87], in which frequency load shedding is
employed for resilience assessment. Research has also
used preventive strategies, e.g., grid topology re-
adjustment, to enhance resilience. In [88], using a two-

stage integer planning and an analysis-based algorithm,
it is concluded that preventive response is preferred to
emergency response in terms of resilience enhancement.
Resilience can also be increased by topology switching.
Other methods used to increase resilience and minimize
outage costs include dynamic circuit reconfiguration
[89], portable energy storage systems [90], emergency
generators in the power grid [91], and back-start unit
preparation [92]. Abbasi et al. [93] performed mixed
integer nonlinear programming (MINLP) and the post-
outage system restoration is discussed with the aim of
resilience maximization. Offline restoration planning is
performed by Golshani et al. [94] to reinforce grid
resilience. The plan formulated is stochastic two-stage
mixed integer linear programming with wind energy
generation scenarios; the L-shaped integer algorithm is
used. It is observed that the optimal wind harnessing
strategy can contribute to improving both the restoration
process and system resilience. MINLP is performed by
Sarkar et al. [95] with a grid restoration approach.
Stochastic planning is performed by Su et al. [96] to
enhance resilience against disastrous incidents and
minimize microgrid costs. Various methods have
presented to model restoration and recovery time during
natural disasters [97]. Bie et al. [98] proposed resilience
assessment methods are explored, and a load restoration
method. In [99], five restoration strategies are used for
restorating the power and gas grids to analyze resilience.
It is revealed that the ‘stochastic restoration’ strategy
brings about the lowest resilience for both systems, and
the ‘gas aimed’ restoration strategy is related to the
highest resilience for the gas system. The estimation of
system infrastructure failure and its post-incident
restoration was addressed by Marnay et al. [100]. Liang
et al. [101], proposed microgrids to enhance resilience in
which loss of load reduction is regarded as the most
effective resilient source, which has been subject to
extensive research. Islanded microgrids were utilized by
Pashajavid et al. [102] with centralized and decentralized
approaches. A two-level optimization problem was
studied by Hussain et al. [103] in the presence of multiple
energy carrier microgrids, subjected to power and natural
gas grid disturbances. In [104], investment cost and
resilience enhancements are considered the constraint
and objective function, respectively. However,
investment cost and resilience enhancement are the
objective functions [105] in which stochastic planning is
performed considering the demand response plan and
aiming to improve the resilience of microgrids, and
solving the model by the constraint € method. Resilience
planning was carried out by He et al. [106] to improve
the resilience of an integrated energy system.
Recommendations were provided by Chen et al. [107] for
solving resilience gaps. Indeed, resilience responses are
divided into preventive responses (actions before
incident scenarios) and emergency responses (actions
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taken due to the incident). They play a significant role in
reinforcing resilience. In coordinated regional-district
operation, an integrated energy system was used by Yan
et al. [108] for resilience enhancement. Threat
description, vulnerability assessment, recovery, and
restoration were addressed by Paredes et al. [109]. In
[110], a risk-aversion framework is proposed for more
resilient planning and operation. Some studies have also
investigated the impacts of critical conditions on power
systems [111]. A model called CRISP is presented by
Kelly-Gorham et al. [112] to measure power system
resilience. In 2012, several parameters of resilience
measurement were identified, and the resilience of a
transmission grid was assessed for disastrous conditions
by Henry and Ramirez-Marquez [113]. In 2017, grid
resilience was evaluated under probability scenarios by
two-level mixed-integer stochastic programming [114].
Also, two-stage stochastic optimization is proposed by
Nagarajan et al. [115], in which the first level is grid
investments and the second is the assessment of
resilience enhancement related to the grid investment.
Three-level optimization is proposed by Ma et al. [116]
to minimize investment costs and to lose load. Planning
was made by Gholami et al. [117] to enhance resilience
in the presence of microgrids using the CVR technique.
Power systems caused by cascading failure are analyzed
by Xiao and Yeh [118]. Post-earthquake power system
restoration planning is performed by Xu et al. [119], and
seismic resilience is assessed by Anghel et al. [120]. Two
criteria of repair time and resilience reduction are
proposed by Fang et al. [121] to evaluate the criticality of
power system components from their contribution to the
system resilience viewpoint. Also, this method
establishes a balance between risk and cost [122]. A
mixed integer linear programming model is proposed by
Teymouri et al. [123] for closed-loop controlled islanded
systems in real-time to enhance resilience. In this paper,
AC power flux reinforces resilience, and the
recommended method exhibits saving on losing the load.
Also, the sensitivity analysis indicates that the total loss
of load increases as the delay time increases between line
switching and loss of load. In recent decades, as power
systems have been exposed to disastrous incidents, it has
become imperative to use effective mechanisms for
system resilience enhancement. Since most studies have
focused on post-disturbance control intending to
maximize demand, they are reviewed and analyzed here.

4. EXPANSION PLANNING

Developing goals of resilience, considering different
scenarios, and expressing gaps provide opportunities for
resilience enhancement, performed in three groups of
GTEP and DEP. A comprehensive plan should reduce
capacity and location of capacities, initiation time,

frequency, severity, and duration of disasters, and
improve resilience. The factors that should be considered
in stochastic generation and transmission expansion
planning are demand rate, availability of existing and
candidate resources, and the capacity of the transmission
lines.

4. 1. GEP Problem GEP is the most
basic model in planning, and the type, location, and time
of construction of generators must be determined in a
time horizon of 20 or 30 years to meet the demand for
projected loads. In generation expansion planning, the
goal is to provide adequacy at the lowest cost. In 1955,
the first long-term expansion planning was done in
French. In 1957, Danzig and Taylor translated it into
English, introducing the first linear planning (LP).
Anderson, in 1972, showed that the nature of multi-stage
generation expansion planning is similar to previous
methods in dynamic planning. In 1976, linear expansion
planning was to minimize investment and operating
costs. Dehghan et al. [58] proposed linear programming
of one-step and two-step integers with uncertainty in
mind. A multi-stage generation expansion planning
considering wind uncertainty has been used. A
comprehensive review of generation expansion planning
was conducted. Among which, Benders decomposition
and Dantzig-Wolfe decomposition are more popular
[124]. Also, stochastic optimization models based on
scenario  generation  techniques  with  different
uncertainties have been used [125]. In some studies,
exploitation constraints have been included in generation
expansion planning [126, 127]. Chen et al. studied GEP
[128].

4. 1. 1. Uncertainty in GEP Some
prevalent uncertainties in expansion planning include
price volatility, reliability of generation units, demand
evolution, investment, operating costs, and fuel and
electricity prices. Dual uncertainty in the objective and
constraint function is also presented by Hu et al. [129]. In
GEP, the MCS method is commonly used to deal with
uncertainties [130].

4. 2. TEP Problem Recently, transmission
expansion planning has become a complex nonlinear
optimization problem by determining which, where, and
when new lines are to be built at the lowest total cost. In
order to develop and strengthen transmission network
capacity as well as ensuring future demand and
integrating new power units with existing units have been
considered by many researchers more than before due to
technical/financial constraints along the planning horizon
[131] and analysis of two critical issues of network
reliability and security modeling [132]. Lumbreras and
Ramos [133] presented a literature review up to 2016.
Stochastic planning and robust optimization have been
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used to solve the problem of transmission and storage
systems planning [135], for the development of
transmission and storage systems, robust optimization
reported in literature [134]. A multi-stage random model
is used. Conejo et al. [136] presented a model for the
simultaneous development of energy transfer and storage
with a distinction between long-term and short-term
uncertainty in a stochastic planning framework. Zhang
and Conejo [137] presented a robust optimization
framework that includes random scheduling. A robust
optimization model was proposed by Moreira et al. [138]
in the possible conditions although the security criterion
of the worst-case n-k, and the decomposition algorithm
is solved using the column and constraint method [139,
140]. The robust optimization model presented by Chen
and Wang [141] identified uncertainties related to the
development of future production capacity and the
decommissioning of existing generation units. In, The
AR-TEP model was presented by Minguez and Garcia-
Bertrand [142] due to the uncertainty of load demand and
production capacity. A two-stage AR-TEP model was
proposed by Jabr [143], to introduce the uncertainty of
loads and renewable energy sources using a
decomposition algorithm that finds the optimal
investment and minimum cost of fines related to limiting
renewable energy loads and sources.

4. 2. 2. Uncertainty in TEP The problem
of TEP is usually with the uncertainty of load forecasting
and availability of power system equipment, market
uncertainty [144], energy and risk [145], and technology
and new forms of production. Based on the results, the
researchers found that considering uncertainty leads to
better transmission expansion planning. The most
common methods for dealing with uncertainties are the
mathematical model [146]. The fuzzy approach is used to
model uncertainty [147]. The application of DG in
transmission development planning has also been
investigated.

4.2.3 TEP and Improve Resilience Enhancing
resilience and reducing the density of TEP have been
increasingly considered by researchers and have been
addressed by Zhao et al. [148]. In 2015, transmission
network optimization was carried out by Fang ey al.
[149] to strengthen the resilience of the power system
against cascading errors and minimize investment costs.
The impact of fire on transmission development planning
was presented by Choobineh et al. [150]. The
optimization framework is illustrated by providing the
formula of MILP to track the redistribution of power flow
DC and the evolution of the theoretical diagram of the
network topology during cascade failures and, in the next
step, determine the effect of acceleration [151].
Interaction after disruption of system resilience has been
suggested to be the worst case of disorder. Whereas some

lines are overloaded and some lines have empty
capacities after redistribution of power flow due to line
interruption, optimal changes in line reactance reduce the
flux in overloaded lines and transfer them to lines that
have unused capacity. Romero et al. [152] presented the
(MIP) model for investment arrangements under terrorist
threats. Panteli et al. [153] also presented MCS to
evaluate the impact of weather on power system
equipment focusing on the effect of wind on transmission
lines, using fragility curves that express the probability of
equipment failure as a function of wind speed. Arroyo
and Galiana [154], Motto et al. [155] used two-level
TEP to identify the power system’s key elements and to
identify the sensitive transmission lines. One of the
crucial advantages of transmission expansion planning is
its resilience to the worst-case scenarios, which is vital
for strengthening the resilience of power system
infrastructure.

4. 3. GTEP Problem GTEP is the most
important part of power system planning. Recently,
extensive research has addressed concurrent generation
and transmission expansion planning (CGTEP) [156],
but we are trying to provide a more comprehensive paper.
Multi-objective CGTEP was conducted by Tekiner et al.
[157] to minimize operational, investment, and emission
costs. A three-level model of decentralized GEP and
centralized TEP was studied by Javadi and Esmaeel
Nezhad [158] using the epsilon method, in which
multiple stochastic points are considered along with the
load demand uncertainty. A two-level model was
presented by Jenabi et al. [159], for the trade between
generation and transmission investment and is
transformed into a single-level mixed integer linear
problem. Probabilistic multi-objective planning was
performed by Mavalizadeh et al. [160] to reduce
investment costs and adverse environmental impacts.
Guerra et al. [161] presented coordinated planning under
the constraints on pollutant emissions, storage, and load
response programs. Coordinated planning was addressed
by Zhang et al. [162] considering load response plans. In
the coordinated expansion of power systems and gas
grids was planned by Hu et al. [163] under uncertainty
and the effect of a wind turbine. Mufioz-Delgado et al.
[164] presented a dynamic planning considering grid
uncertainty and reliability. Integrated generation and
transmission expansion planning models were designed
by Baringo and Baringo [165], considering uncertainty.
The critical advantage of optimal expansion planning
models is the calculation of uncertainty parameters with
large dimensions, which does not need probabilistic
models or the application of specific probability
distributions. Unsihuay-Vila et al. [166] discussed on
linear planning of mixed integer coordinated generation
and transmission expansion. An exploratory algorithm
was used by Alizadeh and Jadid [167] for dynamic
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CGTEP in which the power system reliability is assessed
within a linear framework. The same method was used
by Alizadeh and Jadid [168] in the static form. Interested
readers can find more details on GTEP problem-solving
[169].

4. 3. 1. GTEP and Improve Resilience To
strengthen resilience, a static GTEP was developed by
Romero et al. [170] with a scenario-based approach for
the analysis of earthquake effects. Studies have dealt with
cost reduction, system losses, and increasing grid
reliability. However, the alleviating of power system
vulnerabilities to deliberate invasions should also be
considered [171]. The static model of coordinated
planning for GTEP [172], which aims to reduce the side
effects of deliberate attacks on the transmission lines and
minimize investment and operational costs, can also
reduce the power system vulnerability. A scenario-based
framework was described by Vaziri et al. [173] in
response to seismic incidents. To reduce earthquake-
induced power outages, a maintenance plan was studied
by Cagnan et al. [174] in which the incident damages are
ignored. A four-level planning model was described by
Shivaie et al. [175] to reinforce a 400-kV grid in Iran for
assessing seismic events. In An instrument was used by
Cervigni et al. [176], to investigate the strategies for
enhancing infrastructure resilience in Africa against
natural disasters. The optimization of integrated GTEP is
dealt with in the US in a time frame extending to 2050
[177].

5. TRENDS AND CHALLENGES

Since electricity cannot be stored, the operator will be
faced to multiple challenges in any planning horizon.
Therefore, optimal power system operation needs
optimal planning. Since a resilient power system is
capable of predicting possible disasters, taking practical
actions to reduce losses and damages to the system
components, and restoring the system to the pre-incident
state, the investigation of its different aspects is crucial
for organizing future research. On the other hand,
researchers try to transform societies into resilient
societies against disasters, in which case the
infrastructure will be operated more efficiently. Still, it
will result in system vulnerability and cascading errors.
As power engineers, we can build reliable and resistant
grids. The most obvious way is to build resilient grids,
and an economical practice is to make further
investments. With more information on the concept of
resilience, this problem can be solved. Rezaei et al. [178],
have listed the key challenges, constraints of modeling,
and resilience enhancement activities. The first step to
accomplishing resilience is to study vulnerability.
Resilience enhancement activities are first prioritized

based on their significance. Some activities are better in
terms of resilience, and others are more economical.
Eventually, a profit/cost analysis is undertaken. In the
next step, the resilience activities can be categorized and
fulfilled based on the resilience indices, which will
contribute to building power infrastructure and satisfying
resilience needs and the need for being economical.
When or after a disturbance happens, resilience is
analyzed to understand the infrastructure behavior to be
more capable of preventing damage. Presently, the
deployment of sensors for data collection has opened a
new way to understand system resilience reinforcement
by data analysis. For instance, machine learning can be
used to analyze the collected data. However, there is still
a huge gap between big data and significant impacts,
while research is rare on it. Factors such as reliability,
electricity market [179], uncertainty [180], environment,
distributed generation, modeling, line density, reactive
power planning, FACTS instruments, and demand-side
management (DSM) are effective in resilient planning.
On the other hand, the investigation of GTEP challenges
in this paper lays the ground for future research. Based
on the literature, the presence of distributed generation
resources in planning helps develop an optimal plan and
reduce costs [181]. As well, reactive power is essential
for GTEP, which should be considered by researchers in
their attempts to accomplish optimal planning. On the
other hand, integrating reactive power planning with
GEP will result in more optimal planning, so it is better
to consider it in future studies. Research should explore
uncertainties and FACTS instruments, e.g.,, TCSC,
SSSC, UPFC, and IPFC, in TEP. Demand management
programs, e.g., DSM, are mainly influential in the result
of planning, but they have not been adequately studied in
research on generation and transmission expansion
planning. Microgrids have extensively been used in
generation and transmission expansion planning in the
studies, which has had good results too, so it has been
presented as the most effective way of resilience
enhancement. On the other hand, research has shown that
energy hubs will be very effective. It is an emerging
concept in the issue of power system resilience. This is a
contribution of this article, which the authors will address
in their future studies. It should be noted that some
studies have neglected reliability and security in
planning. In contrast the inclusion of reliability
contributes to developing a resilient and reliable plan, as
many researchers have mentioned as a pressing issue.
Almost all studies have considered investment costs to
minimize costs or maximize social welfare. However,
operational costs are also crucial for a significant
planning horizon, so they should also be studied within
the model. Therefore, generation and transmission
expansion planning are a key factor in long-term power
system operation. On the other hand, it has been revealed
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by the studies that multiple energy supply systems will
also help enhance resilience.

6. CONCLUSIONS

Power systems have recently been exposed to
disturbances induced by natural disasters, have
influenced global security and economic benefits. So, we
have to use techniques to assess the effect of these
incidents. On the other hand, it is crucial to plan power
systems that are resistant to high-impact, low-probability
events. Since incidents may have irreparable
consequences for power systems and their components,
the issue of enhancing system resilience against disasters
has become an essential requirement for smart grids. This
paper provided resilience definitions and indicators in
detail and identified different strategies and technologies
for resilience enhancement. Also, the research papers on
models were comprehensively reviewed, and the
assessment of GTEP separately and concurrently, which
is sophisticated and challenges the analysis of the results,
was discussed. Finally, the paper mentioned the trends
and challenges of the expansion models and my
contribution. Indeed, the authors intended to provide a
comprehensive review of concurrent GTEP aimed at
improving grid resilience and give a general
understanding of its effectiveness in improving system
performance. In other words, a system is resilient when it
can tolerate unexpected disturbances or restore itself
rapidly after the incidents. So, it is vital to be able to
assess incidents to evaluate and enhance power system
resilience against them. This paper is a comprehensive
context to find different ideas for future work.

7. REFERENCES

1.  Wang,Y., Chen, C., Wang, J. and Baldick, R., "Research on
resilience of power systems under natural disasters—A review",
IEEE Transactions on Power Systems, Vol. 31, No. 2, (2015),
1604-1613. doi: 10.1109/TPWRS.2015.2429656

2. Obama. B., "Presidential policy directive 21: Critical
infrastructure security and resilience", (2013).

3. Hussain, A., Bui, V.-H. and Kim, H.-M., "Microgrids as a
resilience resource and strategies used by microgrids for
enhancing resilience", Applied Energy, Vol. 240, (2019), 56-72.
doi: 10.1016/j.apenergy.2019.02.055

4.  Panteli, M. and Mancarella, P., "The grid: Stronger, bigger,
smarter?: Presenting a conceptual framework of power system
resilience”, IEEE Power and Energy Magazine, Vol. 13, No. 3,
(2015), 58-66. doi: 10.1109/MPE.2015.2397334

5. Arghandeh, R., Meier, A. V., Mehrmanesh, L. and Mili, L., "On
the definition of cyber-physical resilience in power systems",
Renewable and Sustainable Energy Reviews, Vol. 58, (2016),
1060-1069. doi: 10.1016/j.rser.2015.12.193

6. Chaudry, M., Ekins, P., Ramachandran, K. and Shakoor, A.,
"Building a resilient UK energy system", (2011).

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Office, C., "Keeping the country running: Natural hazards and
infrastructure”, (2011).

Stockton, P., "Resilience for black sky days", Report prepared for
the National Association of Regulatory Utility Commissioners
and the US Department of Energy, (2014).

Rieger, C. and Manic, M., "On Critical Infrastructures, Their
Security and Resilience-Trends and Vision", (2018). doi:
10.48550/arXiv.1812.02710

RAMCAP, P. "All hazard risk and resilience, prioritizing critical
infrastructure by using the RAMCAP Plus SM approach", ASME
Inno, (2009).

House, W., "Economic benefits of increasing electric grid
resilience to weather outages", Washington, DC: Executive Office
of the President, (2013).

Ouyang, M. and Duenas-Osorio, L., "Multi-dimensional
hurricane resilience assessment of electric power systems"”,
Structural ~ Safety, Vol. 48, (2014), 15-24. doi:
10.1016/j.strusafe.2014.01.001

Preston, B. L., Backhaus, S. N. and Ewers, M., "Resilience of the
US electricity system: a multi-hazard perspective", DOE Report,
August,(2016).

Fisher, L., "More than 70 ways to show resilience", Nature, Vol.
518, No. 7537, (2015), 35-35. doi: 10.1038/518035a

Holling, C. S., "Resilience and stability of ecological systems",
Annual Review of Ecology and Systematics, Vol. 4, No. 1,
(1973), 1-23. doi: 10.1146/annurev.es.04.110173.000245

Baroud, H., Barker, K., Ramirez-Marquez, J. E. and Rocco, C.
M., "Inherent costs and interdependent impacts of infrastructure
network resilience”, Risk Analysis, Vol. 35, No. 4, (2015), 642-
662. doi: 10.1111/risa.12223

Youn, B. D., Hu, C. and Wang, P., "Resilience-driven system
design of complex engineered systems", Journal of Mechanical
Design, Vol. 133, No. 10, (2011). doi: 10.1115/1.4004981

Mancarella, P., "MES (multi-energy systems): An overview of
concepts and evaluation models”, Energy, Vol. 65, 1-17, (2014).
doi: 10.1016/j.energy.2013.10.041

Carlson, J., Haffenden, R., Bassett, G. and Buehring, W.,
"Resilience: Theory and Application”, Argonne National
Lab.(ANL), Argonne, IL (United States), (2012).

Orencio, P. M. and Fujii, M., "A localized disaster-resilience
index to assess coastal communities based on an analytic
hierarchy process (AHP)", International Journal of Disaster
Risk  Reduction, Vol. 3, (2013), 62-75. doi:
10.1016/j.ijdrr.2012.11.006

Roege, P. E., Collier, Z. A., Mancillas, J., McDonagh, J. A. and
Linkov, I., "Metrics for energy resilience”, Energy Policy, Vol.
72, (2014), 249-256. doi: 10.1016/j.enpol.2014.04.012

Carvalho, P. V., dos Santos, I. L., Gomes, J. O. and Borges, M.
R., "Micro incident analysis framework to assess safety and
resilience in the operation of safe critical systems: a case study in
a nuclear power plant”, Journal of Loss Prevention in the
Process Industries, Vol. 21, No. 3, (2008), 277-286. doi:
10.1016/j.jlp.2007.04.005

Chanda, S. and Srivastava, A. K., "Defining and enabling
resiliency of electric distribution systems with multiple
microgrids”, IEEE Transactions on Smart Grid, Vol. 7, No. 6,
(2016), 2859-2868. doi: 10.1109/TSG.2016.2561303

Maliszewski, P. J. and . Perrings, C., "Factors in the resilience of
electrical  power distribution infrastructures”,  Applied
Geography, Vol. 32, No. 2, (2012), 668-679. doi:
10.1016/j.apgeog.2011.08.001

Whitson, J. C. and Ramirez-Marquez, J. E., "Resiliency as a
component importance measure in network reliability",



836

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

M. Rezaei et al. / [JE TRANSACTIONS B: Applications Vol. 36, No. 05, (May 2023) 824-841

Reliability Engineering & System Safety, Vol. 94, No. 10,
(2009), 1685-1693. doi: 10.1016/j.ress.2009.05.001

Nateghi, R., Guikema, S. D. and Quiring, S. M., "Forecasting
hurricane-induced power outage durations”, Natural hazards,
Vol. 74, No. 3, (2014), 1795-1811. doi: 10.1007/s11069-014-
1270-9

Nan, C. and Sansavini, G., "A quantitative method for assessing
resilience of interdependent infrastructures”, Reliability
Engineering & System Safety, Vol. 157, (2017), 35-53. doi:
10.1016/j.ress.2016.08.013

Ren, F., Zhao, T., Jiao, J. and Hu, Y., "Resilience optimization for
complex engineered systems based on the multi-dimensional
resilience concept”, IEEE Access, Vol. 5, (2017), 19352-19362.
doi: 10.1109/ACCESS.2017.2755043

Panteli, M., Mancarella, P., Trakas, D. N., Kyriakides, E. and
Hatziargyriou, N. D., "Metrics and quantification of operational
and infrastructure resilience in power systems”, IEEE
Transactions on Power Systems, Vol. 32, No. 6, (2017), 4732-
4742. doi: 10.1109/TPWRS.2017.2664141

Francis, R. and Bekera, B., "A metric and frameworks for
resilience analysis of engineered and infrastructure systems",
Reliability Engineering & System Safety, Vol. 121, (2014), 90-
103. doi: 10.1016/j.ress.2013.07.004

Mehrpouyan, H., Haley, B., Dong, A., Tumer, 1. Y. and Hoyle,
C., "Resiliency analysis for complex engineered system design",
Al EDAM, Vol. 29, No. 1, (2015), 93-108. doi:
10.1017/S0890060414000663

Wang, J. and Li, M., "Redundancy Allocation Optimization for
Multistate Systems With Failure Interactions Using Semi-Markov
Process"”, Journal of Mechanical Design, Vol. 137, No. 10,
(2015). doi: 10.1115/1.4031297

Amirioun, M., Aminifar, F., Lesani, H. and Shahidehpour, M.,
"Metrics and quantitative framework for assessing microgrid
resilience against windstorms"”, International Journal of
Electrical Power & Energy Systems, VVol. 104, (2019), 716-723.
doi: 10.1016/j.ijepes.2018.07.025

Gao, H., Chen, Y., Xu, Y. and Liu, C.-C., "Resilience-oriented
critical load restoration using microgrids in distribution systems",
IEEE Transactions on Smart Grid, Vol. 7, No. 6, (2016), 2837-
2848. doi: 10.1109/TSG.2016.2550625

Ouyang, M., Duefias-Osorio, L. and Min, X., "A three-stage
resilience analysis framework for urban infrastructure systems",
Structural ~ Safety, Vol. 36, (2012), 23-31. doi:
10.1016/j.strusafe.2011.12.004

Bhusal, N., Abdelmalak, M., Kamruzzaman, M. and Benidris, M.,
"Power system resilience: Current practices, challenges, and
future directions”, IEEE Access, Vol. 8, (2020),18064-18086.
doi: 10.1109/ACCESS.2020.2968586

Alessandri, A. and Filippini, R., "Evaluation of resilience of
interconnected systems based on stability analysis”, in Critical
Information Infrastructures Security: Springer, (2013), 180-190.
doi: 10.1007/978-3-642-41485-5_16

Khodaei, A., "Resiliency-oriented microgrid optimal scheduling”,
IEEE Transactions on Smart Grid, Vol. 5, No. 4, (2014), 1584-
1591. doi: 10.1109/TSG.2014.2311465

Zhang, H., Yuan, H., Li, G. and Lin, Y., "Quantitative resilience
assessment under a tri-stage framework for power systems",
Energies, VVol. 11, No. 6, (2018), 1427. doi: 10.3390/en11061427

Gritzalis, D. and Theocharidou, M., "Critical Infrastructure
Security and Resilience", (2019).

Ayyub, B. M., "Systems resilience for multihazard environments:
Definition, metrics, and valuation for decision making", Risk
Analysis, Vol. 34, No. 2, (2014), 340-355. doi:
10.1111/risa.12093

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hosseini, S., Barker, K. and Ramirez-Marquez, J. E., "A review
of definitions and measures of system resilience", Reliability
Engineering & System Safety, Vol. 145, (2016), 47-61. doi:
10.1016/j.ress.2015.08.006

Barker, K., Ramirez-Marquez, J. E. and Rocco, C. M.,
"Resilience-based network component importance measures",
Reliability Engineering & System Safety, Vol. 117, (2013), 89-
97. doi: 10.1016/j.ress.2013.03.012

Hu, Z. and Mahadevan, S., "Resilience assessment based on time-
dependent system reliability analysis”, Journal of Mechanical
Design, Vol. 138, No. 11, (2016). doi: 10.1115/1.4034109

Zhao, L. and Zeng, B., "Vulnerability analysis of power grids with
line switching”, IEEE Transactions on Power Systems, Vol. 28,
No. 3, (2013), 2727-2736. doi: 10.1109/TPWRS.2013.2256374

Dobson, 1., Carreras, B. A., Lynch, V. E. and Newman, D. E.,
"Complex systems analysis of series of blackouts: Cascading
failure, critical points, and self-organization”, Chaos: An
Interdisciplinary Journal of Nonlinear Science, Vol. 17, No. 2,
(2007). doi: 10.1063/1.2737822

Kirschen, D. S., Jayaweera, D., Nedic, D. P. and Allan, R. N., "A
probabilistic indicator of system stress”, IEEE Transactions on
Power Systems, Vol. 19, No. 3, (2004), 1650-1657. doi:
10.1109/TPWRS.2004.831665

Guikema, S. D., Davidson, R. A. and Liu, H., "Statistical models
of the effects of tree trimming on power system outages”, IEEE
Transactions on Power Delivery, Vol. 21, No. 3, (2006), 1549-
1557. doi: 10.1109/TPWRD.2005.860238

Meza, J. L. C., Yildirim, M. B. and Masud, A. S., "A model for
the multiperiod multiobjective power generation expansion
problem”, IEEE Transactions on Power Systems, Vol. 22, No.
2, (2007), 871-878. doi: 10.1109/TPWRS.2007.895178

Feng, Y. and Ryan, S. M., "Scenario construction and reduction
applied to stochastic power generation expansion planning",
Computers & Operations Research, Vol. 40, No. 1, (2013), 9-23.
doi: 10.1016/j.cor.2012.05.005

Tafreshi, S. M., Lahiji, A. S., Aghaei, J. and Rabiee, A., "Reliable
generation expansion planning in pool market considering power
system security", Energy Conversion and Management, VVol. 54,
No. 1, (2012), 162-168. doi: 10.1016/j.enconman.2011.10.008

Sirikum, J., Techanitisawad, A. and Kachitvichyanukul, V., "A
new efficient GA-benders' decomposition method: For power
generation expansion planning with emission controls", IEEE
Transactions on Power Systems, Vol. 22, No. 3, (2007), 1092-
1100. doi: 10.1109/TPWRS.2007.901092

Jadidoleslam, M., Bijami, E., Amiri, N., Ebrahimi, A. and Askari,
J., "Application of shuffled frog leaping algorithm to long term
generation expansion planning”, International Journal of
Computer and Electrical Engineering, Vol. 4, No. 2, (2012),
115.

Moghddas-Tafreshi, S., Shayanfar, H., Lahiji, A. S., Rabiee, A.
and Aghaei, J., "Generation expansion planning in Pool market:
A hybrid modified game theory and particle swarm optimization",
Energy Conversion and Management, Vol. 52, No. 2, (2011),
1512-1519. doi: 10.1016/j.enconman.2010.10.019

Munoz, F. D. and Watson, J.-P., "A scalable solution framework
for stochastic transmission and generation planning problems",
Computational Management Science, Vol. 12, No. 4, (2015),
491-518. doi: 10.1007/510287-015-0229-y

Mejia-Giraldo, D. and McCalley, J., "Adjustable decisions for
reducing the price of robustness of capacity expansion planning",
IEEE Transactions on Power Systems, Vol. 29, No. 4, (2014),
1573-1582. doi: 10.1109/TPWRS.2013.2295166

Careri, F., Genesi, C., Marannino, P., Montagna, M., Rossi, S. and
Siviero, I., "Generation expansion planning in the age of green


https://doi.org/10.1016/j.enconman.2010.10.019

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

M. Rezaei et al. / [JE TRANSACTIONS B: Applications Vol. 36, No. 05, (May 2023) 824-841 837

economy", IEEE Transactions on Power Systems, Vol. 26, No.
4, (2011), 2214-2223. doi: 10.1109/TPWRS.2011.2107753

Dehghan, S., Amjady, N. and Conejo, A. J., "Adaptive robust
transmission expansion planning using linear decision rules",
IEEE Transactions on Power Systems, Vol. 32, No. 5, (2017),
4024-4034. doi: 10.1109/TPWRS.2017.2652618

Bertsimas, D., Litvinov, E., Sun, X. A., Zhao, J. and Zheng, T.,
"Adaptive robust optimization for the security constrained unit
commitment problem", IEEE Transactions on Power Systems,
Vol. 28, No. 1, (2012), 52-63. doi:
10.1109/TPWRS.2012.2205021

Rudkevich, A. M., "A nodal capacity market for co-optimization
of generation and transmission expansion", in 2012 50th Annual
Allerton Conference on Communication ,Control, and Computing
(Allerton), (2012), 1080-1088. doi:
10.1109/Allerton.2012.6483338

Pozo, D., Sauma, E. E. and Contreras, J., "A three-level static
MILP model for generation and transmission expansion
planning”, IEEE Transactions on Power Systems, Vol. 28, No.
1, (2012), 202-210. doi: 10.1109/TPWRS.2012.2204073

Zhang, X. and Conejo, A. J., "Robust transmission expansion
planning representing long-and short-term uncertainty”, |IEEE
Transactions on Power Systems, Vol. 33, No. 2, (2017), 1329-
1338. doi: 10.1109/TPWRS.2017.2717944

Meza, J. L. C. Yildirim, M. B. and Masud, A. S., "A
multiobjective evolutionary programming algorithm and its
applications to power generation expansion planning", IEEE
Transactions on Systems, Vol. 39, No. 5, (2009), 1086-1096. doi:
10.1109/TSMCA.2009.2025868

Hedman, K. W., Ferris, M. C., O'Neill,R. P., Fisher, E. B. and
Oren, S. S., "Co-optimization of generation unit commitment and
transmission switching with N-1 reliability", IEEE Transactions
on Power Systems, Vol. 25, No. 2, (2010), 1052-1063. doi:
10.1109/TPWRS.2009.2037232

Limbu, T., Saha,T. and McDonald, J., "Value-based allocation
and settlement of reserves in electricity markets", IET
Generation, Transmission & Distribution, Vol. 5, No. 4, (2011),
489-495. doi: 10.1049/iet-gtd.2010.0467

Roh, J. H., Shahidehpour, M. and Wu, L., "Market-based
generation and transmission planning with uncertainties”, IEEE
Transactions on Power Systems, Vol. 24, No. 3, (2009), 1587-
1598. doi: 10.1109/TPWRS.2009.2022982

Rahimzadeh, S., Bina, M. T. and Viki, A., "Simultaneous
application of multi-type FACTS devices to the restructured
environment: achieving both optimal number and location", IET
generation, transmission & Distribution, Vol. 4, No. 3, (2010),
349-362. doi: 10.1049/iet-gtd.2009.0287

Yuan, W., Wang, J., Qiu, F., Chen, C., Kang, C. and Zeng, B.,
"Robust optimization-based resilient distribution network
planning against natural disasters”, IEEE Transactions on Smart
Grid, Vol. 7, No. 6, (2016), 2817-2826. doi:
10.1109/TSG.2015.2513048

Wang, C., Hou, Y., Qiu, F., Lei, S. and Liu, K., "Resilience
enhancement with sequentially proactive operation strategies",
IEEE Transactions on Power Systems, Vol. 32, No. 4, (2016),
2847-2857. doi: 10.1109/TPWRS.2016.2622858

Panteli, M., Trakas, D. N., Mancarella, P. and Hatziargyriou, N.
D., "Boosting the power grid resilience to extreme weather events
using defensive islanding”, IEEE Transactions on Smart Grid,
Vol. 7, No. 6, (2016), 2913-2922. doi:
10.1109/TSG.2016.2535228

Wang, C., Hou,Y., Qin, Z., Peng, C. and Zhou, H., "Dynamic
coordinated  condition-based maintenance  for  multiple
components with external conditions”, IEEE Transactions on
Power Delivery, Vol. 30, No. 5, (2015), 2362-2370. doi:
10.1109/TPWRD.2015.2442291

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Zhang, S. and Vittal, V., "Design of wide-area power system
damping controllers resilient to communication failures", IEEE
Transactions on Power Systems, Vol. 28, No. 4, (2013), 4292-
4300. doi: 10.1109/TPWRS.2013.2261828

Shao, C., Shahidehpour, M., Wang, X., Wang, X. and Wang, B.,

"Integrated planning of electricity and natural gas transportation
systems for enhancing the power grid resilience”, IEEE
Transactions on Power Systems, Vol. 32, No. 6, (2017), 4418-
4429. doi: 10.1109/TPWRS.2017.2672728

Gao, J., Liu, X, Li, D. and Havlin, S., "Recent progress on the
resilience of complex networks", Energies, Vol. 8, No. 10,
(2015), 12187-12210. doi: 10.3390/en81012187

Han, S. Y., Marais, K. and DeLaurentis, D., "Evaluating system
of systems resilience using interdependency analysis”, in 2012
IEEE International Conference on Systems, (2012), 1251-1256.
doi: 10.1109/ICSMC.2012.6377904

Kwasinski, A., Krishnamurthy, V., Song, J. and Sharma, R.,
"Availability evaluation of micro-grids for resistant power supply
during natural disasters”, |IEEE Transactions on Smart Grid,
Vol. 3, No. 4, (2012), 2007-2018. doi:
10.1109/TSG.2012.2197832

Song, J., Krishnamurthy, V., Kwasinski, A. and Sharma, R.,
"Development of a Markov-chain-based energy storage model for
power supply availability assessment of photovoltaic generation
plants”, IEEE Transactions on Sustainable Energy, Vol. 4, No.
2, (2012), 491-500. doi: 10.1109/TSTE.2012.2207135

Li, B., Roche, R. and Miraoui, A., "System resilience
improvement using multiple energy supply systems under natural
disasters", in IECON 2016-42nd Annual Conference of the IEEE
Industrial Electronics Society, (2016), 3912-3917. doi:
10.1109/IECON.2016.7793278

Arab, A., Khodaei, A., Khator, S. K., Ding, K., Emesih, V. A. and
Han, Z., "Stochastic pre-hurricane restoration planning for
electric power systems infrastructure”, IEEE Transactions on
Smart Grid, Vol. 6, No. 2, (2015), 1046-1054. doi:
10.1109/TSG.2015.2388736

Panteli, M., Pickering, C., Wilkinson, S., Dawson, R. and
Mancarella, P., "Power system resilience to extreme weather:
fragility modeling, probabilistic impact assessment, and
adaptation measures”, IEEE Transactions on Power Systems,
Vol. 32, No. 5, (2016), 3747-3757. doi:
10.1109/TPWRS.2016.2641463

Xu, Y., Liu, C.-C., Schneider, K. P. and Ton, D. T., "Placement
of remote-controlled switches to enhance distribution system
restoration capability”, IEEE Transactions on Power Systems,
Vol. 31, No. 2, (2015), 1139-1150. doi:
10.1109/TPWRS.2015.2419616

Lei, S., Wang, J., Chen, C. and Hou, Y., "Mobile emergency
generator pre-positioning and real-time allocation for resilient
response to natural disasters”, IEEE Transactions on Smart
Grid, Vol. 9, No. 3, (2016), 2030-2041. doi:
10.1109/TSG.2016.2605692

Liu, X., Shahidehpour, M., Li, Z., Liu ,X., Cao, Y. and Bie, Z.,
"Microgrids for enhancing the power grid resilience in extreme
conditions”, IEEE Transactions on Smart Grid, Vol. 8, No. 2,
(2016), 589-597. doi: 10.1109/T7SG.2016.2579999

Chen, C., Wang, J. and Ton, D., "Modernizing distribution system
restoration to achieve grid resiliency against extreme weather
events: an integrated solution", Proceedings of the IEEE, Vol.
105, No. 7, (2017), 1267-1288. doi:
10.1109/JPROC.2017.2684780

Arab, A., Tekin, E., Khodaei, A., Khator, S. K. and Han, Z.,
"System hardening and condition-based maintenance for electric
power infrastructure under hurricane effects", IEEE
Transactions on Reliability, Vol. 65, No. 3, (2016), 1457-1470.
doi: 10.1109/TR.2016.2575445



838

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

M. Rezaei et al. / [JE TRANSACTIONS B: Applications Vol. 36, No. 05, (May 2023) 824-841

Wang, C., Wei, W., Wang, J., Liu, F., Qiu, F. and Carlos, M.,
"Robust defense strategy for gas—electric systems against
malicious attacks", IEEE Transactions on Power Systems, Vol.
32, No. 4, (2016), 2953-2965. doi:
10.1109/TPWRS.2016.2628877

Panteli, M., Trakas, D. N., Mancarella, P. and Hatziargyriou, N.
D., "Power systems resilience assessment: Hardening and smart
operational enhancement strategies”, Proceedings of the IEEE,
Vol. 105, No. 7, (2017), 1202-1213. doi:
10.1109/JPROC.2017.2691357

Huang, G., Wang, J., Chen, C., Qi, J. and Guo, C., "Integration of
preventive and emergency responses for power grid resilience
enhancement", IEEE Transactions on Power Systems, Vol. 32,
No. 6, (2017), 4451-4463. doi: 10.1109/TPWRS.2017.2685640

Amirioun, M. H., Aminifar, F. and Lesani, H., "Towards
proactive scheduling of microgrids against extreme floods",
IEEE Transactions on Smart Grid, Vol. 9, No. 4, (2017), 3900-
3902. doi: 10.1109/TSG.2017.2762906

Yao, S., Wang, P. and Zhao, T., "Transportable energy storage for
more resilient distribution systems with multiple microgrids",
IEEE Transactions on Smart Grid, Vol. 10, No. 3, (2018), 3331-
3341. doi: 10.1109/TSG.2018.2824820

Sun, W., Liu, C.-C. and Liu, S., "Black start capability assessment
in power system restoration”, in 2011 IEEE Power and Energy
Society General Meeting, (2011), 1-7. doi:
10.1109/PES.2011.6039752

Sun, W., Liu, C.-C. and Zhang, L., "Optimal generator start-up
strategy for bulk power system restoration", IEEE Transactions
on Power Systems, Vol. 26, No. 3, (2010), 1357-1366. doi:
10.1109/TPWRS.2010.2089646

Abbasi, S., Barati, M. and Lim, G. J., "A parallel sectionalized
restoration scheme for resilient smart grid systems", IEEE
Transactions on Smart Grid, Vol. 10, No. 2, (2017), 1660-1670.
doi: 10.1109/TSG.2017.2775523

Golshani, A., Sun, W., Zhou, Q., Zheng, Q. P. and Hou, Y.,
"Incorporating wind energy in power system restoration
planning”, IEEE Transactions on Smart Grid, Vol. 10, No. 1,
(2017), 16-28. doi: 10.1109/TSG.2017.2729592

Sarkar, R., Gusrialdi, A. and Qu, Z., "An adaptive restorative
method for resilient power distribution networks", in 2016 IEEE
Power and Energy Society General Meeting (PESGM), (2016), 1-
5. doi: 10.1109/PESGM.2016.7741994

Su, W., Wang, J. and Roh, J., "Stochastic energy scheduling in
microgrids with intermittent renewable energy resources", IEEE
Transactions on Smart grid, Vol. 5, No. 4, (2013), 1876-1883.
doi: 10.1109/TSG.2013.2280645

Liu, Y. and Singh, C., "A methodology for evaluation of hurricane
impact on composite power system reliability", IEEE
Transactions on Power Systems, Vol. 26, No. 1, (2010), 145-152.
doi: 10.1109/TPWRS.2010.2050219

Bie, Z., Lin, Y., Li, G. and Li, F., "Battling the extreme: A study
on the power system resilience", Proceedings of the IEEE, Vol.
105, No. 7, (2017), 1253-1266. doi:
10.1109/JPROC.2017.2679040

Ouyang, M. and Wang, Z., "Resilience assessment of
interdependent infrastructure systems: With a focus on joint
restoration modeling and analysis", Reliability Engineering &
System  Safety, Vol. 141, (2015), 74-82. doi:
10.1016/j.ress.2015.03.011

Marnay, C., Aki, H., Hirose, K., Kwasinski, A., Ogura, S. and
Shinji, T., "Japan's pivot to resilience: How two microgrids fared
after the 2011 earthquake", IEEE Power and Energy Magazine,
vol. 13, No. 3, (2015), 44-57. doi: 10.1109/MPE.2015.2397333
Liang, L., Hou,Y., Hill, D. J. and Hui, S. Y. R., "Enhancing
resilience of microgrids with electric springs”, IEEE

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Transactions on Smart Grid, Vol. 9, No. 3, (2016), 2235-2247.
doi: 10.1109/TSG.2016.2609603

Pashajavid, E., Shahnia, F. and Ghosh, A., "Development of a
self-healing strategy to enhance the overloading resilience of
islanded microgrids", IEEE transactions on smart grid, Vol. 8,
No. 2, (2015), 868-880. doi: 10.1109/TSG.2015.2477601

Hussain, A., Bui, V.-H. and Kim, H.-M., "Optimal operation of
hybrid microgrids for enhancing resiliency considering feasible
islanding and survivability", IET Renewable Power Generation,
Vol. 11, No. 6, (2017), 846-857. doi: 10.1049/iet-rpg.2016.0820

Najafi, J., Peiravi, A. and Guerrero, J. M., "Power distribution
system improvement planning under hurricanes based on a new
resilience index", Sustainable Cities and Society, Vol. 39, (2018),
592-604. doi: 10.1016/j.5¢s.2018.03.022

Najafi, J., Peiravi, A., Anvari-Moghaddam, A. and Guerrero, J.
M., "Power-heat generation sources planning in microgrids to
enhance resilience against islanding due to natural disasters”, in
2019 IEEE 28th International Symposium on Industrial
Electronics (ISIE), (2019), 2446-2451. doi:
10.1109/ISIE.2019.8781415

He,Y., Shahidehpour, M., Li, Z., Guo, C. and Zhu, B., "Robust
constrained operation of integrated electricity-natural gas system
considering distributed natural gas storage”, IEEE Transactions
on Sustainable Energy, Vol. 9, No. 3, (2017), 1061-1071. doi:
10.1109/TSTE.2017.2764004

Chen, C., Wang, J., Qiu, F .and Zhao, D., "Resilient distribution
system by microgrids formation after natural disasters”, IEEE
Transactions on Smart Grid, Vol. 7, No. 2, (2015), 958-966. doi:
10.1109/TSG.2015.2429653

Yan, M., He, Y., Shahidehpour, M., Ai, X., Li, Z. and Wen, J.,
"Coordinated regional-district operation of integrated energy
systems for resilience enhancement in natural disasters”, IEEE
Transactions on Smart Grid, Vol. 10, No. 5, (2018), 4881-4892.
doi: 10.1109/TSG.2018.2870358

Paredes, R. and Duefias-Osorio, L., "A time-dependent seismic
resilience analysis approach for networked lifelines”, in
Proceedings of the 12th International Conference on Applications
of Statistics and Probability in Civil Engineering (ICASP12),
Vancouver, BC, Canada, (2015), 12-15. doi: 10.14288/1.0076219

Strbac, G., Kirschen, D. and Moreno, R., "Reliability standards
for the operation and planning of future electricity networks",
Vol. 1: No. 3, (2016), 143-219. doi: 10.1561/3100000001

Davis, C. M. and Overbye, T. J., "Multiple element contingency
screening”, IEEE Transactions on Power Systems, Vol. 26, No.
3, (2010), 1294-1301. doi: 10.1109/TPWRS.2010.2087366

Kelly-Gorham, M. R., Hines,P. and Dobson, I., “Using historical
utility outage data to compute overall transmission grid
resilience”, IEEE Transactions on Power Systems, (2019). doi:
10.1109/MEPS46793.2019.9395039

Henry, D. and Ramirez-Marquez, J. E., "Generic metrics and
quantitative approaches for system resilience as a function of
time", Reliability Engineering & System Safety, Vol. 99, (2012),
114-122. doi: 10.1016/j.ress.2011.09.002

Fotouhi, H., Moryadee, S. and Miller-Hooks, E., "Quantifying the
resilience of an urban traffic-electric power coupled system",
Reliability Engineering & System Safety, Vol. 163, (2017), 79-
94. doi: 10.1016/j.ress.2017.01.026

Nagarajan, H., Yamangil, E., Bent, R., Van Hentenryck, P. and
Backhaus,S., "Optimal resilient transmission grid design”, in
2016 Power Systems Computation Conference (PSCC), (2016),
1-7. doi: 10.1109/PSCC.2016.7540988

Ma,S., Chen, B. and Wang, Z., "Resilience enhancement strategy
for distribution systems under extreme weather events”, IEEE
Transactions on Smart Grid, Vol. 9, No. 2, (2016), 1442-1451.
doi: 10.1109/TSG.2016.2591885



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

M. Rezaei et al. / [JE TRANSACTIONS B: Applications Vol. 36, No. 05, (May 2023) 824-841 839

Gholami, A., Shekari, T., Aminifar, F. and Shahidehpour, M.,
"Microgrid scheduling with uncertainty: The quest for resilience",
IEEE Transactions on Smart Grid, Vol. 7, No. 6, (2016), 2849-
2858. doi: 10.1109/TSG.2016.2598802

Xiao, H. and Yeh, E. M., "Cascading link failure in the power
grid: A percolation-based analysis", in 2011 IEEE International
Conference on Communications Workshops (ICC), (2011), 1-6.
doi: 10.1109/iccw.2011.5963573

Xu, N., Guikema, S. D., Davidson, R. A., Nozick, L. K., Cagnan,
Z. and Vaziri, K., "Optimizing scheduling of post-earthquake
electric power restoration tasks", Earthquake engineering &
structural dynamics, Vol. 36, No. 2, (2007), 265-284. doi:
10.1002/ege.623

Anghel, M., Werley, K. A. and Motter, A. E., "Stochastic model
for power grid dynamics”, in 2007 40th Annual Hawaii
International Conference on System Sciences (HICSS'07), (2007),
103-113. doi: 10.1109/HICSS.2007.500

Fang, Y.-P., Pedroni, N. and Zio, E., "Resilience-based
component importance measures for critical infrastructure
network systems”, IEEE Transactions on Reliability, Vol. 65,
No. 2, (2016), 502-512. doi: 10.1109/TR.2016.2521761

Wang,Y., Zhao, S., Zhou, Z., Botterud, A., Xu, Y. and Chen R,
"Risk adjustable day-ahead unit commitment with wind power
based on chance constrained goal programming”, IEEE
Transactions on Sustainable Energy, Vol. 8, No. 2, (2016), 530-
541. doi: 10.1109/TSTE.2016.2608841

Teymouri, F., Amraee, T., Saberi, H. and Capitanescu, F.,
"Toward controlled islanding for enhancing power grid resilience
considering frequency stability constraints”, IEEE Transactions
on Smart Grid, Vol. 10, No. 2, (2017), 1735-1746. doi:
10.1109/TSG.2017.2777142

Baringo, L. and Conejo, A. J., "Wind power investment: A
Benders decomposition approach”, IEEE Transactions on
Power Systems, Vol. 27, No. 1, (2011), 433-441. doi:
10.1109/TPWRS.2011.2167764

Gil, E., Aravena, I. and Cérdenas, R., "Generation capacity
expansion planning under hydro uncertainty using stochastic
mixed integer programming and scenario reduction”, IEEE
Transactions on Power Systems, Vol. 30, No. 4, (2014), 1838-
1847. doi: 10.1109/TPWRS.2014.2351374

Jin, S., Botterud, A. and Ryan, S. M., "Temporal versus stochastic
granularity in thermal generation capacity planning with wind
power", IEEE Transactions on Power Systems, Vol. 29, No. 5,
(2014), 2033-2041. doi: 10.1109/TPWRS.2014.2299760

Johnston, J., Henriquez-Auba, R., Maluenda, B. and Fripp, M.,
"Switch 0.2: a modern platform for planning high-renewable
power systems”, SoftwareX, Vol. 10, (2019). doi:
10.1016/j.s0ftx.2019.100251

Chen, Q., Kang, C., Xia, Q. and Zhong, J., "Power generation
expansion planning model towards low-carbon economy and its
application in China", IEEE Transactions on Power Systems,
Vol. 25, No. 2, (2010), 1117-1125. doi:
10.1109/TPWRS.2009.2036925

Hu, Q., Huang, G., Cai, Y. and Huang, Y., "Feasibility-based
inexact fuzzy programming for electric power generation systems
planning under dual uncertainties", Applied Energy, Vol. 88, No.
12, (2011), 4642-4654. doi: 10.1016/j.apenergy.2011.06.004

Pereira, A. J. and Saraiva, J. T., "A decision support system for
generation expansion planning in competitive electricity
markets"”, Electric Power Systems Research, Vol. 80, No. 7,
(2010), 778-787. doi: 10.1016/j.epsr.2009.12.003

131.Dehghan, S., Kazemi, A. and Amjady, N., "Multi-objective robust

transmission expansion planning using information-gap decision
theory and augmented e-constraint method", IET Generation,
Transmission & Distribution, Vol. 8, No. 5, (2014), 828-840.
doi: 10.1049/iet-gtd.2013.0427

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Ploussard, Q., Olmos, L. and Ramos, A., "A search space
reduction method for transmission expansion planning using an
iterative refinement of the DC load flow model”, IEEE
Transactions on Power Systems, Vol. 35, No.1, (2019), 152-162.
doi: 10.1109/TPWRS.2019.2930719

Lumbreras, S. and Ramos, A., "The new challenges to
transmission expansion planning .Survey of recent practice and
literature review", Electric Power Systems Research, Vol. 134,
(2016), 19-29 .doi: 10.1016/j.epsr.2015.10.013

Qiu,T., Xu, B., Wang, Y., Dvorkin, Y. and Kirschen, D. S.,
""Stochastic multistage coplanning of transmission expansion and
energy storage”, IEEE Transactions on Power Systems, Vol. 32,
No. 1, (2016), 643-651. doi: 10.1109/TPWRS.2016.2553678

Dehghan, S. and Amjady, N., "Robust transmission and energy
storage expansion planning in wind farm-integrated power
systems  considering  transmission  switching", IEEE
Transactions on Sustainable Energy, Vol. 7, No. 2, (2015), 765-
774. doi: 10.1109/TSTE.2015.2497336

Conejo, A. J., Cheng, Y., Zhang, N. and Kang, C., "Long-term
coordination of transmission and storage to integrate wind
power", CSEE Journal of Power and Energy Systems, Vol. 3,
No. 1, (2017), 36-43. doi: 10.17775/CSEEJPES.2017.0006

Zhang, X. and Conejo, A. J.,, "Coordinated investment in
transmission and storage systems representing long-and short-
term uncertainty”, IEEE Transactions on Power Systems, Vol.
33, No. 6, (2018), 7143-7151. doi:
10.1109/TPWRS.2018.2842045

Moreira, A., Street, A. and Arroyo, J. M., "An adjustable robust
optimization approach for contingency-constrained transmission
expansion planning”, IEEE Transactions on Power Systems,
Vol. 30, No. 4, (2014), 2013-2022. doi:
10.1109/TPWRS.2014.2349031

Chen, B., Wang, J., Wang, L., He, Y. and Wang, Z., "Robust
optimization for transmission expansion planning: Minimax cost
vs. minimax regret", IEEE Transactions on Power Systems, VVol.
29, No. 6, (2014), 3069-3077. doi:
10.1109/TPWRS.2014.2313841

Ruiz, C. and Conejo, A. J., "Robust transmission expansion
planning”, European Journal of Operational Research, Vol.
242, No. 2, (2015), 390-401. doi: 10.1016/j.ejor.2014.10.030

Chen, B. and Wang, L., "Robust transmission planning under
uncertain generation investment and retirement”, IEEE
Transactions on Power Systems, Vol. 31, No. 6, (2016), 5144-
5152. doi: 10.1109/TPWRS.2016.2538960

Minguez, R. and Garcia-Bertrand, R., "Robust transmission
network expansion planning in energy systems: Improving
computational performance", European Journal of Operational
Research, Vol. 248, No. 1, (2016), 21-32. doi:
10.1016/j.ejor.2015.06.068

Jabr, R. A., "Robust transmission network expansion planning
with uncertain renewable generation and loads", IEEE
Transactions on Power Systems, Vol. 28, No. 4, (2013), 4558-
4567. doi: 10.1109/TPWRS.2013.2267058

Akbari, T., Heidarizadeh, M., Siab, M. A. and Abroshan, M.,
"Towards integrated planning: Simultaneous transmission and
substation expansion planning”, Electric Power Systems
Research, Vol. 86, (2012), 131-139. doi:
10.1016/j.epsr.2011.12.012

Buygi, M. O., Shanechi, H. M., Balzer, G., Shahidehpour, M. and
Pariz, N., "Network planning in unbundled power systems",
IEEE Transactions on Power Systems, Vol. 21, No. 3, (2006),
1379-1387. doi: 10.1109/TPWRS.2006.873016

Yu, H., Chung, C., Wong, K. and Zhang, J., "A chance
constrained transmission network expansion planning method
with consideration of load and wind farm uncertainties”, IEEE



840

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

M. Rezaei et al. / [JE TRANSACTIONS B: Applications Vol. 36, No. 05, (May 2023) 824-841

Transactions on Power Systems, Vol. 24, No. 3, (2009), 1568-
1576. doi: 10.1109/TPWRS.2009.2021202

Braga, A. S. D. and Saraiva, J. T., "A multiyear dynamic approach
for transmission expansion planning and long-term marginal costs
computation”, IEEE Transactions on Power Systems, Vol. 20,
No. 3, (2005), 1631-1639. doi: 10.1109/TPWRS.2005.852121

Zhao, J. H., Foster, J., Dong, Z. Y. and Wong, K. P., "Flexible
transmission network planning considering distributed generation
impacts", IEEE Transactions on Power Systems, Vol. 26, No.3,
(2010), 1434-1443. doi: 10.1109/TPWRS.2010.2089994

Fang,Y., Pedroni, N. and Zio, E., "Optimization of cascade-
resilient electrical infrastructures and its validation by power flow
modeling"”, Risk Analysis, Vol. 35, No. 4, (2015), 594-607. doi:
10.1111/risa.12396

Choobineh, M., Ansari, B. and Mohagheghi, S., "Vulnerability
assessment of the power grid against progressing wildfires", Fire
Safety Journal, Vol. 73, (2015), 20-28. doi:
10.1016/j.firesaf.2015.02.006

Faghih, A. and Dahleh, M. A., "On Enhancing Resilience to
Cascading Failures via Post-Disturbance Tweaking of Line
Reactances", IEEE Transactions on Power Systems, Vol. 34,
No. 6, (2019), 4921-4930. doi: 10.1109/TPWRS.2019.2922288

Romero, N., Xu, N., Nozick, L. K., Dobson, I. and Jones, D.,
"Investment planning for electric power systems under terrorist
threat", IEEE Transactions on Power Systems, Vol. 27, No. 1,
(2011), 108-116. doi: 10.1109/TPWRS.2011.2159138

Panteli, M., Mancarella, P., Wilkinson, S., Dawson, R. and
Pickering, C., "Assessment of the resilience of transmission
networks to extreme wind events", in 2015 IEEE Eindhoven
PowerTech, (2015), 1-6. doi: 10.1109/PTC.2015.7232484

Arroyo, J. M. and Galiana, F. D., "On the solution of the bilevel
programming formulation of the terrorist threat problem”, IEEE
transactions on Power Systems, Vol. 20, No. 2, (2005),789-797.
doi: 10.1109/TPWRS.2005.846198

Motto, A. L., Arroyo, J. M. and Galiana, F. D., "A mixed-integer
LP procedure for the analysis of electric grid security under
disruptive threat”, IEEE Transactions on Power Systems, Vol.
20, No. 3, (2005), 1357-1365. doi: 10.1109/TPWRS.2005.851942

Motamedi, A., Zareipour, H., Buygi, M. O. and Rosehart, W. D.,
"A transmission planning framework considering future
generation expansions in electricity markets”, IEEE
Transactions on Power Systems, Vol. 25, No. 4, (2010), 1987-
1995. doi: 10.1109/TPWRS.2010.2046684

Tekiner, H., Coit, D. W. and Felder, F. A., "Multi-period multi-
objective electricity generation expansion planning problem with
Monte-Carlo simulation”, Electric Power Systems Research,
Vol. 80, No. 12, (2010), 1394-1405. doi:
10.1016/j.epsr.2010.05.007

Javadi, M. S. and Esmaeel Nezhad, A., "Multi-objective, multi-
year dynamic generation and transmission expansion planning-
renewable energy sources integration for Iran's National Power
Grid", International Transactions on Electrical Energy
Systems, Vol. 29, No. 4, (2019). doi: 10.1002/etep.2810

Jenabi ,M., Ghomi, S. M. T. F. and Smeers, Y., "Bi-level game
approaches for coordination of generation and transmission
expansion planning within a market environment”, IEEE
Transactions on Power systems, Vol. 28, No. 3, (2013), 2639-
2650. doi: 10.1109/TPWRS.2012.2236110

Mavalizadeh, H., Ahmadi, A. and Heidari, A., "Probabilistic
multi-objective generation and transmission expansion planning
problem using normal boundary intersection”, IET Generation,
Transmission & Distribution, Vol. 9, No. 6, (2014), 560-570.
doi: 10.1049/iet-gtd.2014.0278

Guerra, O. J., Tejada, D. A. and Reklaitis, G. V., "An optimization
framework for the integrated planning of generation and

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

transmission expansion in interconnected power systems",
Applied  Energy, Vol. 170, (2016), 1-21. doi:
10.1016/j.apenergy.2016.02.014

Zhang, N., Hu, Z., Shen, B., Dang, S., Zhang, J. and Zhou,Y., "A
source—grid-load coordinated power planning model considering
the integration of wind power generation”, Applied Energy, Vol.
168, (2016), 13-24. doi: 10.1016/j.apenergy.2016.01.086

Hu, Y., Bie, Z., Ding, T. and Lin, Y., "An NSGA-II based multi-
objective optimization for combined gas and electricity network
expansion planning", Applied Energy, Vol. 167, ( 2016), 280-
293. doi: 10.1016/j.apenergy.2015.10.148

Mufioz-Delgado, G., Contreras, J. and Arroyo, J. M., "Multistage
generation and network expansion planning in distribution
systems considering uncertainty and reliability", 1EEE
Transactions on Power Systems, Vol. 31, No. 5, (2015), 3715-
3728. doi: 10.1109/TPWRS.2015.2503604

Baringo L. and Baringo, A., "A stochastic adaptive robust
optimization approach for the generation and transmission
expansion planning”, IEEE Transactions on Power Systems,
Vol. 33, No. 1, (2017), 792-802. doi:
10.1109/TPWRS.2017.2713486

Unsihuay-Vila, C., Marangon-Lima, J. W., De Souza, A. Z,,
Perez-Arriaga, I. J. and Balestrassi, P. P., "A model to long-term,
multiarea, multistage, and integrated expansion planning of
electricity and natural gas systems", IEEE Transactions on
Power Systems, Vol. 25, No. 2, (2010), 1154-1168. doi:
10.1109/TPWRS.2009.2036797

Alizadeh, B. and Jadid, S., "A dynamic model for coordination of
generation and transmission expansion planning in power
systems"”, International Journal of Electrical Power & Energy
Systems, Vol. 65, (2015), 408-418. doi:
10.1016/j.ijepes.2014.10.007

Alizadeh, B. and Jadid, S., "Reliability constrained coordination
of generation and transmission expansion planning in power
systems using mixed integer programming”, IET Generation,
Transmission & Distribution, Vol. 5, No. 9, (2011), 948-960.
doi: 10.1049/iet-gtd.2011.0122

Khodaei, A. and Shahidehpour, M., "Microgrid-based co-
optimization of generation and transmission planning in power
systems", IEEE Transactions on Power Systems, Vol. 28, No. 2,
(2012), 1582-1590. doi: 10.1109/TPWRS.2012.2224676

Romero, N. R., Nozick, L. K., Dobson, I. D., Xu, N. and Jones,
D. A., "Transmission and generation expansion to mitigate
seismic risk", IEEE Transactions on Power Systems, Vol. 28,
No. 4, (2013), 3692-3701. doi: 10.1109/TPWRS.2013.2265853

Carrion, M., Arroyo, J. M. and Alguacil, N., "Vulnerability-
constrained transmission expansion planning: A stochastic
programming approach”, IEEE Transactions on Power Systems,
Vol. 22, No. 4, (2007), 1436-1445. doi:
10.1109/TPWRS.2007.907139

Nemati, H., Latify, M. A. and Yousefi, G. R., "Coordinated
generation and transmission expansion planning for a power
system under physical deliberate attacks", International Journal
of Electrical Power & Energy Systems, Vol. 96, ( 2018), 208-
221. doi: 10.1016/j.ijepes.2017.09.031

Vaziri, P., Davidson, R., Apivatanagul, P. and Nozick, L.,
"Identification of optimization-based probabilistic earthquake
scenarios for regional loss estimation”, Journal of Earthquake
Engineering, Vol. 16, No. 2, (2012), 296-315. doi:
10.1080/13632469.2011.597486

Cagnan, Z., Davidson, R. A. and Guikema, S. D., "Post-
earthquake restoration planning for Los Angeles electric power",
Earthquake Spectra, Vol. 22, No. 3, (2006), 589-608. doi:
10.1193/1.2222400

Shivaie, M., Kiani-Moghaddam, M. and Weinsier, P. D., "A
vulnerability-constrained quad-level model for coordination of



176.

177.

178.

M. Rezaei et al. / [JE TRANSACTIONS B: Applications Vol. 36, No. 05, (May 2023) 824-841 841

generation and transmission expansion planning under seismic-
and terrorist-induced events”, International Journal of
Electrical Power & Energy Systems, Vol. 120, (2020). doi:
10.1016/j.ijepes.2020.105958

Cervigni, R., Liden, R., Neumann, J. E. and Strzepek, K. M.,
"Enhancing the climate resilience of Africa's infrastructure: the
power and water sectors”, (2015).

Jayadev, G., Leibowicz, B. D. and Kutanoglu, E., "US electricity
infrastructure of the future: Generation and transmission
pathways through 2050", Applied Energy, Vol. 260, (2020). doi:
10.1016/j.apenergy.2019.114267

Rezaei, M., Askari, M. T., Amirahmadi, M. and Ghods, V.,
"Dynamic Multi-Level Generation and Transmission Expansion
Planning Model of Multi-Carrier Energy System to Improve
Resilience of Power System", Journal of Industrial Electronics
Control and Optimization, (2023). doi:
10.22111/iec0.2023.42385.1428

179.

180.

181.

Askari, M. T., Ab Kadir, M. Z. A., Hizam, H. and Jasni, J., "A
new comprehensive model to simulate the restructured power
market for seasonal price signals by considering on the wind
resources”, Journal of Renewable and Sustainable Energy 6,
No. 2, (2014). doi: 10.1063/1.4869141

Askari, M. T., Ab Kadir, M. Z. A., Tahmasebi, M. and Bolandifar,
E., "Modeling optimal long-term investment strategies of hybrid
wind-thermal companies in restructured power market", Journal
of Modern Power Systems and Clean Energy 7, No. 5, (2019),
1267-1279. doi: 10.1007/s40565-019-0505-x

Hosseini Mola, J., Barforoshi, T. and Adabi Firouzjaee, J.,
"Distributed generation expansion planning considering load
growth uncertainty: A novel multi-period stochastic model",
International Journal of Engineering, Transactions C: Aspects,
Vol.31, No. 3, (2018), 405-414. doi: 10.5829/ije.2018.31.03c.02

Persian Abstract

ol S

ey

Sllas 5 $5meb s Bua S 0l 4 e sl U g 5 ) tes Jhanrl Sl 5l U lacau (e 53 s Glagten S LT

S ecrl by sl S s L s cdas e LSCES 1) o s (S350l 31 e i JUES) 5 A slaaSd a5 S (S 31 il iUl

O S5 o i 0T (sla st i 5 Uaslnn o551l 5 s 5 psghe oot s i (l Sl 0391 56 (SUa (i g S 325 4ol o)l pod Qlimn sl (sla 4z

wau),i,A{uu..,-wl.xsdﬁwuboﬂswéﬂmu;ﬁénﬁgumﬁmszL;ud;;tﬁuw Sl e O Cins 5 o3 Lo plulis

5 A3l (Il edial Sl > Ll o 45 LS o 1S (6ol OBy Sn O3k L L 1 JUS 5 5w S3omeln Lol 5 e b o sladae

Olallas 5 miy 58 Gl 1y oy w53 g das o 13 G 550 1y (65 4ol DK dllas bl o gdle 3 58 eslanal Cilisee gla,ll oo I e S

s 5031 DB B g Slsls 5 sl OU e sl il 6 1 JUH 5 W55 an s ol Sl ege dlie (pl (g 53 &S e 5L e

&S a ) ooy



https://doi.org/10.22111/ieco.2023.42385.1428

