
OPTIMAL CONFIGURATION AND PLACEMENT
OF ENERGY STORAGE SYSTEMS TO

ENHANCE THE RESILIENCY OF RENEWABLE
ENERGY INTEGRATED ELECTRICAL

DISTRIBUTION GRID

A Thesis submitted to the
University of Petroleum and Energy Studies

For the Award of

Doctor of Philosophy

in

Electrical Engineering

By

Balaji Venkateswaran V

November 2020

Supervisor(s):

Dr. Madhu Sharma

Dr. Devender K. Saini

Department of Electrical and Electronics
Engineering,

School of Engineering
University of Petroleum & Energy Studies,

Dehradun Uttarakhand, India - 248007



OPTIMAL CONFIGURATION AND PLACEMENT
OF ENERGY STORAGE SYSTEMS TO

ENHANCE THE RESILIENCY OF RENEWABLE
ENERGY INTEGRATED ELECTRICAL

DISTRIBUTION GRID

A Thesis submitted to the
University of Petroleum and Energy Studies

For the Award of

Doctor of Philosophy

in

Electrical Engineering

By

Balaji Venkateswaran V

January 2021

Supervisor:

Dr. Madhu Sharma,

Sr. Associate Professor,

School of Engineering, UPES.

Co-Supervisor:

Dr. Devender K. Saini,

Assistant Professor (S.G),

School of Engineering, UPES.

Department of Electrical and Electronics
Engineering,

School of Engineering
University of Petroleum & Energy Studies,

Dehradun Uttarakhand, India - 248007



Declaration

I (l(x-lar(^ that thosis caititlod ̂ 'Optimal Coiifigui-atioii

(t PlaconuMit of Eiun'gy Storage Systems to eiihauee the

Resiliency of R(aie\vable Energy Integrated Electrical

Distrilmtion Grid" luis Ix^en prepared by me under

the guidance of Dr. Madhu Sharma, Sr. Associate

Professor, School of Engincxa'ing and Dr. Devender K
Saini. Assistant Professor SG, School of Engineering.

No part of this thesis has formed the basis for the award

of any degree or fellowship previously.

Balaji^^enkateswaran V

Department of Electrical and Electronics Engineering,
University of Petroleum and Energy Studies,
Dehradun, Uttarakhand, India - 248007

Date:





Abstract
In recent days, the integration of renewable-based distributed generators
(DGs) is increasing, mainly to decarbonize the grid, thereby achieving a
sustainable power grid. On the other hand, from the archives of National
Disaster Management Authority (NDMA), India, it is evident that the
country has faced several major disasters in the recent decade and this
trend is increasing. Comprising these factors into consideration, it is
essential to develop a sustainable distribution grid in the future, which
integrates energy storage devices to cater to both normal and extreme
conditions.

This thesis proposes novel strategies/techniques to improve the system
resiliency along with system flexibility of a renewable integrated
distribution system via optimal planning of energy storage units (ESUs).
The first part of the thesis focuses on reviewing various resiliency
improvement strategies mainly using ESUs, and methods applied to
analyze the system performance during emergency conditions. Henceforth,
this thesis proposes a generalized ESU planning methodology, which
enhances both the system flexibility and resiliency. Besides, this thesis
proposes a unique method to quantify the performance of the system
against short-term and long-term resiliency.

The second part of the thesis focuses on the optimal configuration of
ESUs to formulate hybrid ESUs (HESUs) and its placement across the
distribution system to improve the system flexibility by considering the
environmental and other practical constraints as the key variables. The
problem formulated to achieve the optimal configuration of HESU mainly
depends on the minimization of the overall environmental impact and
satisfying the required demand. Later, the formulated mixed-integer
nonlinear problem (MINLP), constrained with practical parameters such
as renewable purchase obligation (RPO), the land space required to install
HESU, and its associated cost and arbitrage cost (to generate revenue
from HESU) on top of grid performance parameters identifies the optimal
size and location of HESUs across the distribution system.

In recent days, the prospect of availability of either small-scale domestic
ESUs, also known as battery inverter set (BIS) or electric vehicles (EVs)
or standalone solar photovoltaic rooftops (SPVRs) or its combination
at home is high. Therefore, all these resources of power generation
and storage are considered as components of home battery inverters
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(HBIs). The third part of the thesis focuses on proposing resiliency
enhancement plans by combining both grid-side resiliency (which includes
large-scale ESUs) and demand-side resiliency (which includes BIS, EVs
and SPVRs). Initially, a generalized proactive framework for optimal
planning of ESUs against natural disasters is proposed, which combines
the grid-side (by using optimal ESU) and the demand-side (by using BIS
installed across the distribution system) by assuming the availability of
communication infrastructure to get the state of charge (SOC) level of
BIS. Later, a three-dimensional hardening methodology is proposed, which
includes underground cables (UCs), large-scale ESUs, and communication
infrastructure for HBIs. Since hardening involves significant capital
investment, it is essential to optimize the overall expenditure considering
the technical constraints and practical scenarios.

For better planning against natural disasters, it is essential to typically
identify the vulnerable substations and distribution lines of the network.
This is achieved by depicting the natural disaster and performing
vulnerability assessment, thereby the probability of failure of key
components are evaluated. With the results of vulnerability assessment as
input, the MINLP is solved by implementing the hybrid algorithm based
on meta-heuristic approach to achieve optimal hardening of the system.
In this thesis, earthquakes are considered as a major natural disaster.
Therefore, the real-world distribution system of Dehradun district,
Uttarakhand, India, which comes under seismic zone IV is considered for
this comprehensive study. From the case studies, it is proved that the
proposed approaches considerably improve the system performance under
both normal and extreme conditions.

As the significant outcomes, it is economical for the utilities to plan
large-scale ESUs by considering other small-scale energy storage devices
connected to the system like HBIs on top of grid-tied renewable energy
sources (RESs) to improve the overall system performance both during
normal and extreme conditions. Furthermore, it is evident from the
results that the optimally configured HESUs can appreciably reduce the
damage cost on the environment. To achieve the most appropriate planning
solution, extensive surveys have been conducted across Dehradun district
to identify the distribution of HBIs across the grid. Therefore, the
result of the optimal planning of ESUs is to be performed by considering
the vulnerability of the electrical infrastructure for improved system
performance during the emergency conditions. Besides, including the
capacity of HBIs in the distribution system can considerably increase the
energy served during the emergency conditions, thereby improving the
system performance.
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Chapter 1

Introduction

1.1 Overview and Motivation

Distribution system includes many components like substations,
transformers, feeders, branches, nodes, circuit breakers, disconnectors,
switches, protection devices, and other mechanisms to keep grid power
flow to consumers. Conventionally, as shown in Figure 1.1(a), power
flows from the utility to consumers through a distribution network. In
the late 20th century, many researchers have proposed electric power
generation within the distribution network via distribution generators
(DGs), considering various technical and environmental reasons. In
recent days, renewable-based DG integration is increasing to de-carbonize
the grid and to create a sustainable power grid, thereby keeping a low
depletion rate of fossil fuel.

Installation of wind and solar photovoltaic (PV) plants has increased
in India to increase the capacity of renewable energy capacity. The
world’s largest renewable energy expansion program of India is aiming at
introducing 175 MW of energy from RES till 2022 [1]. The introduction
of renewables into the distribution grid has increased flexibility; however,
it introduces various issues on the distribution grid, like stability, voltage
deviation, line congestion, reactive power requirements, and other power
quality issues. To address such problems and to create an interactive
distribution grid, European Distribution System Operator (EDSO)
proposed a future distribution grid as shown in Figure 1.1(b) [2]. Here,
despite the wind and PV integration in the distribution grid, energy
storage units (ESUs) play a vital role in energy management. The most
viable solution considered is to place ESU in the system, which can
typically store excess/surplus energy generated from the wind and can
reduce the power flow congestion in the lines, voltage deviations, and
spillage of wind power [3, 4]. However, the direct integration of ESUs
into the distribution grid provides many distinct advantages like peak
load shaving, strengthening the grid stability, increasing the probability
of survivability of critical loads in case of grid failure, and balancing the
forecasting deviations in renewable energy plants (REPs). For example, in
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India, TATA Power has established an ESU at Rohini substation with a
capacity of 10MW to manage the major challenges like peak management,
effective management of renewables, and power quality [5]. Therefore, it is
evident that placing ESUs in the distribution grid can improve the overall
performance of the grid.

Figure 1.1: (a).Conventional Power Distribution System. (b). Future
Power Distribution System

Considering the capital investment involved with the ESUs, it is economical
to place the optimal sized ESUs at optimal locations in the distribution
system [6]. The ESU technology preferred in most of the cases is
Lithium-ion considering its high-power density. In [7], the environmental
impact created by conventional sources and large-scale ESU (Lithium-ion
based) is analyzed by satisfying an energy demand of 1 MWh; where the
results are compared based on six ecological parameters like climate change
(kg CO2−eq), Photochemical Ozone formation (kg NOx−eq), Freshwater
Eutrophication (kg P-eq), matter formation (kg PM2.5−eq). From the
results, it is apparent that the impact created by the implementation
of large-scale ESU is significant for the two parameters. However,
characterization of ESUs is essential to mitigate the hazards caused
during the failure of cells [8]. Therefore, given the circumstances, ESUs
can carry out a significant role in improving grid performance with a
considerable impact on the environment. In general, the choice of ESU
technology considered is based on the electrical requirement, excluding the
environmental impact created by it while planning ESU [9]. Therefore, it
is essential to consider the climatic impact parameter for ESU planning
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along with other parameters mentioned in Table 1.1 [10, 11].

Table 1.1: Essential Parameters of Various ESU Technologies

ESU
Technology

Round
trip

Efficiency
(in %)

Range
of E/P
ratio

DOD
(in
%)

Climate
Impact(kg

CO2-eq/kWh)

Na-S 75 6 — 8 80 30
Na-NiCl 86 3 — 5 85 116

Vanadium
Redox

72 4 — 5 100 183

Pb-A 90 3 — 6 75 51.6
Li-ion 90 1 — 3 85 270.99

Further on, the frequency of occurrence of natural disasters has
undoubtedly increased significantly compared to the past. From the official
database of the National Disaster Management Authority (NDMA), India,
it is evident that the country has faced seven major natural disasters
between 1972 to 2000. However, this number has increased to nine between
2001 to 2010 and nineteen between 2011 to 2019 [12]. This increasing trend
mandates the power system planners to improve the system resiliency
at least by increasing the survivability of critical/priority-based loads.
There are two major classifications of resiliency enhancement such as (i)
hardening the system to improve the withstanding capacity against the
disaster and (ii) operational enhancement to increase the survivability
of at least critical/priority-based loads [13]. In general, measures like
installation of renewable-based DGs, installation of ESUs, mobilization of
repair crew, etc., strengthen the system, thereby improving the system
resiliency via hardening; and measures like microgrid formation, topology
reconfiguration, demand-side management, etc., improves the operational
resiliency of the system. [14–27]. However, in these methodologies,
there are possibilities of REPs, and ESUs failing to supply the expected
energy demand (EED) during the event (natural disaster), because of the
following: (i) failure of connected substations (ii) failure of distribution
lines connecting critical demand, and (iii) failure of REPs and/or ESUs.
Therefore, it is essential to design and place the REPs and ESUs by
considering the effect of natural disasters (location specified) on top of grid
parameters [28]. In [29], the proposed ESU planning strategy improves the
system resiliency, however the problem restricts to satisfy partial critical
loads.

In summary, the primary focus of improving resiliency is by channelizing
the available distributed generation sources and storage units via partial
hardening. In other words, the modified distribution system against
the natural disaster serves only partial critical loads via limited feeders.
Besides, there is less importance indicated for real-world constraints and
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environmental aspects while planning ESUs for the distribution system.

This thesis focuses on the consideration of factors such as real-world
constraints, environmental impact created by large-scale ESUs,
vulnerability of electrical infrastructures, and the importance of
considering the home battery inverters (HBIs) while planning ESUs
for the distribution system. The first objective of this thesis is to
develop the optimal configuration of ESUs to frame hybrid energy
storage units (HESUs) by considering the real-world constraints on top
of grid performance parameters for the renewable integrated distribution
system. The second objective is to develop an optimal ESU planning
methodology to enhance the short-term system resiliency under the
consideration of REPs and HBIs in the system. The last objective of
this thesis is to develop an optimized clustering model of the renewable
integrated distribution system to enhance the long-term system resiliency
by considering ESUs and HBIs spread across the system. In this thesis,
earthquakes are considered as a major natural disaster; therefore, all
the case studies are performed on a real-world distribution system of
Dehradun district, Uttarakhand, India which comes under seismic zone IV.

From the above-mentioned primary objectives, the succeeding research
questions have derived and addressed in the scope of this thesis:

• The optimal planning of ESU relies on real-world scenarios and
constraints. In this context, it is essential to determine the most
influencing practical parameters for ESU planning and to formulate
the same in the objective function. Besides, it is essential to
determine what is the impact of ESU on the environment.

• Furthermore, to utilize the large-scale ESU to its maximum potential
during emergency conditions (on the occurrence of a natural
disaster), it is necessary to develop a framework for optimal planning
of large-scale ESUs by considering the vulnerability of electrical
infrastructure against natural disasters. In this context, it is crucial
to identify how the optimally placed ESUs satisfy the energy demand
during emergency conditions. Moreover, it is essential to investigate
the merits of considering small-scale ESUs, i.e., HBIs for resiliency
studies. In other words, it is essential to investigate how to improve
demand-side resiliency.

• Conclusively, it is essential to explore whether the optimally placed
ESUs and the available HBIs can serve the maximum load of the
system under both normal and emergency conditions.

1.2 Contributions

• Unique methodology to quantify resiliency: A unique
methodology is developed which quantifies the performance of the
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system against short and long-term resiliency.

• A generalized framework for ESU planning is developed to
enhance both grid flexibility and resiliency. In this framework,
uncertainty parameters corresponding to REPs and load (both
general and storage loads), outage data, and weather data are
integrated to solve the formulated optimization problem using either
analytical or conventional or meta-heuristic approaches to derive the
optimal planning of ESU.

• Optimal planning of HESU: HESUs are optimally configured
by giving priority to the environment impact on top electrical
constraints. The configured model is then adapted to the formulated
optimal planning problem by which the grid flexibility has enhanced.
This problem is formulated with real-world parameters such as (i)
growth rate of renewable purchase obligation (RPO), (ii) growth
rate of demand and grid-tied RES, (iii) placing the electric vehicle
demand based on the survey conducted, (iv) availability of land and
its associated cost to install the ESU and (v) environmental impact of
ESU to obtain a realistic solution. The optimization problem is solved
by applying a hybrid algorithm developed based on adaptive particle
swarm optimization (APSO), binary particle swarm optimization
(BPSO), and linear programming (LP).

• Resiliency enhancement strategies: Combining both the
grid-side and demand-side strategies, two resiliency enhancement
schemes are proposed in this thesis. The first scheme proposes
a vulnerability constrained optimal planning of ESUs against
earthquakes. In this, the optimization problem formulated combines
the grid-side and demand-side strategies to formulate a mixed-integer
nonlinear problem (MINLP) and derives an optimal plan for overall
resiliency enhancement. In the second scheme, a three-dimensional
hardening methodology against earthquakes is developed by utilizing
underground cables (UCs), large-scale ESUs, and communication
infrastructure for HBIs. In this, the formulated MINLP problem
identifies the optimal hardening among grid-side and demand-side to
improve the energy served during emergency conditions. Here, the
effect of earthquakes on the electrical infrastructure is analysed using
the developed Monte Carlo based probabilistic disaster hazard model.

1.3 Thesis Outline

Further, the thesis is divided into following chapters:

Chapter 2 elaborates various methodologies proposed in the literature
which attempt to enhance both the grid flexibility and resiliency. In
particular, methodologies concerned with ESU planning are compared to
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derive the possibilities for improvement.

Chapter 3 introduces the theory behind power system resiliency and the
methods to quantify resiliency. Besides, a unique methodology derived to
quantify the system performance against short-and long-term resiliency is
discussed.

Chapter 4 introduces the necessity of modelling the uncertainties
associated with various parameters to derive the distribution system
model. Furthermore, the vulnerability of distribution system components
derived from the Monte Carlo based probabilistic disaster hazard model
is discussed. Finally, through a case study, the procedure to implement
the above-derived variables into the DigSILENT PowerFactory model is
discussed.

Chapter 5 presents how the optimization problem is formulated with
practical parameters & constraints for optimal planning of HESU to
enhance the grid flexibility. Furthermore, the optimal operation of ESUs
obtained by formulating an objective function based on arbitrage cost is
discussed.

Chapter 6 presents the optimal ESU planning methodology which
enhances both grid flexibility and resiliency. Here, two schemes were
formulated by considering the grid-side and demand-side strategies. In
both schemes, the optimization problem is formulated by considering
the vulnerability of electrical infrastructure. Moreover, the benefits of
improving demand-side resilience from the techno-economic viewpoint by
considering HBIs are discussed.

Chapter 7 concludes the thesis and provides future directions.
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Chapter 2

Literature Survey

This chapter typically focuses on the exhaustive survey carried on different
methodologies for optimal planning of large-scale ESUs integrated into the
distribution system. As an introduction, the integration of renewables
into the grid, its benefits, and challenges are discussed. Later, various
methodologies proposed in the literature towards optimal planning of ESUs
were discussed, and its performance is compared with respect to the results
presented in the literature.

2.1 Background Study

In recent years, considering the benefits, integration of REPs into the
distribution grid is in increasing trend. In India, the integration of solar
PV has increased by 370% in the last three years from around 2.6 GW to
more than 12.2 GW by the implementation of plug and play model [1]. The
Indian government has set the target as 175 MW for its power generation
from renewable energy sources until 2022. This target was planned to
achieve by installing various grid-tied solar PV plants (both rooftop and
surface mount), solar thermal plants, wind energy conversion systems, etc.
One of the ways implemented in India to achieve the target of solar PV
is through RPO. Concerning the guidelines from the ministry of new and
renewable energy (MNRE), the state electricity regulatory commission
(SERC) of Indian states has directed primarily the open access customers
having consumed a percentage of its total demand from renewable. For
example, in Tamilnadu, India, the RPO has been raised from 9.5% to
14% within two years (from 2016 to 2018) which include the RPO from
solar PV of 0.5% in the year 2016 which is increased to 5% in the year
2018 [30]. The number of solar PV installation, both rooftop standalone
and grid-tied has grown tremendously in the recent years and the amount
of PV injection into the power grid has become one of the major sources
of power generation.

The PV market is fragmented into two major divisions. The first one
includes large-scale grid-tied PV systems for utility applications which
are mounted on ground. The second one includes distributed PV system
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for industrial, commercial, and domestic applications which can be either
off-grid or grid-tied. In India, the power rating of commercial PV systems
generally varies from 5kW to 75kW and for industrial it is above 75kW.
For domestic PV system, the power rating is up to 5kW. These power
ratings can vary between Indian states. Therefore, it is evident that the
power injection from renewable is going to be increased drastically in
the coming years. While offering many benefits, renewable injection also
introduces a few challenges into the distribution grid like voltage deviation,
line congestion, reactive power requirement, etc. Studies in the literature
have proved that grid stability is affected by the level of PV penetration
into the distribution network [31]. Also, in the literature, authors have
suggested penetration level for the problem considered [32–34]. Indian
state renewable energy authorities have provided guidelines for penetration
level of solar PV. The penetration level of various states is shown in Figure
2.1, in some states, this limit is not specified. The penetration levels of
a few Indian states (which are above 30%), may lead the distribution
network to a marginally stable state. For this reason, in the case of solar
PV, the stability of the grid is improved by placing ESUs [35–38]. In
the case of wind electrical systems, the power generated is less compared
to the wind potential. The distribution system stability is affected by
wind power penetration essentially due to reactive power consumption,
change in X/R ratio, short-circuit capacity, energy fluctuations, and power
quality [39–45]. In [46], the concept of wind rooftop is investigated to
serve local demand.

Figure 2.1: Solar PV penetration level of Indian states

In earlier days, the level of penetration of renewables (wind energy) into
the power grid was limited and the utility claims the right to curtail
wind energy to avoid any violations of the system constraints. Instead
of spilling the surplus power generated, ESUs were deployed to store the
same. The size of the ESU is calculated based on the maximum power
spilled out during a specific hour [47]. Considering the capital cost of
ESU, a business model with high penetration of wind energy is developed
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which utilizes probabilistic optimal power flow (POPF) for minimizing the
hourly society cost from the electricity market and to maximize the wind
power utilization for scheduled time using the genetic algorithm (GA) [48].
Later, realizing the transformation of the distribution grid as shown in
Figure 1.1, grid-tied ESUs are introduced. Considering the concept of
reduced outages and the capital investment required, ESUs are optimally
placed across the distribution system. For better utilization of ESU, the
charging and discharging cycle length is optimized for each day using
the formulated MINLP problem. Considering the energy to power ratio
of various ESU technologies as shown in Table 1.1, it is evident that a
single ESU technology might not satisfy the desired demand due to its
limited operation. Therefore, hybrid ESU (two or more than two storage
technologies integrated together) must be configured based on energy to
power ratio. Since the planning of ESU can address a variety of purpose
it is being formulated as an optimization problem with some constraints.
Hence, it is essential to survey how the optimization problem is formulated
and the methods used to solve it. By reviewing the articles in the literature,
it is straightforward that the purpose of ESU planning can be categorized
into the following:

• Improving Intermittency of REPs

• Network Loss Minimization

• Power Quality Improvement

• Reliability Improvement

• Increase in Arbitrage Cost

• Improving Hosting Capacity

• Resiliency Enhancement.

Hence, in further subsections, problem formulation and methodologies
applied for ESU planning are discussed based on the above categorization.

2.1.1 Formulation of Optimization Problem

Optimal allocation, placement, and operation of ESUs in the distribution
system are some of the most promising solutions to enhance system
flexibility and resiliency. Hence, this problem is formulated as a
constrained multi-objective optimization problem. In this section, an
extensive study is carried out by reviewing various approaches followed
in formulating this problem with reference to the objective function
parameters, and its constraints.

In the literature, this problem is always formulated generally by recognizing
the combined cost of ESUs as the objective function and the technical
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parameters like bus voltage profile, short circuit limit, thermal limit of
the feeder as constraints [6]. Later, together with the system complexity,
the complexity of the objective function along with the constraints are
increased to identify the optimal location, allocation and operation of
ESUs under both normal and extreme conditions. A summary of decision
variables and its constraints used in formulating the optimization problem
is presented in Table 2.1 for the corresponding category.

In general, ESU with less energy to power ratio is mainly used for peak
management whereas the one with high energy to power ratio is used
to serve as a reserve power source in emergency conditions. Hence, only
a single ESU technology may not provide a complete solution for the
enhancement of grid flexibility and resiliency [49, 50]. From Table 2.1, it
is evident that the placement of ESUs in the distribution system mainly
aims to reduce the network loss, bus voltage deviation, line congestion,
and for proper management of integrated REPs. To enhance the resiliency
of the system using ESUs which are placed to improve the grid flexibility
(without considering the effect of a natural disaster), the operation of
ESUs is optimized i.e. the charging and discharging of ESUs are optimized
to increase the survivability of critical loads. Besides, to enhance resiliency
via hardening the ESUs were placed optimally in the distribution grids
mainly by considering the cost of load shedding, estimated cost of
power from the substation, and failure probability of distribution lines
constrained to increase the survivability of only critical loads.
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From the chosen decision variables and constraints in the literature, it is
apparent that the optimization problem is mainly formulated concerning
to electrical parameters and very less importance is given to practical
constraints such land availability in the obtained optimal location,
uncertainty in REPs and load, engagement of RPOs, and environmental
impact created by ESUs.

2.1.2 Methodologies designed for Optimal Planning
of ESUs

As mentioned, initially, the optimization of ESUs is performed to decrease
the spilled energy from renewable [47], later this method is also applied to
enhance system resiliency [14]. Hence, various methods employed to solve
both kinds of problems are illustrated here. There are various procedures
followed in the literature to solve this problem by using analytic,
conventional optimization, meta-heuristic, and hybrid combinational
optimization. Based on the formulation of the objective function and its
constraints mentioned in Table 2.1; the applicability of various algorithms
to solve problems such as siting, sizing, and operation of ESUs is listed
in Table 2.2 according to the problem categories. The prime objective
under normal conditions is to optimally place ESU by satisfying technical
and economic parameters considering various constraints. However, the
objective function under the disastrous condition is to enhance resiliency
by maximizing critical demand satisfaction.

In most of the articles mentioned in Table 2.2, RES is considered during
extreme conditions to increase the survivability of critical loads, but
considering the most realistic situation during extreme weather conditions,
authors of [23] have made RES out of service. In the ESU planning
methodology, it is essential to consider the effect of natural disasters on
the location where the ESU is to be placed. However, from Table 2.1
and Table 2.2, it is evident that most of the formulated problem did not
address the location constraint against natural disaster. Therefore, this
way of ESU planning might not satisfy the energy demand during extreme
conditions.
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2.1.3 Performance of the methodologies proposed in
the literature

The performance of the methodologies mentioned in the section 2.1.2 is
reviewed based on the value of objective function parameters mentioned
in Table 2.1. From the results obtained in the literature, these parameters
are broadly clustered into technical and economic parameters. Major
economic parameters are investment cost, cost of energy imported and
exported, cost of outages, and cost of outages. Major technical parameters
are the number of optimal locations to place ESU, total energy loss, voltage
deviation, and loss reduction. To understand the problem towards system
resiliency, two parameters are proposed in this thesis namely, direct impact
(DI) and indirect impact (IDI). These parameter are used to identify the
impact created by the optimization of ESU to enhance the system resiliency.

The parameter DI is defined as – “distinct efforts towards improving
the survivability of the load, and disaster data along with the restoration
strategy applied is fed back for further analysis which can be utilized for
future purpose” and the parameter IDI is defined as – “considering the
generation and demand level, part of the load is curtailed to ensure the
system stability and reliability. This is termed as IDI because, during
the event (any outage), a part of the system load is satisfied”. The
results of the optimization problem from various research articles based
on DI and IDI are listed in Table 2.3, along with the horizon (time of
event/operation) considered.

Each optimization results of various methodologies proposed in the
literature are categorized in terms of system resiliency using two impact
parameters as defined above; from which it will be easier to identify
the best suitable approach to enhance system resiliency. For easing the
comparison, Table 2.3 is clustered into three categories, namely standard
bus system, user-defined bus system, and real-time bus system. From
the point of the optimal number of ESUs considering the standard bus
system, with 13 to 15 nodes, the optimal number of ESUs is 5, which is
obtained using BDA [67]. For 30 nodes, the optimal number of ESUs is
six, which is obtained using combinatorial optimization with Bus Impact
Severity analysis and GA [71]. The optimal number of ESUs for 33 nodes
is 3, obtained by using the genetic algorithm and optimal power flow [97].
For large bus system, the optimal number of ESUs entirely depends on
the circumstances considered. For instance, in [57], IEEE 906 bus system
is considered; where the optimal number of ESUs obtained is two. This
is mainly due because the system considered has high renewable energy
penetration. In few articles, the maximum number of ESUs is fixed by
the authors; for example, in [69], the maximum number of ESUs to be
installed is set as 3. However, the optimal locations of three ESUs are
found using genetic algorithm.
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From sizing point of view, the optimal size of ESUs varies in the literature
even for the same system; because of the different load being considered.
Also, in few articles, authors have limited the size of ESU by assuming
the maximum and minimum limits. For example, in [69], the authors have
assumed that the total power of ESUs (sum of the power level of all ESUs)
is equal to 600 kW, and its energy storage capacity is considered to be 3
MWh.

From Table 2.3 and the above discussion, for small system (with fewer
nodes), benders decomposition algorithms prove to be promising in
obtaining an optimal number of ESUs; whereas, for larger node system,
genetic algorithm combined with optimal power flow algorithm and
NSGA-II algorithm is more suitable in finding the optimal location of
ESUs. This is evident from the literature that BD technique is applied
to solve ESU planning problem for standard system with less complexity
because this technique will get converged only if the subproblems are
convex in nature. For larger system it is complicated to decompose the
primary function into subproblems, which may be convex in nature. Also,
it is apparent from the literature that NSGA II sorts the population
into various non-dominated levels, which reduces the complexity of the
problem. Hence it can be better suitable to solve larger systems. For
optimal allocation of ESUs in a small network, genetic algorithm and
mixed-integer programming are best suitable; whereas for a larger system,
combinatorial algorithms (combining two algorithms) are more suitable.
For optimal operation, conventional optimization algorithms are more
appropriate.
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2.2 Closing Remarks

From the literature, it is clear that the decision variables and constraints
are chosen for the optimization problem mainly focuses on the electrical
parameters. For example, with the optimal planning methodology from
the literature, the ESU may satisfy the demand as required. However,
to achieve this, it is crucial to have adequate land space available for
installing the ESUs as per the planning. Since the emission from ESU
leads with significant damage to the environment, it is essential to consider
the environmental impact created during planning. The ESU location is
not constrained with the effect of the natural disaster. In other words, the
ESU placement problem in the literature does not highlight the effect of
natural disasters on the location in which the ESU is to be placed.

Therefore, to create an interactive grid which can withstand the impact
of natural disasters and the changing load pattern of present and future
scenario, it is crucial to redesign the planning methodology considering the
real-world decision variables and constraints applied for the distribution
grid.
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Chapter 3

Power System Resiliency

This chapter introduces the concept of power system resiliency, various
ways to recognize the system performance during emergency condition.
A unique method proposed to quantify the system performance for short-
and long-term resiliency is discussed. Besides, a proactive methodology is
proposed to enhance the system resiliency using ESUs. This chapter is
based on journal publication [28].

3.1 Introduction

The electric grid is a widely spread asset which has a great impact on
the livelihood of the people. Therefore, it is essential that the power
grid recovers as quickly as possible with minimal damage after any
outage (including both intentional and unintentional). In recent years,
the occurrence of natural calamities has increased compared to the past
due to many reasons. From the database, it is evident that the power
distribution system is more vulnerable against disasters. This situation
mandates power system planners to improve the system resiliency which
leads to serve at least the critical loads of the system during emergency
condition. In this view, many researchers have attempted to enhance
the resiliency considering various disasters such as windstorms, floods,
wildfires, earthquakes, and icing. In some articles, the authors have
enhanced the system resiliency by considering a generalized outage due to
disaster [20, 22,24,104].

In [103], available microgrids across the distribution system have been
utilized to improve the system resiliency via minimizing the loss of
load during the hurricane. Here, the intensity of the hurricane and its
uncertainty is modeled to identify the possible affected lines across the
system. In [102], an operational strategy to enhance the resiliency of
a distribution system against wildfires is proposed. Here, an optimal
operation of the system during the event is achieved by minimizing the
load shedding cost, generation of microturbines, the cost of grid power,
and start-up and shut-down cost of microturbines by considering the
uncertainty of wildfires. In [111], a system restoration scheme against
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floods modeled using rainfall and wind speed data is proposed. Here,
the uncertainty of the flood is introduced using Sequential Monte-Carlo
simulation and thereby the component to be restored is identified. In most
of the articles, the system resiliency enhancement strategy is proposed for a
defined or targeted emergency response time (ERT). Typically, the system
resiliency is enhanced based on parameters such as load loss probability
(LOLP), expected energy not satisfied (EENS), line outages during the
event (ELO) [112, 113]. To improve the understanding of power system
resiliency, its definition and parameters to quantify resiliency are discussed
further.

3.2 Definitions for Resilience

The term resilience originates from a Latin word “resilio” which refers
to the ability of an object to recover or regain to its original state
or situation after exposing to an event. The concept of resilience is
defined in many fields like Infrastructure, economic, social, organizational
systems. For instance, in economic systems the resilience is defined as
“the response to hazard that enables people and communities to avoid some
economic losses at micro-macro market levels. It is the capacity for the
enterprise to survive and adapt following market or environmental shocks”.

In the context of power system, the definition for resiliency given by the
IEEE task force is “the ability to withstand and reduce the magnitude
and/or duration of disruptive events, which includes the capability
to anticipate, absorb, adapt to and/or rapidly recover from such an
event” [114]. Apart from this, UK Energy Research Center defines
resilience as “the capability of the power system to endure turbulence
and continue to provide energy services by quickly recuperating from
disturbance” [115]. National Infrastructure Advisory Council (NIAC)
defines a more generic definition of resilience applicable to any critical
infrastructure which considers the lessons learnt from destabilizing events
and adjust the system’s operation; and it also proposes a framework
to restrain the effect of event in the future. Apart from this, NIAC
proposes the main properties of resilient grid such as resistance, reliability,
redundancy and recovery [116]. The Stockholm resilience center, Sweden
defines resilience of a system is its ability to continually change and adapt
yet stay within critical thresholds [117]. The United Nation-International
Strategy for Disaster Reduction, Geneva, defines resilience as the system’s
ability which is exposed to an event, to adapt through resistance or change
to attain and retain a reasonable performance [118].

There are many definitions provided in the literature and are interminable;
nevertheless, most of them focus on the system’s anticipatory capability,
absorb the disturbance created by the event and recover from the shocks
created by the event. Therefore, it is evident that a resilient power system
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should anticipate the event resulting from severe weather conditions,
absorb the event i.e. the ability of the system to minimize the damage
brought by the event, recover from the event i.e. the ability to modify its
damaged functions resulted from the event and also prepare itself for the
upcoming event.

With reference to power system reliability, many attempts were made
in literature to differentiate resilience from the reliability. Traditionally,
the power system is mainly driven by reliability indices through normal
conditions and expected emergencies. Figure 3.1 shows the important
differences between reliability and resilience.

Figure 3.1: Comparison of main features between Reliability and Resilience

3.3 Comparison of Risk and Resilience

Framework

Generally, in power system, based on the type of hazard and vulnerability
of the system, risk assessment will be performed in the context of both
system behavior and the physical characteristics as shown in Figure 3.2.
This figure shows the conceptual PAR risk assessment framework proposed
by Wisner [119]. Here, the disturbance caused by the event is categorized
under four different parameters like probability of the disturbance, severity
of the disturbance, system vulnerability and the system capacity which can
absorb the disturbance. Therefore, understanding the nature of risk and
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its consequence and the disturbances created to the system is a part of risk
assessment procedure.

Figure 3.2: Conceptual PAR risk framework

In the context of power system resilience, in addition to the risk assessment,
it is essential to frame the timely actions to be performed to protect
the operational capability of the system against risk, perturbations and
threats. Therefore, as mentioned in the previous section 3.2, the power
system resilience must be more holistic, rigorous and dynamic than the
risk assessment procedure. A comparison between resilience framework
and risk assessment framework is shown in Figure 3.3 [120].

Figure 3.3: Comparison of Risk Analysis Framework and Resilience
Framework

From Figure 3.3, it is evident that on top of the knowledge about the
probability and severity of the hazard, it is essential to understand that
how long the system will be exposed to the hazard. For example, longer
the duration of disaster, the damage caused on the grid will be more.
Therefore, the resilience of the system mainly depends on the reaction
time followed by an event. In other words, a resilient power system must
have the time-dependent characteristics like durability, survivability and
self-healing. However, it is very difficult to predict the time duration
for which the system will be exposed to an event. Therefore, in most
of the resiliency enhancement strategies mentioned in the literature (as
explained in the next section 3.4), the system performance is improved for
the targeted exposure time.
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3.4 Resiliency Enhancement Strategies

There are many preventive and restorative strategies/plans proposed in
the literature to enhance the system resiliency. Most of the power system
planner across the world realized the necessity of taking measures to
enhance the system resilience against HILP events. The most popular
strategies proposed in the literature are based on grid partitioning i.e.,
breaking the distribution system into many islands thereby by building
AC and DC microgrids via adopting renewable based distribution system
using intelligent control systems. These measures are broadly classified
into two categories such as short-term and long-term. The measures taken
towards improving short-term resilience are (i) proper weather forecast
at the location and its severity aiming to minimize the generation in
the most vulnerable areas, (ii) Implementing high number of recovery
crews to act as quickly as possible, (iii) providing the backup for critical
equipment for rapid replacement and (iv) other preventive actions. The
measures taken towards improving the long-term resilience mainly focuses
on grid hardening. In other words, increasing the strength of the system
by implementing underground cables, building more transmission lines or
relocation of transmission lines in the less-effected areas and demand side
management by including the energy storage systems. These measures are
largely focused on utilizing the available resources across the system.

In [121], the resilience of a microgrid which consist of REPs like solar PV,
wind generators, microturbines, fuel cells and one main storage unit. Here,
the resilience of the system is improved by coordinated operation between
the EVs (utilized as the storage system) and the demand. In [26], the load
restoration method based on microgrid formation is proposed to enhance
the system resiliency. Here, the microgrid formation problem is formulated
as MINLP problem by considering the power loss, voltage constraints,
power balance and operational feasibility. In [27], a dynamic microgrid is
formed based on MINLP problem which optimizes the various technologies
like REPs, ESUs and other DGs within the microgrid. In [122], an optimal
sizing and siting of ESUs and Solar PV is proposed to improve the system
resilience by considering the investment and operation cost, electricity
demand, and the power generated from non-black start generators. In [14],
the system resilience is enhanced by optimal allocation of wind turbines and
the reconfiguration of the system by considering the failure probabilities of
system components due to natural disaster. Here, the optimization problem
is formulated by considering the cost of load shedding, power generation
and hardening cost of transmission lines constrained with power balance,
power flow, current limits and system radiality. Therefore, it is evident that
most of the enhancement strategies utilizes the available energy resources
to form microgrids for coordinated demand response as shown in Figure
3.4 [120].
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Figure 3.4: Microgrid Formation to enhance system resilience

3.5 Metrics to Quantify Resiliency

There are various ways in which the system resiliency can be enhancement;
however, the performance of the enhancement strategy proposed is
validated using the resiliency metrics. However, there is no clear
methodology or set of metrics which quantifies the hardening and
operational resiliency [123]. In the literature, many metrics to measure
the system performance are proposed based on the resilience triangle and
resilience trapezoid as shown in Figure 3.5 and 3.6, respectively [124–126].
In Figure 3.5, the triangle depicts the loss of the system functionality
during the event. In other words, a fully functional system fails to serve
the demand of the system from the time of event occurrence (toe) and
continues to recover throughout the event and becomes fully functional
at the end of the interruption (tee). The area of the triangle highlighted
in Figure 3.5 indicates the energy demand is not satisfied during the
event. Hence, a system having less triangular area is more resilient. In the
resilience triangle approach, the slope of the hypotenuse defines how fast
the system is being recovered by implementing the enhancement strategy.
Although this approach can effectively apprehend the recovery of the
system after an event, it fails to capture the critical dimension on how fast
the system degrades once the disaster hits the infrastructure.

The traditional resilience triangle is extended to resilience trapezoid by
introducing multiple phases to be faced by the power system during
the event, such as disturbance progress, degraded system state, and
restoration state [127]. The ideal expectation and practical system
performance during the multiphase are shown in Figure 3.6. The shape
of the triangle’s hypotenuse and the lateral side of the trapezoid can vary
depending on the effectiveness of the resiliency strategy (both operational
and hardening). For instance, by implementing the effective hardening
resiliency, system degradation level decreases and thereby the slope of
the lateral side of the resilience trapezoid decreases. The main idea
of a resilient grid is to serve the demand without much change in the
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Figure 3.5: Resilience Triangle

Figure 3.6: Ideal and Practical Resilience Trapezoid

system performance even during the event. Since the idea of enhancing
power system resiliency is in its initial phase and there needs to be more
awareness created and fund to be raised by the utility, the notion of a
resilient power grid is restricted to serve at least critical loads such as
hospitals, water pump houses, community centers (where the disaster
affected people are accommodated) and priority loads.

As mentioned earlier, to quantify the resilience of the system, it is crucial
to define a set of metrics to analyze the system performance during various
phases of the resilience trapezoid. In [123], a four set of metrics is defined
reflecting the resilience trapezoid called as FLEP, which defines ‘how fast’,
and ‘how low’ the system performance drops and ‘how extensive’ and
‘how promptly’ the system performance improves. Here, with reference to
operational resiliency, the metric ‘how fast’ and ‘how promptly’ represents
the demand satisfaction aimed for a particular period (in hours), i.e., in
MW/hr, the metric ‘how low’ represents the total system performance in
MW and metric ‘how extensive’ represents the time for which the system
faces the disaster in hours. With reference to hardening resiliency, the
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metric ‘how fast’ represents the number of equipment going out-of-service
for a particular time, the metric ‘how promptly’ represents the number
of equipment restored for a particular time period, and the metric ‘how
low’ represents the total number of equipment going out-of-service. Apart
from these, different reliability indices such as LOLP, EDNS as given in
equation 3.1 and 3.2 respectively have also been proposed to quantify the
system resilience [112].

LOLP =
∑

exi∈Sex

Pexi (3.1)

EDNS =
∑

exi∈Sex

PexiCexi (3.2)

where exi represents the ith extreme event, Pexi represents the probability
of the power grid facing an extreme event exi, Cexi represents the load
curtailed during the extreme event exi and Sex represents the set of extreme
events.

3.6 Novel Approach to Quantify Resiliency

In this thesis, a novel way to quantify the resiliency is conceptualized for
short and long term resiliency in terms of system state curve as shown
in Figure 3.7. This figure shows two curves; the red curve represents
long-term and the green curve represents short-term resiliency. Here, the
solid line (in both the curves) represent the impact on system without
resiliency planning whereas the dotted one represents the impact on system
with resiliency planning. The presented curve is based on three time zones
viz. event time (time of event/disaster), dead time (time for which the
system remains degraded after the event), restoration time (time taken to
restore the system to normal condition). The line ‘ab’ to ‘bc’ represents the
system behavior during event occurrence; the line ‘cd’ represents the dead
time occurs post event; the line ‘de’ represents the system restoration time.

From Figure 3.7, it is evident that short-term and long-term resiliency
can be enhanced by increasing the area of “abcdefgh” and “ABCDEFGH”
respectively. To improve the area, three possibilities are in hands viz.
decreasing the slope of the line ‘bc’ & ‘BC’, increasing the slope of line
‘de’ & ‘DE’ and by increasing the length of the line ‘ab’ & ‘AB’ whereas
the length of line ‘ef ’ & ‘EF’ depends on the slope of ‘de’ & ‘DE’ as the
position of ‘d’ & ‘f ’ are constant. The length of line ‘ab’ can be increased
by improving the reliability and stability of power system components,
whereas the length of ‘AB’ can be increased by improving flexibility,
reliability, stability, and hardening of the network. The slope of line ‘bc’
can be made sluggish by satisfying the critical loads during event time
(without any disturbances). The slope of ‘BC’ can be made sluggish by
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Figure 3.7: System State curve for short- and long-term resiliency

intelligent operation of optimally placed sectionalizers for survival of loads
based on priority. Similarly, the slope of line ‘de’ & ‘DE’ can be improved
by enhancing the developed strategies to be deployed for restoration of
the system.

To implement the above points for resiliency enhancement of distribution
grid, generalized procedure followed are (1) distribution grid modeling,
(2) modeling of disaster (or event), (3) choice of design to handle the
disaster, (4) identify the best scenario which can handle the disaster using
optimization algorithms [128].

3.7 Proposed Methodology

As discussed earlier, resiliency enhancement can be achieved via developing
operational and hardening strategies. From Chapter 2, it is clear that
resiliency can be improved by planning ESUs for the distribution system.
Since the planning methodologies mentioned in the literature refers mainly
to enhance the survivability of critical loads during the extreme condition,
the overall energy served remains low. Therefore, to reach the ideal
state mentioned in Figure 3.6, it is essential to redesign the methodology.
In other words, ESU planning must be done to improve the overall
performance of the distribution grid during any situation (both normal
and extreme conditions). This is essential because, in the literature, the
resiliency enhancement using ESU placement can satisfy critical loads only
for a particular horizon, after which ESUs may not be able to satisfy the
demand. On the other hand, conventional ESU planning for improving the
stability, loss minimization, arbitrage cost, etc., may not operate as desired
during extreme conditions. Considering this, a generalized methodology is
proposed which can be applied to solve both kinds of the problem (normal
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& extreme condition) for a system; which is shown in Figure 3.8.

Figure 3.8: Flowchart of Generalized Methodology to enhance system
flexibility and resiliency

The proposed conceptually designed steps to enhance flexibility and

41



CHAPTER 3. POWER SYSTEM RESILIENCY 42

resiliency are hereunder:

1. Collecting the distribution system data required for load flow, e.g.
bus data, line data, capacity, and location of RES installed, if any,
etc.

2. Modeling of the system load & load variations by using IEEE RTS-96
[129], CREST demand model [130], or by considering a fixed range
of demand.

3. Designing the system for normal condition and extreme condition, if
for normal condition goto step 9 and for extreme condition designing
(resilient system) go to step 4.

4. Collect weather data, disaster data (number of collapsed lines, poles,
transformers, substation equipment, etc.), capacity and location of
critical loads, and budget limits for the normal & resilient condition.

5. Develop system hardening strategies to enhance system resiliency by
introducing switches (to create adaptive system architecture), parallel
lines, enhanced communication, etc.

6. Evaluate the different strategies and identify a better suitable system
architecture concerning the disaster.

7. Choose any approach (as mentioned in Figure 3.8) to solve the
objective function of the optimization problem (under extreme
condition) for identifying potential location and allocation of ESUs to
maximize the survivability of critical loads constrained with electrical
parameters and budget limitation.

8. Update the optimal results in the database concerning the disaster.

9. Collecting the interruption data (i.e., outage time of the distribution
system’s component), budget limitation of ESU.

10. Perform load flow/OPF studies to calculate different objective
function parameters.

11. Choose any approach (as mentioned in Figure 3.8) to solve the
objective function of the optimization problem (under normal
condition) for identifying optimal location and allocation of ESUs
to enhance the flexibility of the system constrained with electrical
parameters.

12. Update the optimal results in the database.

The input data required for the proposed methodology are distribution
system data, load model (as mentioned in step 2 of the algorithm),
bus at which critical loads are connected, weather data, system
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withstanding capability for a particular disaster, budget limits, location
of switches/sectionalizers. With the help of this data, firstly, load flow
is performed to create a base case for the system’s performance during
normal conditions. Based on the objective function parameters and the
constraints chosen (from Table 2.1), a suitable optimization algorithm
(as mentioned in Figure 3.8) is used to minimize/maximize to obtain the
optimal size, location, and operation of ESU to address normal conditions.
The obtained result is stored in a normal condition database. Various sets
of strategies are created to address various events, assuming this as the base
case. Later, all these strategies are evaluated to minimize/maximize the
objective function using a suitable optimization algorithm (as mentioned
in step 7 of the algorithm) to obtain the best possible strategy to face a
particular event/disaster. The obtained results are stored in an extreme
condition database. This way a robust database is created using the
proposed methodology, which can improve the flexibility and resiliency of
the distribution grid.

3.8 Closing remarks

In this chapter, a unique conceptual method to quantify the system
performance against short and long-term resiliency is presented. With the
minimized intersecting area of the resiliency trapezoid, the system can be
more resilient. One of the solutions to minimize the area is to install ESUs
across the distribution grid. However, the methodologies applied for ESU
planning in the literature mainly focuses on the survivability of critical
loads. Furthermore, since most of these methodologies do not evaluate the
vulnerability of electrical infrastructure, the installed ESUs may fail during
the event. Therefore, a generalized methodology is proposed which can
enhance both the flexibility and resiliency of the distribution grid. With
the input parameters like load uncertainty, weather data, location of critical
loads, budget limitations, and other grid parameters in the proposed model;
the proposed methodology will enhance the overall system performance
during extreme conditions.
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Chapter 4

Distribution System Modeling

This chapter introduces the fundamental necessity of modeling the
uncertainty and vulnerability associated with the distribution system
towards the optimal planning of ESU. Furthermore, the uncertainty
followed to model the distribution system is elaborated. In addition,
Monte-Carlo based probabilistic disaster hazard model developed to identify
the vulnerable components of the distribution system like substations and
distribution lines is discussed. Finally, with a case study, the procedure
followed to model the derived uncertainty using DigSILENT PowerFactory
is discussed. This chapter is based on the journal publication [131, 132].

4.1 Introduction

In any planning activity, it is essential to model the uncertainties associated
with the decision variables to end up with feasible solutions. As discussed
in chapter 2, REPs and ESUs are integrated into the distribution system
to achieve various purposes as stated in Table 2.1. It is a recognized fact
that any renewable generations, especially wind and solar, are substantially
uncertain; and in the literature, ESUs are placed along with REPs to
cater to these uncertainties. In [38, 88], REPs and ESUs are optimally
placed in a distribution network using meta-heuristic algorithm to face
the uncertainty of REPs and to tackle the demand response. In [133],
a novel multistage model is proposed for distribution system planning
considering the uncertainties introduced due to wind turbines. Here, the
uncertainties are modelled based on the operational parameters such as
limits of current and voltage by framing chance constraints. It is also
expressed here that assuming a single probability distribution to address
wind uncertainty may not be realistic; therefore, the wind uncertainty is
represented using ‘distributionally robust’ chance constraints. In [134], the
uncertainty of wind generation is addressed based on various probability
distributions using the Kullback – Leibler diveregence measure. On the
other side, clustering techniques are used to decrease the complexity of
problems with high renewable uncertainty [135]. Since ESUs are directly
integrated into the distribution system, it is essential to determine its size
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and location mainly based on the uncertainties associated with load and
power generation from REPs.
Similar to uncertainty, it is equally significant to identify the vulnerable
substations and distribution lines of a distribution system. The REPs or
ESUs installed in the distributed network can serve the required demand
as developed; however, it is possible only if the substation to which it
is connected and the distribution line connecting this substation and the
demand are in operation. Therefore, the operation of critical electrical
infrastructures like substations and distribution lines are essential during
and after the event (natural disaster) to serve the demand. To ensure
the operation of these critical components, it is essential to derive its
vulnerability towards natural disasters. This can be achieved from the
vulnerability assessment of the distribution network. In [29], ESUs are
planned to satisfy the partial demand of critical loads considering the effect
of earthquakes on distribution lines. As mentioned earlier in chapter 1, the
natural disaster in this study is earthquakes. Therefore, in this chapter,
the vulnerability analysis of electrical infrastructures like substations and
distribution lines against earthquakes is discussed.

4.2 Uncertainty Modeling

TThe ESU planning is a decision-making problem and therefore it
is essential to consider the uncertainties related to load growth, load
fluctuations, power fluctuations of REPs, the growth rate of grid-tied
REPs, and influx of electric vehicles. The parameters like load fluctuation
and power fluctuations of REPs can be modelled using a probability
distribution function. However, in real-world scenarios, the growth rate
parameters are system dependent. Therefore, it is essential to initially
decide the system for which the planning is performed.

Once the distribution system is identified, the following data are essential
to identify the growth rate of general load, the penetration rate of REPs,
and the influx of electric vehicles on the distribution grid considering a time
period.

• number of electric vehicles introduced into the distribution grid each
year.

• charging time.

• density of electric vehicles across the distribution grid.

• number of grid-tied solar power plants installed each year along with
its capacity.

Parameters like the number of electric vehicles in operation (year-wise),
the source and time of the day (TOD) for charging, the power rating
of electric vehicles, and number of grid-tied REPs (here solar PV is
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considered) in operation (year-wise) are derived from the above data.
With these parameters, the average growth rate factors for grid-tied
solar PV, electric vehicles, and load demand are calculated using the
equation 4.1. In this equation, x represents the data corresponding to
the number of electric vehicles in operation, total demand, and total
grid-tied REPs installed at kth year. Using this growth rate factor (GF),
the future value (FV) of these parameters are found using the equation 4.2.

GF =
1

n

n∑
k=1

xk
xk−1

(4.1)

FV (xpre) = GF × xfnpre (4.2)

In this equation, xpre represents the present value, fn represents the future
number of years for which the estimated FV needs to be calculated. To
verify the reliability of the model represented by the equation 4.1 and
equation 4.2, the data is divided into two sets, where one set (70%) is
used to develop the GF and the other set (30%) is used to test FV. There
is a possibility for a significant difference in the electric vehicle density and
the distribution of grid-tied solar PV across the distribution grid. These
differences are found because of various reasons such as population density,
economic status, load density, etc. Therefore, it is essential to incorporate
these factors into the optimization model. Here the uncertainties of REPs
and load are modelled on their probabilistic behaviour.

4.2.1 Uncertainty of Solar PV Generation

The output power of the solar power plant majorly depends on the solar
irradiance. This parameter is modelled using a beta distribution function
as given by the equation 4.3.

PDFPV (xi) =

{
1

B(α,β)
× xα−1i × (1− xi)β−1, if xi ∈ [0, 1]

0, otherwise
(4.3)

where xi is the solar irradiance at the ith location in W/m2, B is the beta
function and α and β are the shape parameters of the probability density
function taking values greater than zero.

4.2.2 Uncertainty of Load

Load variations are mostly modelled using a normal probability
distribution. In this study, the real power demand is distributed
using a normal probability distribution, whereas the reactive power is
calculated using the average power factor of ith location (obtained from
the repository/survey). The probability distribution function of real power
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demand located at the ith bus is calculated using the equation 4.4. The
influx of electric vehicles into distribution is increasing with the market
scenario and environmental policies. In this study, the number of electric
vehicles connected to the distribution network (or the corresponding
demand) is distributed within a region using the normal probability
distribution given by the equation 4.5.

PDFD(Pi) =
1

σ[Pi]
√

2π
× e

−
(
Pi−E[Pi]

σ[Pi]
√
2π

)2

(4.4)

PDFEV (PEV =
1

σ[PEV ]
√

2π
× e

−
(
PEV −E[PEV ]

σ[PEV ]
√
2π

)2

(4.5)

where Pi represents the real power demand at the ith bus, PEV represents
the total electric vehicle demand in a particular region/cluster, E[] and σ[]
denote the expected or mean value and standard deviation respectively.

4.3 Vulnerability Assessment against

Earthquakes

The procedure to perform vulnerability assessment against earthquakes
is shown in Figure 4.1. Here, the historical earthquake data is obtained
from the seismic activity catalogue. From this, the moment magnitude
of the earthquake, its location (latitude and longitude), and the distance
from the epicentre to the hypocentre are derived. The effect of ground
acceleration due to an earthquake gets attenuated as it travels along
various soil types. Therefore, it is also essential to consider the soil
type in the seismic model. Here, to assess the effect of seismic activity
on electrical infrastructure (both substation and distribution lines), an
analytical relationship is characterized based on peak ground acceleration
(PGA). The algorithm proposed to estimate the potential risk due to
seismic hazard is as follows:

1. From the seismic catalog of the chosen region, categorize the severe
earthquake magnitude (Mw).

2. Determine the soil type, distance from the epicenter to the
hypocenter, and location of infrastructure, respectively.

3. Based on the historical data of the chosen region, develop a regression
model that reflects the relationship of attenuation.

4. From the standard fragility curves developed by the Federal
Emergency Management Agency (FEMA) for electrical
infrastructure, and the developed regression model, estimate
the potential damage probability.
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Figure 4.1: Procedure to perform Vulnerability Assessment against
Earthquakes

4.3.1 Modeling seismic activity

The estimation of seismic hazard is very essential for any infrastructure
planner. PGA is the most common tool for better estimation of seismic
hazard. The earthquake intensity varies from the hypocentre to the point of
a particular location due to the attenuation. It has been broadly accepted
that the soil type and geotechnical characteristics are the major factors for
the occurrence of high ground acceleration during earthquakes. In general,
the attenuation is modelled using regression analysis, which includes the
parameters such as the intensity of the earthquake, distance from the
surface (at the epicentre) to the hypocentre commonly known as depth,
and the distance between the equipment and the epicentre (fault location),
etc. A general regression model for attenuation is shown in the equation
4.6 [136].

ln(X) = c0 + c1F1(R) + c2F2(D) + c3F3(Mw) (4.6)

where X is the peak ground acceleration or spectral displacement in gals [g],
R is the distance between the epicentre and the location of the equipment,
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D is the distance between the epicentre and the hypocentre, Mw is the
moment magnitude and c0, c1, c2 & c3 are regression coefficients.

4.3.2 Fragility Model

Fragility models can be derived through various means such as (i) by
expert’s viewpoint, (ii) statistical models built from a large failure record
database, (iii) experimental or simulation-based characterization of specific
equipment under a series of shocks of various intensities, and (iv) mixed
model by combining the above methods [137]. The outcome of. This
model provides the probability of failure of the equipment (electrical
infrastructure) under the potential intensity of a hazard or disaster. To
derive better solutions, the damage caused on the infrastructure is classified
into none, minor, moderate, extensive, and complete; depending on the
intensity of the seismic activity. For a given level of seismic activity (X),
the level of damage is obtained through lognormal fragility curves, which
reflect the probability of attaining or surpassing a damaged state. The
fragility curve corresponding to the damage state is defined by its median
value of spectral displacement and lognormal standard deviation (βds) [138].
This probability of attaining or surpassing a particular damage state (ds)
is given in the equation 4.7.

P [ds|Sd] = φ

[
1

βds
ln

(
Sd

Sd,ds

)]
(4.7)

where Sd is the spectral displacement, Sd,ds is the median value of
spectral displacement, βds , is the standard deviation of the lognormal of
spectral displacement for a damage state ds, and φ is the standard normal
cumulative distribution function. In this thesis, the fragility model is
derived for electrical substations and distribution lines; the corresponding
fragility curves are shown in Figure 4.2(a) and 4.2(b) respectively.

4.3.3 Damage Probability of Electrical Infrastructure

For a maximum value of PGA, the probability of damage caused to the
electrical infrastructure is to be quantified. Estimation of the unavailability
of the substation due to the earthquake is equally important as the
estimation of the unavailability of overhead distribution lines which carry
power to the end-users; the reason being, the large-scale ESUs will be
connected to the grid via substations. Henceforth, in this thesis, the
overall damage probability of both substation and the distribution lines
is quantified based on the fragility curves corresponding to five different
damage states such as none, minor, moderate, extensive and complete.
The damage probability of each state of both substation and distribution
line can be defined as:

P (ds = no|X)SS|DL = Pno + Pmi + Pmo + Pex + Pco = 1 (4.8)
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Figure 4.2: The Fragility curves of (a) Electrical substation (b) Distribution
line

P (ds = mi|X)SS|DL = Pmi + Pmo + Pex + Pco (4.9)

P (ds = mo|X)SS|DL = Pmo + Pex + Pco (4.10)

P (ds = ex|X)SS|DL = Pex + Pco (4.11)

P (ds = co|X)SS|DL = Pco (4.12)

where the subscripts no, mi, mo, ex and co represents the damage state
such as none, minor, moderate, extensive and complete respectively.
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4.4 Monte-Carlo based Probabilistic

Earthquake hazard Model

The occurrence of earthquakes at any location is purely a random event
and therefore modelling earthquakes using the probabilistic approach might
be more realistic. For better infrastructure planning, it is essential to
consider all possible earthquake scenarios and therefore a Monte-Carlo
based probabilistic approach is developed in this thesis to evaluate the
vulnerability of substations and distribution lines. The procedure followed
to develop this model is explained as follows:

1. From the historical seismic catalogue, parameters such as moment
magnitude, its location (latitude and longitude), and distance from
the epicentre to the hypocentre are derived.

2. Using the data derived in step 1, evaluate the parameters such
as mean, standard deviation, and variance for the variables such
as earthquake magnitude, its location, and source to chosen site
distance.

3. Based on the statistical data obtained from step 2 characterize the
earthquake probability distribution function (PDF) for parameters
such as earthquake magnitude Mw, its location (Loc), source to
chosen site distance (R) as shown in the equation 4.13, 4.14, and
4.15 respectively.

PDFMw(Mw) =
1

σ[Mw]
√

2π
× e−

(
Mw−E[Mw ]

σ[Mw ]
√
2π

)2

(4.13)

PDFLoc(Loc) =
1

σ[Loc]
√

2π
× e−

(
Loc−E[Loc]

σ[Loc]
√
2π

)2

(4.14)

PDFR(R) =
1

σ[R]
√

2π
× e−

(
R−E[R]

σ[R]
√

2π

)2

(4.15)

4. With the PDF of earthquake parameters, generate n number
of possible earthquake scenarios for the chosen region using a
Monte-Carlo based approach.

5. Having the outcomes of step 4 as input parameters to the seismic
activity model, the spectral displacement or PGA in gals [g] is
evaluated.

6. With PGA as input to the fragility model of substation and
distribution line, all possible failure likelihoods of substations and
distribution lines are evaluated.
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The seismic activity model discussed in section 4.3.1 and the fragility curves
discussed in section 4.3.2 are used to derive the PGA values and failure
probabilities respectively for the Monte-Carlo based probabilistic hazard
model.

4.5 DigSILENT PowerFactory Model of

Distribution Grid – A Case Study

In this thesis, modelling of distribution system and performing optimization
studies are performed using DigSILENT PowerFactory 2019 SP2 (x64) and
Python 3.7. As mentioned earlier, the 156-bus practical distribution system
of Dehradun district, Uttarakhand, India, is chosen for all case studies.
With the line data and bus data, the distribution system is modelled
using PowerFactory and the same is shown in Figure 4.7 [139]. Once the
PowerFactory model of the distribution system is developed, it is essential
to introduce the variations and uncertainties of parameters such as loads
(both general and EV load), and power generation from REPs. The load
variation considered in this study during summer and winter is shown in
Figure 4.3 and the power variation of REPs (solar PV) due to the variation
in irradiance is shown in Figure 4.4. As mentioned earlier, to recognize the
uncertainty of the essential parameters, a survey has been conducted. From
this survey, it is observed that the electric vehicles are regularly charged
between 9 PM to 7 AM (for about 10 hours). For that reason, the hourly
scaling factor of EVs is given as EVsh ∈ [0, 1]∀h = 1, 2, ..., 7&21, 22, ...24.
These variations are introduced into the PowerFactory model by using
the time characteristics tool available in PowerFactory. For example, the
Figure 4.5 (a) represents the time characteristics tool through which the
load variations during summer or winter of ‘ACraft’ load connected to
‘Selaqui’ bus is modelled as shown in Figure 4.5 (b). As discussed earlier, to
introduce the uncertainty, probability distribution function corresponding
to the variables such as power generation from REPs, general load, and EV
load mentioned in equations 4.3 to 4.5 is utilized. This factor is introduced
into the PowerFactory model using the project distribution tool available
in PowerFactory. For example, the uncertainty of ‘ACraft’ load connected
to ‘Selaqui’ bus is modelled using normal distribution tool as shown in
Figure 4.6 (a) with the values of mean and standard deviation obtained
from survey as shown in Figure 4.6 (b). Similar procedure is followed
to introduce the uncertainty of other parameters into the PowerFactory
model. These variations can be introduced into the PowerFactory model
using either scaling factor variation or the demand/generation (in MW)
variation.
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Figure 4.3: Scaling factor of General Load during Summer and Winter

Figure 4.4: Scaling factor of Solar Power Plant

4.6 Closing Remarks

In this chapter, the necessity for distribution system modelling with the
uncertainties of REPs & load, and the vulnerability of the distribution
system components are presented. For ESU planning in any chosen system,
it is essential to identify the parameters which introduce the uncertainty
and vulnerability of system components for a particular earthquake activity.
It is also essential to make the ESUs placed by the planning methodology
to withstand the earthquake and serve the defined load. Therefore, it
is essential to place it either with increased structural strength in a
vulnerable zone or to avoid placing in the vulnerable zone. To identify
the vulnerable location for the components like substation and distribution
lines, it essential to characterize the earthquake. In this thesis, considering
the randomness of the event, a Monte-Carlo based probabilistic earthquake
hazard model is proposed. Modelling the outcome of this model in the
distribution grid, i.e., identifying the nodes and distribution lines along with

53



CHAPTER 4. DISTRIBUTION SYSTEM MODELING 54

(a)

(b)

Figure 4.5: Procedure to Introduce load variations in PowerFactory model

its probability of failure corresponding to an earthquake can lead to derive
the better optimal planning of ESUs. Modelling of uncertainty introduced
by REPs and load including general load and EV load is discussed.
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(a)

(b)

Figure 4.6: Procedure to introduce uncertainty in PowerFactory model
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Chapter 5

Practically Constrained
Optimal Planning of Energy
Storage Units

This chapter typically focuses on the optimal planning of ESUs in a
distribution network to improve the grid flexibility. Here, the objective
function of the optimization problem is formulated by considering the
real-world scenarios that may affect the location and size of ESU such as
(i) environmental impact, (ii) land requirement and its associated cost for
ESU installation and (iii) renewable purchase obligation (RPO) on top of
grid performance parameters. Here, the ESUs are optimally configured to
frame HESUs to minimize the overall environmental impact due to ESUs.
Furthermore, the uncertainty related to decision variables is modelled in the
objective function. This chapter is based on the journal publication [131].

5.1 Introduction

The world is witnessing climate change, an increase in environmental
pollution, and global warming, mainly due to the exploitation of energy
from fossil fuels. On the other hand, the trend of fossil fuel explorati
m on is decreasing, which makes to search for pollution less alternative.
One such way to produce energy is through renewables. This made
people across the world to invest in renewable technologies for power
generation. The integration of renewables into the grid introduces many
challenges because of its intermittent nature. Therefore, many researchers
proposed the integration of ESUs along with renewables can increase the
flexibility of both REPs and the distribution grid. Later, recognizing the
benefits of direct integration of ESUs like peak management, effective
management of renewables, and power quality, and considering the capital
cost involved, ESUs are optimally placed across the distribution system.
As mentioned in chapter 2, the methods proposed in the literature
considers mainly the electrical parameters, ignoring the practical variables
and constraints. In reality, the optimal locations obtained with these
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methods may be unsuitable for the installation of ESUs because of many
practical constraints; one such constraint is land availability. For a densely
population country like India, it is always a direct challenge to obtain
the space for placing electrical equipment mainly in a densely populated
location. Therefore, formulating the optimization problem inevitably
leaving behind these practical constraints may not lead to better planning.
This chapter elaborates the optimal ESU planning problem formulation
by considering the practical parameters and the methodology proposed to
solve the same. In this study, a practical 156-bus distribution system of
Dehradun district, India elaborated in chapter 4 is considered.

5.2 System Modeling

As mentioned in chapter 4, the distribution system is modelled considering
the uncertainty introduced by Solar PV, general load and EV. To estimate
the growth rate of parameters as discussed in section 4.2, a survey is
conducted across Dehradun district to identify (a) the number of electric
vehicles introduced into the distribution grid each year, (b) charging time,
(c) the density of electric vehicles across the district and (d) the number
of grid-tied solar power plants installed each year along with its capacity.
From the survey, there is a significant difference in the electric vehicle
density and the distribution of grid-tied solar PV across the district.
These differences were found because of various reasons such as population
density, economic status, load density, etc. Therefore, it is essential to
incorporate these factors into the optimization model. The distribution
network chosen for this study is spread-out on a mixed terrain which
consists of both plain and hilly areas, which also creates various challenges
of its own for ESU planning. Since the operational constraints differ with
respect to the terrain, population and specific activities in the location,
the network is clustered. In the forthcoming subsections, the network
clustering and selection of ESU technology to frame HESU were discussed.

5.2.1 Clustering of Distribution Network

Based on the survey, electric vehicles are rarely found at places of high
altitude and mostly found within city limits (at low altitudes). From the
experts’ suggestions, and considering the economic status of people, the
possibility of electric vehicles at high and medium-altitude regions of the
district are low. Therefore, this aspect should be modelled in the system
for which planning is to be performed. To introduce this, the chosen
distribution system is clustered based on latitude, longitude, mean sea
level (MSL), population, tourism index (TI), and load density using the
k-means algorithm [140]. Here, TI takes the value 1 if the ith location is
an identified tourist spot and 0 otherwise. Applying k-means clustering is
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effective for large datasets. However, the major drawback of the k-means
algorithm is the number of clusters for the clustering procedure has to be
provided in prior. Therefore, to address this issue, the cluster quality index
(CQI) is formulated as given by the equation 5.1, based on popular quality
measuring indices for clustering such as Silhouette index (SI) and Davies –
Bouldin index (DBI) [141]. Here, w1, w2 ∈ [0, 1] represents the importance
factor of SI and DBI, respectively. To get the optimal number of clusters for
a given data set, a methodology is followed as mentioned in the flowchart
shown in Figure 5.1.

Figure 5.1: Flowchart of the clustering method for mixed terrain network

CQI = SI−w1DBIw2 s.tSI,DBI ∈ [0, 1] (5.1)

The indices represented in the equation 5.1 are calculated using the
equations given below:
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S(j) =
y(j)− x(j)

max(x(j), y(j))
(5.2)

where x(i) is the average distance between the ith location and all other
locations within the cluster Ck and y(i) is the minimum average distance
between the ith location and all other locations in different clusters.
Therefore, the overall Silhouette index is calculated by using the equation
5.3.

SI =
1

Ltot

Ltot∑
i=1

(
1

Nc

Nc∑
j=1

S(j)

)
(5.3)

DBI =
1

Ltot

Ltot∑
i=1

max
i 6=j

(
X(i) +X(j)

dij

)
(5.4)

where Ltot is the total number of locations in a given set and Nc is the
number of clusters. The DBI index is calculated using 5.4. Where X(i)
and X(j) is the average distance between each location of cluster i & j
and centroid of that cluster respectively; dij is the distance between the
centroids of cluster i and cluster j.

5.2.2 Selection of ESU Technology

Estimates from expert reveals that nearly 55% of ESUs installed in the
world for peak management is mainly based on lithium-ion technology
considering its round trip efficiency, depth of discharge (DOD), and energy
to power ratio [8]. In general, the choice of ESU technology is only
considered based on the electrical requirement, ignoring the environmental
impact created by it while planning ESU [9, 142]. However, the ecological
impact due to Li-ion technology compared to other technologies is
significant. Therefore, it is essential to consider the climatic impact
parameter for ESU planning along with other parameters mentioned in
Table 1.1. It is evident from Table 1.1 that; Li-ion battery can deliver
high power to meet the peak management requirements. However, the
CO2 emission of Li-ion solvent is 12.5 kg CO2−eq, whereas for Na-S
battery, the CO2 emission level is 1.2 CO2−eq indicating high environmental
damage [143]. Since both battery technologies are commercially available
in the market, it is essential to redesign the ESU planning problem
based on environmental constraints. Therefore, it is required to find a
hybrid combination of battery technologies, which can satisfy the electrical
requirement with a minimized impact on the environment. Thus, in this
case, ESU technology is modelled with a hybrid configuration of Li-ion and
Na-S.
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5.3 Problem Formulation

5.3.1 REPs and Load Modelling

For better accuracy in optimal planning, it is essential to combine time
variation, GF, and uncertainty to create RES and load models. Here, the
hourly time variation of general load and solar PV are introduced by scaling
factors constructed using the historical data. The real power of the general
load and power generated from the solar PV plant connected at the ith
location (bus) at hour h of the day in f thn year is given by equation 5.5
and 5.6 respectively. As mentioned earlier, the reactive power is calculated
using the power factor. Moreover, it is assumed that the solar power plants
are operated at a constant power factor.

P i,h,fn
D = PDFD

(
FV (PD

pre(i))× Lsh
)

(5.5)

P i,h,fn
PV = PDFPV

(
FV (P PV

pre (i))× PVsh
)

(5.6)

where Ppre
D(i) and Ppre

PV (i) represents the present value of real power
demand and power generated from solar power plants, respectively, at the
ith location, Lsh and PVsh represents the hourly scaling factor of general
load and solar PV respectively. As mentioned earlier, the distribution of
electric vehicle load on the distribution system depends on the clustering.
From the survey and the outcome of clustering, it is apparent that the
cluster with a higher population and load density has comparatively more
electric vehicles. Therefore, in this case, the electric vehicle loads are
distributed in the cluster having a high population and load density as
given by the equation 5.7.

P i,h,fn
EV = PDFEV

(
FV (PEV

pre (iNc))× EVsh
)

(5.7)

where PEV
pre (iNc) represents the present value of electric vehicle power

demand at iNc location, EVsh represents the hourly scaling factor of electric
vehicle load, and Ch represents the charging hours of EV . This power is
distributed within a cluster about the EV distribution index (EVDI). As
mentioned earlier, this index is the ratio of the number of EV s in operation
for the selected cluster to the total number of EV s in operations. It is
assumed that the electric vehicle load is operated at a constant power
factor.

5.3.2 Optimization Problem

The objective function formulated for the optimization problem comprises
of five parameters, namely, the capital investment of HESU, operation and
maintenance cost of HESU, the land required to install the optimal HESU
and its associated cost, the price of environmental impact due to HESUs
and the grid performance parameters such as voltage deviation cost, cost
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of line loading, cost of apparent power loss are represented by equation 5.8
to 5.17.

PObj = [CHESU
I + CHESU

OM + CHESU
land + CHESU

env + CG
P ]× 365 (5.8)

where

CHESU
I =

NESU∑
i=1

CESU,i
PI + CESU,i

EI + CESU,i
FI (5.9)

CHESU
OM =

NESU∑
i=1

Nt∑
t=1

[[PSell,t×TSell,t−PPur,t×Tpur,t]+CESU
FOM×PESU

rated ] (5.10)

PHESU
rated =

NESU∑
i=1

[PESU,i] (5.11)

CHESU
land =

NESU∑
i=1

LCINb × CNb
land × A

ESU,i∀Nb (5.12)

CHESU
env =

NESU∑
i=1

Nt∑
t=1

[Pdis,t]× γESU,iemi × kenv (5.13)

CG
P = CNb

V D + CNl
LL + CNl

SP (5.14)

CNb
V D =

Nb∑
b=1

|VRated − V HESU
b | × kV D (5.15)

CNl
LL =

(
Nl∑
l=1

%LLHESU
)
× kLL (5.16)

CNl
SP =

√√√√(

Nl∑
l=1

(P 2
Loss,l +Q2

Loss,l)× kLoss (5.17)

The first term of the objective function presents the installation cost of
HESU, which includes power rating cost in $/kW − day, energy rating
cost in $/kW − day and fixed installation cost in $/kW − day. The
second term presents the operation and maintenance cost of HESU, which
comprises two components, such as the cost of energy trade and the fixed
price. The energy trade cost (in $/day) is defined as the difference in
cost between the energy sold and the energy purchased at any time t of a
day. As the city or an area witnesses the development, the value of the
land and its availability plays a vital role in the installation of HESUs,
which is represented in the third term of the objective function. The
same is calculated based on the price of the land in $/sq.m multiplied
by the physical size of HESU in sq.m. The value and the availability
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of the land are modelled with land cost index (LCI), which denotes the
category for the location of the land. Here, the original data of land
cost (in $/sq.m) is considered [144]. A significant part of the economy
of a country is spent on compensating the climate-driven damage [145].
Therefore, it is essential to consider the cost of environmental damage
created by HESUs, which is represented in the fourth element as the
cost of damage created by CO2 emissions from HESUs in $/day. The
last term of the objective function deals with the cost involved in HESU
affecting the grid performance. The time limit considered here is one
day on f thn year, and the operation cost is calculated for one day with
an interval of 15 minutes. However, the total cost is calculated for f thn year.

The proposed objective function is subjected to the following constraints:

Operational Constraints

The operational constraints of the distribution network are given from
equation 5.18 to equation 5.23, which includes the real and reactive power
balance, power flow equations, voltage limit, and line loading limits.

P i,t,fn
D +P

iNc ,t,fn
EV = P i,t,fn

PV +P i,t
HESU+P i,t

grid+P
t
loss∀ t = 1, · · · , Nt & i = 1, · · · , Nb

(5.18)

Qi,t,fn
D +Q

iNc ,t,fn
EV = Qi,t,fn

PV +Qi,t
HESU+Qi,t

grid+Q
t
loss∀ t = 1, · · · , Nt & i = 1, · · · , Nb

(5.19)

P i,t
flow = V i,t ×

∑
i,j∈Nb

V j,t (Gij cos θij,t +Bij sin θij,t) (5.20)

Qi,t
flow = V i,t ×

∑
i,j∈Nb

V j,t (Gij sin θij,t −Bij cos θij,t) (5.21)

Vmin < V b
t < Vmax ∀ b = 1, 2, 3, · · · , Nb (5.22)

LLlt < LLlmax ∀ l = 1, 2, 3, · · · , Nl (5.23)

HESU Constraints

The absorbed or injected power from HESU depends on its mode of
operation, namely charging and discharging mode [146]. This mode of
operation is constrained concerning the energy capacity limits, charging
power and discharging power limits, limits of the state of charge (SOC),
apparent power to be delivered, the maximum budget allocated, and
the energy to power ratio of individual ESU. Then the summation of
these constraints is considered as the constraints of HESU. Therefore, the
constraints of HESU are modelled as: both the charging and discharging
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mode of operation are represented by the equation 5.24 to equation
5.37, and budget limits, energy to power ratio and apparent power are
represented by equation 5.38, 5.39 and 5.40 respectively.

Charging Mode:

EHESU
t+1 =

NESU∑
i=1

EESU,i
t+1 ∀ t = 1, · · · , Nt (5.24)

EESU,i
t+1 = min

((
EESU,i
t −∆t× PESU,i

t × ηch,i
)
, EESU,i

max

)
∀ t = 1, · · · , Nt

(5.25)

PESU,i
min < PESU,i

t < PESU,i
max ∀ t = 1, · · · , Nt (5.26)

EESU,i
min < EESU,i

t < EESU,i
max ∀ t = 1, · · · , Nt (5.27)

Discharging Mode:

EHESU
t+1 =

NESU∑
i=1

EESU,i
t+1 (5.28)

EESU,i
t+1 = max

[(
EESU,i
t − ∆t× PESU,i

t

ηdis,i

)
, EESU,i

min

]
∀ t = 1, · · · , Nt

(5.29)

PESU,i
min < PESU,i

t < PESU,i
max ∀t = 1, · · · , Nt (5.30)

EESU,i
min < EESU,i

t < EESU,i
max ∀t = 1, · · · , Nt (5.31)

where

PESU,i
max = min

PESU,i
max ,

(
EESU,i
t − EESU,i

min

)
× ηdis,i

∆t

 ∀t = 1, · · · , Nt

(5.32)

PESU,i
min = max

PESU,i
min ,

(
EESU,i
t − EESU,i

max

)
∆t× ηch,i

 ∀t = 1, · · · , Nt (5.33)

SOCHESU
min ≤ SOCHESU

t ≤ SOCHESU
max (5.34)

where
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SOCHESU
min =

NESU∑
i=1

SOCESU,i
min (5.35)

SOCHESU
max =

NESU∑
i=1

SOCESU,i
max (5.36)

SOCHESU
t =

NESU∑
i=1

SOCESU,i
t ∀t = 1, · · · , Nt (5.37)

CHESU
I ≤ Budgetmax (5.38)

EESU,i
t

PESU,i
t

= κESU,i (5.39)

SESU,i =
√
P 2
ESU,i +Q2

ESU,i (5.40)

5.4 Methodology

HESU planning is involved with significant capital investment and therefore
it is important to maximize the arbitrage cost with the available capacity.
Hence, it is essential to find an optimal size and location of HESU including
the arbitrage cost. To implement this, the optimization problem is divided
into two sub-problems with equation 5.8 being the primary objective and
equation 5.41 being the secondary objective function, where the secondary
objective function deals with the arbitrage cost. The constraints of the
secondary objective function are given by the equation 5.42 to equation
5.45.

SObj =
Nt∑
t=1

[
PHESU
dis,t × TSell,t − PHESU

ch,t × Tpur,t
]

+ CHESU
FOM (5.41)

subject to

Nt∑
t=1

Pdis,t ×Deff = Df ×
Nt∑
t=1

Pch,t × Ceff (5.42)

Nt∑
t=1

PHESU
ch,t ×∆t ≤ EHESU

max (5.43)

Nt∑
t=1

PHESU
dis,t ×∆t ≤ EHESU

max (5.44)
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Nt∑
t=1

Pdis,t ≤ Edem,b (5.45)

Equation 5.42 describes the total charging and discharging power flow into
the ESU in a day must be equal. This equality constraint is relaxed by
using a factor Df. The total charging and discharging energy must be less
than or equal to the maximum energy capacity of ESU, represented in
equation 5.43 and 5.44. Equation 5.45 represents the sum of discharging
power in a day must be less than the total energy demand of that day at
the bus where ESU is placed.
To optimize the stated problem (both primary and secondary objective
function), a methodology is proposed as mentioned in Figure 5.2.

Although the PSO algorithm is widely applied in various optimization
problems, it can get weak in finding a global optimal solution as the
PSO particles may converge prematurely around the local minimum. From
the literature, it is evident that the PSO algorithm fails to converge to a
global minimum or ends up with premature convergence when the velocity
parameter approaches a value very near to zero. In other words, if the
velocity vector is very close to zero, the position vector cannot move
from its previous position significantly and therefore resulting in premature
convergence or settling at a local minimum. To address this problem, the
average absolute value of the velocity vector is calculated at the end of
every iteration and this can be utilized to improve the exploratory ability
of PSO. However, to increase the strength of the exploration ability of
the algorithm, it is desirable to have a high average velocity for a longer
duration in the initial stage of optimization. During the ending stage of
optimization, the average velocity must take a small value for a longer
duration to obtain the optimal solution. Therefore to avoid such types of
results, the authors have applied the methodology proposed in [147]. Here,
the velocity of PSO is calculated using a nonlinear function as given below:

vnew(t) = vinitial ×
1 + cos

(
tπ

0.95×Itmax

)
2

(5.46)

where vnew is the updated velocity for PSO particle, vinitial is the initial
velocity (generated randomly), Itmax is the maximum number of iterations.
The inertia weights of PSO are calculated using the equations 5.47 and
5.48depending on the conditions specified.

w(t+ 1) = max (w(t)−∆w,wmin) for vavg(t) ≥ (t+ 1) (5.47)

w(t+ 1) = min (w(t)−∆w,wmax) for vavg(t) < (t+ 1) (5.48)
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Figure 5.2: Flowchart of Proposed Methodology

5.5 Case Study Results

In this case study, the optimal planning of HESU is performed for a
practical 156-bus system of Dehradun district, Uttarakhand, India. The
distribution system modelling is performed as discussed in chapter 4
including the scaling factors and uncertainties of general load, EVs and
solar power generation. All experiments of this study are conducted
on a computer with Intel i7-4510U CPU and 8 GB RAM. Other input
parameters are shown in Table 5.1. The TOD and tariff details (for
summer and winter) used in this study are referred from Uttarakhand
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Power Corporation Limited (UPCL) [139].

Table 5.1: Input Parameters for Optimal Planning

Outcomes of Survey
GFD 1.054
GFPV 1.386
GFEV 2.045
PD
pre Annexure
P PV
pre 26.454 MWp
PEV
pre 400 kW

Parameters for Optimization
PSO parameters wmin = 0.2, wmax =

0.9, nDeltaw = 0.1, c 1 =
c 2 = 1.5

Maximum No of iterations 300
Population size 50
Range of HESU size [0.1,2] in MVA
κLi−ESU 1.2
κNaS−ESU 4
kenv 0.0085 $/kg CO2
kV D 0.142 in $/p.u
kLL 0.503 in $/p.u
kLoss 0.265 in $/p.u
[Vmin, Vmax] [0.95 p.u, 1.05 p.u]
LLlmax 80% of line capacity

As discussed, the electric vehicle loads are mostly distributed in regions
where the population and load density are high. As mentioned before,
the optimal number of clusters is obtained by CQI. After applying the
methodology shown in Figure 5.2, the optimal number of clusters will be
six. Consequently, the curve of CQI shown in Figure 5.5 has attained its
peak value at 6, which shows that the Dehradun district is clustered into
six numbers of regions. The distribution network nodes (buses) located in
these clustered regions are shown in Figure 5.7. This figure also depicts the
spread of the distribution network over mixed terrain. The distribution of
electric vehicle load on these regions was carried out based on EVDI as
shown in Table 5.3. For better understanding, the cluster color used in
Figure 5.7 is presented in this table.

The characteristics of HESU charging and discharging obtained by
maximizing the secondary objective function (arbitrage cost) for summer
and winter are shown in Figure 5.3 and 5.4 respectively. By incorporating
the input parameters (shown in Table 5.1) to the proposed methodology
(shown in Figure 5.2), the optimal results obtained are shown in Table
5.4. It is evident from the cluster no represented in Table 5.4 that the
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sixteen optimal locations of HESU are widely spread across the network.
Since the HESUs are distributed completely throughout the network
region, these can serve critical loads (or part of the load connected) in
case of grid failure. After placing the HESUs at the optimal locations with
the size mentioned in Table 5.4, the bus voltage profile has significantly
improved. This is shown in Figure 5.8, as a comparison of bus voltage
profile with and without HESU in terms of percentage. From the obtained
results, the one having global minima and converging with less number of
iterations is shown in Figure 5.6. From this, it is evident that the proposed
methodology converges to a global minimum at around 110th iteration
count.

As mentioned earlier, recent studies prove that Li-ion ESU contributes to
CO2 emission significantly. Moreover, it is nearly impossible in today’s
scenario to completely replace this technology as it has shown promising
results in terms of peak management. However, many companies have
invested in other ESU technologies which have less environmental effect,
one such is NaS ESU. Therefore, in this study, an optimal configuration
of Li-ion and NaS ESUs are formed as HESU, which can minimize the
environmental impact. This can be visualized with a comparison of damage
cost due to CO2 emission for having only Li-ion technology and the
proposed hybrid configuration (HESU) is shown in Table 5.2. The CO2

emission level is also compared and shown in Figure 5.9. It is evident from
Table 5.2 that the HESU has significantly decreased the damage cost by
99548.8 dollars.

Table 5.2: Damage Cost Comparison

Damage cost (in $)
Only
Li-ion

HESU

259092.7 159543.9

Table 5.3: Distribution of EVs on Optimal Clusters based on EV
Distribution Index

fn = 5

Optimal No. of Clusters = 6 Total EV load on grid in f thn
year = 1.85 MW

C1(blue) C2(red) C3(black) C4(yellow) C5(cyan) C6(white)
EVDI 0.15 0 0.55 0 0.3 0
EVs in
f thn year

278 0 1018 0 555 0
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(a)

(b)

Figure 5.3: Optimal Charging and Discharging Characteristics of HESU
during Summer (a) Li-ion ESU (b) Na-S ESU
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(a)

(b)

Figure 5.4: Optimal Charging and Discharging Characteristics of HESU
during Winter (a) Li-ion ESU (b) Na-S ESU
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Figure 5.5: Cluster Quality Index for different number of clusters

Figure 5.6: Convergence of Proposed Methodology

5.6 Closing Remarks

In this chapter, the optimal planning of HESU for an Indian mixed terrain
distribution grid is discussed by modelling the problem with practical
constraints such as RPO, lad required to install HESU and its associated
cost, CO2 emission from ESU affecting the environment. Apart from this,
the outcomes of the survey is discussed from which it is clear that the
EV loads are not connected throughout the distribution network. Hence,
the distribution grid is clustered based on load density, geographical data
(latitude, longitude and MSL), TI, and population. After this, the EV
loads are placed on clusters where both the population and load density
are high. Within the cluster, the EV loads are distributed using EVDI
(obtained from the survey). Having these data, the distribution system
is modelled in DigSILENT PowerFactory as explained in chapter 4.5 and
the optimal planning of HESU is obtained from the proposed methodology.

The ESU planning in the literature did not consider the environmental
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Figure 5.7: Map of Dehradun district with Optimal number of clusters

impact, but it has the utmost importance for sustainable planning.
Therefore, to minimize the emission level from ESU, a hybrid combination
of popular Li-ion battery along with Na-S battery technology has been
implemented using the proposed methodology. The optimized results paved
a way towards reduced damage cost due to CO2 emission significantly, by
considering the other components such as uncertainty (of load and solar
PV), grid performance cost, land cost index, operation and maintenance
cost, arbitrage cost, and capital investment. From the results obtained, it
is also evident that the HESUs are widely spread across all the clusters of
the distribution network. Therefore, the same HESUs can be utilized to
form microgrids to satisfy critical loads during grid failure or to improve
the overall resiliency of the system.
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Figure 5.8: Comparison of bus voltage profile with and without HESU in
percentage

Figure 5.9: Comparison of CO2 Emission with only Li-ion and HESU
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Chapter 6

Resiliency Enhancement
Strategies via Optimal ESU
Planning

This chapter proposes two schemes to enhance the system resiliency by
applying both the grid-side and demand-side strategies. The first scheme
utilizes ESUs and battery inverter set (BIS) to improve both the grid
flexibility during normal condition and the grid resiliency during extreme
conditions; whereas in the second scheme, a three-dimensional hardening
methodology is proposed to improve the same. In both these schemes, the
optimization problem is formulated considering the real-world scenarios and
practical constraints including the uncertainty parameters and potential
vulnerability of the distribution system components.This chapter is based
on the journal publication [132].

6.1 Introduction

The electrical distribution grid is unremittingly vulnerable to natural
disasters. Therefore, it is essential to increase the system resiliency
by placing resilient energy sources that can serve the demand when
needed. In the first scheme, a two-stage framework is proposed to enhance
the resiliency of the distribution system via hardening and operational
strategies against earthquakes. Here, vulnerability-constrained optimal
planning of ESUs and combined operation of ESUs and BIS installed at
domestic load are used to enhance hardening and operational resiliency.
The vulnerability of both electrical substations and distribution lines
against earthquakes is characterized using PGA and fragility curves. For
better planning of ESU, the uncertainties associated with REPs and
load are modelled. From the obtained results, it is evident that the
combined operation of BIS and ESUs has increased the energy served
during the emergency period, thereby improving the overall system
performance. Moreover, increased BIS capacity can greatly decrease the
capital investment for utilities toward large-scale ESUs.
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As an extension of the first scheme to implement both the grid-side and
demand-side strategy for overall resiliency enhancement, in the second
scheme, a three-dimensional optimal hardening strategy is proposed which
includes underground cables (UCs), large-scale ESUs, and home battery
inverters (HBIs). Here, a Monte-Carlo based probabilistic disaster hazard
model is applied as explained in section 4.4. Through this model, all
possible occurrences of the disaster are identified and the failure likelihood
of substations and distribution lines is established. Thenceforth, the
network is clustered using a k-means algorithm based on the potential risk
to identify different clusters, a MINLP problem is formulated to identify the
optimal location and size of ESUs, and the overhead distribution line to be
paralleled with UCs. The demand-side resilience is enhanced via developing
a communication infrastructure between the HBIs spread out across the
distribution network for effective operation under emergency conditions.
Since the utility level hardening requires a significant initial investment,
the proposed methodology deploys decision-making based on the predicted
revenue generation. The effectiveness of the proposed methodology is
analyzed via numerical experiments and verified by applying it to a
practical distribution system.

6.2 Framework to enhance System

Resiliency against Earthquakes

6.2.1 Proposed Framework

The two-stage framework for optimal planning of ESUs is shown in Figure
6.1 and is discussed in further subsections.

Resiliency enhancement via Hardening

In this stage, the system hardening is carried out by identifying the
optimal locations of ESUs constrained by the vulnerability of electrical
infrastructure against natural disasters on top of other practical constraints.
As mentioned in Figure 6.1, the system hardening to improve both
flexibility and resiliency follows a three-stride procedure as discussed below:

• Vulnerability Assessment against Earthquakes: The
vulnerability assessment against earthquakes is carried out for
critical electrical infrastructures like substations and distribution
lines as mentioned in chapter 4.3. Here, the historical earthquake
data is obtained from the seismic activity catalogue. From this,
the moment magnitude of the earthquake, its location (latitude and
longitude), and the distance from the epicentre to the hypocentre
are derived. The ground acceleration due to an earthquake gets
attenuated as it travels along with various soil types.
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• Distribution network modelling: The modelling of the
distribution network aligned with the chosen problem is very
essential. As mentioned earlier, the proposed two-stage framework
for ESU planning is suitable for both normal and extreme conditions.
By connecting suitable energy resources at the demand end and
ensuring its operation during the emergency condition will greatly
improve the demand-side resiliency. In this scheme, it is assumed
that the communication infrastructure between the BIS (connected
to the domestic load center across the distribution grid) and the
control center is available. Here, the BIS acts as a load during the
normal condition and as a local energy resource which can serve
the essential demand during emergency conditions. Therefore, the
distribution system model developed consists of domestic loads (with
BIS as obtained from the survey) and the uncertainties of REPs
and load. The DigSILENT PowerFactory model of the distribution
system along with the uncertainties of REPs and load is developed
as explained in section 4.5.

• Optimal Planning of ESUs: The formulated optimization problem
consists of the cost of investment (including installation and land
cost corresponding to the location), operation and maintenance cost,
environmental damage cost (created by ESUs), and the cost of grid
performance. Minimizing the objective function based on the inputs
from the previous stage using an algorithm that combines APSO
and BPSO provides the optimal capacity and location of ESUs.
Here, the deciding factor for the location of ESUs is the overall
damage probability estimated using the vulnerability assessment.
Therefore, instead of responding to the outages after the earthquake,
the proposed framework for hardening positions the system operator
to act before the occurrence of the event.

Resiliency enhancement via operational strategies

The operational strategy formulated to enhance the system resiliency
follows a two-stride procedure as discussed below:

• Clustering of the distribution network: Following an
earthquake, the distribution network is grouped into k number
of clusters to restore the supply for maximum possible consumers
including critical/priority-based. In other words, the formation of
clusters leads to minimal overall load curtailment. Here, it is assumed
that the communication link is available between the control center
and BIS during the event.

• Optimal Operation of ESUs: Initially, the communication
infrastructure derives the SOC level of BIS to the control center
available within the cluster. The formulated optimization problem
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Figure 6.1: Framework to Improve Grid Flexibility and Resiliency

consists of the status of BIS (i.e., its SOC level), the power demand
of the critical/priority-based load, and the demand for domestic load
within the clusters. Maximizing the overall energy served by the
targeted ERT using linear programming provides optimal operation
of ESUs within the clusters.

The conceptual system performance to enhance system resiliency against
natural disasters has been proposed in many studies of the literature [28,
148, 149]. The significance of the proposed framework to enhance system
performance against the natural disaster is shown in Figure 6.2. Here,
during the occurrence of an event at time te, the system has begun to
degrade and reached a minimum level at the time tr1. If the ESUs for
improving the grid flexibility are deployed considering the impact of natural
disaster, then not only the interruption time will be shifted to tr2 by a
factor of ∆T1, but also the system performance will be improved by ∆PD1.
It is also evident that, by considering the effect of BIS in the system, the
interruption time and the system performance will be improved by ∆T2
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Figure 6.2: System Performance against natural disaster: without ESUs,
with only ESUs, with ESUs and BIS

and ∆PD2 respectively. Therefore, one may recognize that, by hardening
the distribution network via ESUs, it improves the system resiliency as
the critical/priority-based demand is satisfied for a period of ∆T1 during
the interruption. However, by considering the BIS installed in the system
along with ESUs, the performance of the system can be improved by ∆PD2

and the critical/priority-based demand will be satisfied for a period of ∆T2
during the interruption. The seismic model and the fragility model are
implemented as discussed in the sections 4.3.1 and 4.3.2.

6.2.2 Proposed Methodology

The proposed methodology for optimal planning of ESU combines
the grid-side and demand-side resiliency strategies. As mentioned
earlier, vulnerability-constrained optimal ESU improves the grid-side
resiliency, and the optimal operation between ESUs and BIS improves the
demand-side resiliency.

Selection of Nodes for ESU Placement

The operation of electrical infrastructure such as distribution lines might
get interrupted due to its partial/complete damage followed by an
earthquake. Therefore, while planning ESUs, it is essential to choose the
candidate bus such that the electrical infrastructure suffers from null or
minimal damage. In this scheme, an algorithm based on vulnerability
assessment is proposed to define the set of nodes for ESU planning shown
in Figure 6.3
Algorithm - I - Selection of Nodes for ESU Placement Input: Nb,
distribution lines connected to the bus Nb worst case and frequent seismic
hazard.

Step 1. for i = 1:Nb
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Figure 6.3: Flowchart of Algorithm I: Selection of Nodes for ESU Placement
against worst and frequent Seismic hazard
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Step 2. Divide the distribution line into l number of sections

Step 3. Evaluate the damage probability of substation and the distribution
lines connected to the bus i using the equation 4.7.

Step 4. Using equation 4.8 to 4.12, compute the damage probability of
each state for the substation and the distribution line sections.
Moreover, define its damage state index (DSI) as 0,1,2,3, and 4
corresponding to none, minor, moderate, extensive, and complete.

Step 5. Define binary index (BI) for each substation and the distribution
line section as given below:

i. if DSISS|DLl = 0ORDSISS|DLl = 1ORDSISS|DLl = 2 :
BISS|DLl = 1 ∈ N0

es

ii. if DSISS|DLl = 3
if P [ds|Sd]SS ≤ 0.5 OR P [ds|Sd]DLl ≤ 0.65
BISS|DLl = 1 ∈ N1

es

else
BISS|DLl = 0

iii. if DSISS|DLl = 4
BISS|DLl = 0

Step 6. end for

Step 7. Compute the combined binary index (CBI) as : CBIi = BISSi ×
[BIDL1 +BIDL2 + · · ·+BIDLl]i

In the above equation of CBIi, the symbol + represents logical OR and
the symbol × represents logical AND.

Optimal sizing and siting of ESUs

The distribution network model is developed by incorporating the
uncertainty of REPs and load (modelled using beta and normal distribution
function respectively) [131]. As mentioned earlier, the location of ESU will
be decided using a binary vector given by the equation 6.1.

CBIi =

{
1, place ESUat locationi ∈ Nes

0, otherwise
(6.1)

The optimal size and location of ESUs to enhance both flexibility and
resiliency is obtained by minimizing the formulated objective function given
in the equation 6.2.

Obj = CESU
I|L + CESU

OM + CESU
Env + CGrid

p (6.2)
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where

CESU
I|L =

NESU∑
i=1

[
CESU,i
PI + CESU,i

EI + CESU,i
FI +

(
LCINes × CNes

land × A
ESU,i ∀N0

es, N
1
es ∈ Nes

)]
(6.3)

CESU
OM =

NESU∑
i=1

[
CESU
FOM × PESU

rated

]
(6.4)

CESU
env =

NESU∑
i=1

PESU
rated × γESU,i × κenv (6.5)

CGrid
p =

Nb∑
b=1

|VRated−V ESU
b |×kV D+

(
Nl∑
l=1

%LLESU
)
×kLL+

√√√√(

Nl∑
l=1

(P 2
Loss,l +Q2

Loss,l)×kLoss

(6.6)
In the equation 6.2, the first term represents the installation cost of ESU,
which includes investment cost (consisting of the cost of fixed installation
in $/kW-day, the cost of power rating in $/kW-day and the cost of energy
rating in $/kWh-day) and variable land cost (as the area witnessed the
development, its land availability plays a major role in the installation of
ESUs). The variable land cost is calculated based on the physical size of
ESU in sq.m times the price of the land in $/sq.m. Here, the LCI signifies
the category of land by which its cost variation is addressed. The second
term denotes the fixed operation and maintenance cost of ESU concerning
its power rating. Considering the need to shift towards environmentally
friendly technology, here the cost of environmental damage created by
CO2 emissions from ESU is reflected in the fourth term. The last term
represents the cost involved in ESU affecting the grid performance. In the
equation 6.3, if the ESU is to be placed in a candidate bus ∈ N1

es, then the
fixed investment cost is increased by a factor α to improve the structural
stability.

Optimization Constraints
The demand in the power system at any time t must be satisfied. This real
power balance is represented in equation 6.7. The operational constraints of
the distribution system such as real and reactive power flow, voltage limits,
the limit of maximum loading of the distribution lines are represented in
equations 6.8 – 6.11 respectively. The operational constraints of ESU such
as the real power limit, energy capacity limit, limit of SOC, apparent power,
and budget limit are represented in the equations 6.12 – 6.16 respectively.

PD,t = P SPP
t + PESU

t + PGrid
t ∀t = 1, · · · , Nt (6.7)
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P i,t
f = V i,t ×

∑
i,j∈Nb

V j,t (Gij cos θij,t +Bij sin θij,t) (6.8)

Qi,t
f = V i,t ×

∑
i,j∈Nb

V j,t (Gij sin θij,t −Bij cos θij,t) (6.9)

Vmin < V b
t < Vmax ∀ b = 1, · · · , Nb (6.10)

LLlt < LLlmax ∀ l = 1, 2, 3, · · · , Nl (6.11)

PESU,i
min < PESU,i

t < PESU,i
max ∀ t = 1, · · · , Nt (6.12)

EESU,i
min < EESU,i

t < EESU,i
max ∀ t = 1, · · · , Nt (6.13)

SOCESU
min ≤ SOCESU

t ≤ SOCESU
max (6.14)

SESU,i =
√
P 2
ESU,i +Q2

ESU,i (6.15)

CESU
I ≤ Budgetmax (6.16)

Formation of clusters in the distribution network

The distribution system is clustered into k number of clusters by minimizing
the overall demand curtailment (ODC). The proposed algorithm for cluster
formation is shown below:

Algorithm II – Clustering of distribution network
Input: DSISS|DLl , PESU,i

Step 1. for each possible cluster:

Step 2. Evaluate the ODC (sum of disconnected demands) for each cluster

Step 3. Store the values of ODC in an array

Step 4. end for

Step 5. Sort each cluster based on its ODC and the cluster with minimal
ODC is chosen.
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Optimal ESU operation during ERT

Following an event (or disaster), the performance of the system degrades as
shown in Figure 6.2. As mentioned earlier, the communication link between
the control center and BIS is in operation during ERT. To improve the
system performance during ERT, it is essential to maximize the resiliency
index (RI), defined as the ratio of energy served during ERT to the expected
energy demand. For the maximum value of RI within the cluster during
ERT, it is essential to find the optimal power output from ESU for a
given SOC level of BIS. Maximizing the objective function given by the
equation 6.17 constrained with equations 6.18 to 6.23 using LP leads to
the optimal power output of ESU during ERT. In the case of equation
6.17, the difference between te and tr3 gives the value of ERT.

RI =

tr3∑
t=te

(
P
C|P,k
D,t + P do,k

D,t

)
/PExp,k

D,t ∀ ], k (6.17)

P
C|P,k
D,t + P do,k

D,t = PESU
t + PBIS

t ∀ t = 1, · · · , Et (6.18)

tr3∑
t=tr

PESU
t ≤ E

C|P
D (6.19)

tr3∑
t=tr

PESU
t ×∆t ≤ EESU

max (6.20)

SOCESU
min ≤ SOCESU

t ≤ SOCESU
max (6.21)

0 ≤ PESU
t ≤ PESU

max (6.22)

0 ≤ EESU
t ≤ EESU

max (6.23)

where, P
C|P,k
D,t and P do,k

D,t represents the power demand of
critical/priority-based load and domestic load in kth cluster respectively

at time t, E
C|P
D represents the expected energy demand from a

critical/priority-based load during the emergency period (Et), PESU
t

represents the power output from ESU at time t and EESU
t represents the

energy demand satisfied by ESU at time t.

6.2.3 Case Study Results

The system modelled in section 4.5 is considered to analyze the proposed
framework of ESU planning against earthquakes. Based on the seismic
catalogue of the chosen region, the moment magnitude of the earthquake
ranges between 3.5 ≤ Mw ≤ 5.3 and the equation 6.24 represents its
corresponding regression model [136].
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ln(PGA) = c0 + c1ln(R) + c2Mw–c3ln(R + 15) (6.24)

The value of seismic regression coefficients c0, c1, c2, c3 considered in this
study are 2.29, 1.95, 2.07 and 4.03, respectively. From the survey conducted
across the system, 60

PDFD(PBIS) =
1

σ[PBIS]
√

2π
× e

−
(
PBIS−E[PBIS ]

σ[PBIS ]
√
2π

)2

(6.25)

Here, the Na-S battery technology is chosen for ESU because it has the
least climatic impact of 30kgCO2−eq/kWh [150]. In this scheme, the cases
considered to study the proposed framework are caseA : worst case seismic
faults and caseB : the most frequent seismic fault occurred in the region.
Here, based on equation 6.26 derived from the seismic study performed in
the chosen region [136], and the normalized (by a factor 100) frequency of
occurrence data (for the past five years) is shown in Figure 6.4, representing
the historical catalogue of seismic activity, it is evident that the most
frequent seismic fault in the chosen region is of 3.3 moment magnitude.
The frequent earthquake of moment magnitude 3.3 occurs in eight different
locations across the region of study.

Log10N = 5.7–0.71M (6.26)

where M is the moment magnitude of the earthquake and N is the number
of earthquakes with moment magnitude M . Table 6.1 shows the predicted
critical/priority-based load which includes hospitals, water pump houses,
VIP/VVIP across the distribution system. Table 6.2 shows the median and
lognormal standard deviation of the fragility curves corresponding to the
different damage states considered in this study.

Table 6.1: Predicted Peak Values of Critical/Priority-Based Loads

Location Load in MVA Location Load in MVA

Anarwala 0.3964 Govindgarh 0.6442
Araghar 3.3698 HimalayanHospital 0.9911

Bhaniyawala 0.7434 Jollygrant 0.5451
Bindal 0.8672 Kunjbhavan 1.4867

Dakpatti 1.9822 Natraj 0.0991

Based on the historical seismic catalogue, the seismic fault occurred in
the location (30.45oN77.92oE) with a moment magnitude of 5.4 is the
worst-case seismic fault stricken in the region of study.

Set of Nodes & Lines for ESU placement

As described in section 6.2.2, Algorithm − I, based on the vulnerability
assessment described in section 6.2, derives the set of nodes and distribution
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Table 6.2: Median and βds Values Of Electrical Infrastructures For Different
Damage States

Electrical
Infrastructure

Damage State Median [g] βds

Substation

Minor 0.15 0.7
Moderate 0.29 0.55
Extensive 0.45 0.45
Complete 0.9 0.45

Distribution Lines

Minor 0.28 0.3
Moderate 0.4 0.2
Extensive 0.72 0.15
Complete 1.1 0.15

Figure 6.4: Normalized Occurrence frequency of earthquakes in the region
of study

lines for ESU placement. Step 4 of Algorithm − I descend the accessible
substations and distribution lines against an earthquake scenario via the
binary vector DSI obtained using equations 4.8 to 4.12. Table 6.3 and Table
6.4 show the accessible distribution lines and substations followed by the
worst-case seismic fault, respectively (caseA). As described in step 7 of the
Algorithm−I, the binary vector DSI derives CBI vector which denotes the
set of feasible locations for ESU placement with null or minimal damage
due to earthquakes. Followed by the most frequent earthquakes analysed
for all eight different locations in the region of study, all substations and
distribution lines are accessible as per the Algorithm − I. Therefore, the
identification of the optimal solution for case B is like ESU planning for
the normal condition (as explained in chapter 5).
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Table 6.3: Accessible Distribution Lines Followed by Worst Case Seismic
Fault

Line
Section

Damage
Probability

DSIDL Line
Section

Damage
Probability

DSIDL

L08 0.5114 1 L60 0.6411 3
L09 0.8922 0 L61 0.6411 3
L10 0.5156 1 L63 0.5213 3
L11 0.8975 0 L64 0.7461 2
L12 0.5213 2 L65 0.8338 0
L19 0.6428 3 L66 0.646 0
L20 0.5558 3 L67 0.8006 0
L32 0.5401 1 L68 0.8673 2
L33 0.5293 1 L69 0.8004 0
L34 0.4371 2 L70 0.8409 0
L42 0.601 3 L72 0.5024 3
L48 0.7887 2 L73 0.6601 0
L49 0.9027 2 L75 0.5878 3
L56 0.6258 3 L76 0.5932 3
L57 0.6258 3

Table 6.4: Accessible Substations Followed by Worst Case Seismic Fault

Substation Damage
Probability

DSISS Substation Damage
Probability

DSISS

Araghar 0.488396 3 ManeriBhali 0.293203 1
Bairaj 0.331563 1 Nagarpalika 0.292999 1

Bhaniyawala 0.107374 2 Raiwala 0.340927 1

Bhoopatwala 0.378232 1
Ramnagar

0.11555 2
Danda

Doiwala 0.103981 2 Rishikesh 0.302965 1
Himalayan

0.112021 2 Savra 0.167859 2
Hospital

Jollygrant 0.128834 2 ShantiKunj 0.349822 1

Lachiwala 0.486559 3
Transport

0.479541 3
Nagar

Lakhamandal 0.346177 3 Tuini 0.339201 1
Laltapper 0.179293 1
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Results of Optimal Sizing and Siting of ESUs

Having the CBI vector derived from Algorithm− I, the objective function
given by the equation 6.2 constrained with equations 6.7 to 6.16 derives the
optimal size and location of ESUs, which can improve the grid flexibility
during the normal condition and the system resiliency during emergency
condition. The results of the optimal solution shown in Table 6.5 reflect
the global minima obtained using an algorithm that combines APSO and
BPSO [131]. During normal conditions, the optimal ESU improves the bus
voltage profile of the distribution system. This is evident from Figure 6.5,
which represents the percentage comparison of bus voltage profile for cases
with and without ESUs.

Table 6.5: Optimal Results of Distribution System Hardening

No of
ESUs

Location Name Lat(oN) Lon(oE) Size of
ESU

Objective
Function

14

Bhaniya
30.3657 78.0445 0.5601

442388953.2

wala
Bhoopat

30.3069 78.0499 1.1191
wala

Jollygrant 30.3305 78.0297 0.6001
Lachiwala 30.3916 78.0944 0.9977

Lakha
30.3015 78.0583 1.0158

mandal
Laltapper 30.4555 78.1023 0.6393

Maneri
30.267 78.0909 0.9557

Bhali
Nagar

30.1064 78.2815 1.6935
palika
Raipur 30.5721 77.9721 1.6228

Ramnagar
30.2967 78.0141 1.9725

Danda
ShantiKunj 30.309 78.0948 0.5136
Transport

30.0222 78.2147 1.2547
Nagar

Bhaniya
30.3927 77.8096 0.9243

wala
Bhoopat

30.8223 77.8546 1.133
wala

Results of Optimal Operation of ESUs

As mentioned earlier, clustering the network to minimize the overall load
curtailment (using Algorithm − II) defines the demand and available
storage capacity in the cluster. Table 6.6 shows the results of the optimal
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Figure 6.5: Bus Voltage Profile Comparison - with and without ESU in
percentage

clusters with the available capacity of ESU and BIS. Having this, the
objective function given by the equation 6.17 constrained with equations
6.18 to 6.23 solved using LP derives the optimal operation of ESUs within
the cluster by assuming two SOC levels for BIS such as 0% and 100%.
Figure 6.6 shows the maximized value of RI by the optimal operation of
ESUs along with BIS for various targeted ERTs.

Figure 6.6: Resiliency Index for various SOC levels of BIS

Validation of the Proposed Framework

This section elaborates on the critical findings of this scheme and compares
the system performance between various strategies (as mentioned in Figure
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Table 6.6: Total Size of ESU, BIS and Critical/Priority-Based Load In
Optimal Clusters

No of ESUs Total
ESU
Capacity

Total BIS
Capacity

Total
Priority
Load

Cluster 1 1 0.6393 0.3091 1.0927
Cluster 2 10 10.0026 2.9604 12.4682
Cluster 3 2 3.1055 29.0675 29.9163
Cluster 4 1 1.2547 4.6117 4.7107

6.2) such as without ESUs, with only ESUs and the proposed framework
to validate the effectiveness of this work. Section 6.2.3 presents the results
obtained from numerical experiments based on two earthquake scenarios
(such as the worst seismic fault and the most frequent seismic fault occurred
in the chosen region) to validate the proposed framework. The system
chosen for this study is situated on a mixed terrain (situated on both hilly
and plain regions) comprised of fifty-nine 33kV nodes and seventy-six 33kV
lines. From the results obtained for caseA, it is evident that out of fifty-nine
33kV nodes only nineteen nodes and out of seventy-six 33kV lines only
twenty-nine lines are accessible (shown in Figure 6.7) whereas, for caseB,
all nodes and lines are accessible. Therefore, any framework which applies
to the normal condition is suitable for caseB. However, the results obtained
for the caseA proves that the system may not withstand a high impact low
probability (HILP) seismic hazard, i.e., the worst seismic hazard.
From the Figure 6.7, it is apparent that ESU placement obtained for
caseA also improves the bus voltage profile of the system during normal
conditions. For any resiliency enhancement framework, it is essential to
minimize the load curtailment during ERTs. From Table 6.6, it is evident
that clustering the network concerning Algorithm − II minimizes the
overall curtailment of critical/priority-based loads within the cluster. It
is also clear that maximizing equation 6.17 constrained with equations
6.18 to 6.23 effectively utilizes the presence of BIS and channelizes the
ESUs to meet the overall demand with minimized curtailment. Figure
6.6 shows that having 0% SOC of BIS (or without BIS), the ESUs can
satisfy approximately 20% of the identified critical/priority-based loads
for all targeted ERTs, however, having 100% SOC of BIS (with BIS),
the ESUs can satisfy approximately 50% to 80% of the identified load
for ERTs ranging from six to twelve hours. This contribution of BIS
directly decreases the initial investment of ESUs for utilities. Table 6.8
compares the investment and operation and maintenance costs for having
only ESUs and the combination of ESUs and BIS to satisfy the identified
critical/priority-based loads. Table 6.7 shows the comparison of system
performance based on RI for a system without ESUs, with only ESU and
with the proposed framework. From this, it is evident that using this
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Figure 6.7: Accessible substations and distribution lines derived from
Algorithm – I for Case A
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proposed scheme, the RI has improved by 60% compared to the strategy
of having only ESUs.

Table 6.7: Comparison of RI for various Resiliency Enhancement Strategies

Resiliency Index (RI
Without
ESUs

With Only
ESU

Proposed
Framework

0.0659 0.2135 0.6462

Table 6.8: Cost Comparison with Only ESUs and with BIS

Cost of Investment ($) Cost of O&M ($)

Only ESUs 24624626.57 249363.3
ESU & BIS 7110995.4 72010.08

6.3 Three-Dimensional Optimal Hardening

Strategy for Distribution Grid against

Natural Disaster

In this scheme, a three-dimensional optimal hardening strategy is proposed
based on two mainstays for building resiliency such as grid hardening and
demand-side resilience; which includes underground cables, large-scale
energy storage units (ESUs), and home battery inverters (HBIs). Here,
a Monte-Carlo based probabilistic disaster hazard model is applied as
explained 4.4 . Through this model, all possible occurrences of the disaster
are identified and the failure likelihood of substations and distribution
lines is established. Thenceforth, the network is clustered using a k-means
algorithm based on the potential risk to identify different vulnerable zones
of the network. To enhance the resiliency via grid hardening, for different
clusters, a mixed-integer non-linear problem is formulated to identify the
optimal location and size of ESUs and the over-head distribution line to be
paralleled with underground cables. The second mainstay – demand-side
resilience is enhanced via developing a communication infrastructure
between the HBIs spread out across the distribution network for effective
operation under emergency conditions. Since the utility level hardening
requires a significant initial investment, the proposed methodology deploys
the decision-making based on the predicted revenue generation. The
effectiveness of the proposed methodology is analysed via numerical
experiments and verified by applying it to a practical distribution system.
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6.3.1 Concept of HBI

The demand side resiliency can be established by developing a
communication infrastructure for coordinated operation. The
communication infrastructure applied in this case for HBIs is shown
in Figure 6.8. In modern days, the installation of resources and storage
systems such as solar standalone rooftops ranging from 1 kWp to 5 kWp
and BIS with a size ranging from 850VA to 1150VA respectively are
increasing with an idea to become energy independent demand [139, 151].
However, due to the initial investment, these are generally installed to
serve the essential demands.

Figure 6.8: Communication Infrastructure for HBIs

6.3.2 Optimization Problem for Three Dimensional
Hardening

The objective function consists of three components such as cost for
establishing ESUs, underground cabling, and communication infrastructure
for HBIs as given in equation 6.27. The costs associated with ESUs are
capital investment (which includes energy rating cost, power rating cost,
and fixed installation cost), land required to install ESU and its allied
cost, operation, and maintenance cost of ESUs, and grid performance
cost due to ESUs (which includes voltage deviation cost, line loading
cost and cost of power loss) which are represented from equations 6.28
to 6.31. The costs associated with cabling are the capital investment
of underground cabling (which includes cable cost per km and its fixed
cost) and maintenance cost of underground cables which is represented in
equation 6.32. The cost associated with HBIs is the capital investment of
communication infrastructure for HBIs represented in equation 6.33. As
mentioned earlier, the presence of HBI components may differ between
load points and this aspect is reflected using the binary variables such as
bBIS, bPV , and bEV for BIS, standalone solar-rooftop, and electric vehicles
respectively in equation 6.33.
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Cobj = CESU
I + CESU

land + CESU
OM + CESU

GP + CUC
I + CUC

OM + CHBI
I (6.27)

where

CESU
I =

NESU∑
i=1

[
CESU
PI + CESU

EI + CESU
FI

]
(6.28)

CESU
land =

NESU∑
i=1

CNb
land × A

ESU ∀Nb (6.29)

CESU
OM =

NESU∑
i=1

T∑
t=1

[PSell,t × TSell,t − PPur,t × Tpur,t] + CESU
F × PESU

rated (6.30)

CESU
GP =

Nn∑
n=1

|Vtarget−V ESU
b |×kV D+

(
NL∑
l=1

%LLHESU
)
×kLL+

√√√√(

NL∑
l=1

(P 2
Loss,l +Q2

Loss,l)×kLoss

(6.31)

CUC
I =

NUC∑
i=1

LUC,i × CUC
ipk (6.32)

CHBI
I =

NHBI∑
i=1

bBIS × CBIS
ci + bPV × CPV

ci + bEV × CEV
ci + CHBI

FI (6.33)

Optimization Constraints

In the modern distribution system, the real and reactive power demand
of general load, electric-vehicle, and BIS at any time t at ith bus must
be satisfied by the power from the REPs, the power absorbed or injected
from ESUs, the power grid, and the power losses. This balance in real and
reactive power is represented by equation 6.34 and 6.35. The operational
constraints governing the real and reactive power flow is given by equation
6.36 and equation 6.37. When REPs and large-scale ESUs are integrated
into the grid, its performance will be affected. To ensure this, limits of the
node voltage and line loading (of already installed lines) are considered as
given in equation 6.38 and 6.39.

P i,t
D +P i,t

EV +P i,t
BIS = P i,t

PV +P i,t
ESU+P i,t

grid+P
t
loss∀ t = 1, · · · , T & n = 1, · · · , Nn

(6.34)

Qi,t,fn
D +Q

iNc ,t,fn
EV = Qi,t,fn

PV +Qi,t
HESU+Qi,t

grid+Q
t
loss∀ t = 1, · · · , Nt & i = 1, · · · , Nb

(6.35)
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P i,t
flow = V i,t ×

∑
i,j∈Nb

V j,t (Gij cos θij,t +Bij sin θij,t) (6.36)

Qi,t
flow = V i,t ×

∑
i,j∈Nb

V j,t (Gij sin θij,t −Bij cos θij,t) (6.37)

Vmin < V b
t < Vmax ∀ b = 1, 2, 3, · · · , Nb (6.38)

LLlt < LLlmax ∀ l = 1, 2, 3, · · · , Nl (6.39)

The power absorbed or injected by ESUs depends on its mode of operation
such as charging or discharging. The mode of operation is mainly decided
by the state of charge (SOC) of ESU. Since the main objective of this case
is to operate ESUs under the emergency response period, only discharging
mode is shown. Therefore, the constraints corresponding to ESUs are
limits of discharging power and energy from ESUs, limits of SOC of
ESUs, and apparent power which is given by equations 6.40 to 6.43. As
mentioned earlier, underground cables are installed to increase the strength
of load connectivity during the emergency response period. Therefore, it
is essential to consider the loading capacity of these cables as given in
equation 6.44. Apart from all the technical constraints, budget allocation
for hardening is the major constraint which is given by equation 6.45.

PESU
min < PESU

t < PESU
max ∀ t = 1, · · · , Nt (6.40)

EESU
min < EESU

t < EESU
max ∀ t = 1, · · · , Nt (6.41)

SOCESU
min ≤ SOCESU

t ≤ SOCESU
max (6.42)

SESU =
√
P 2
ESU +Q2

ESU (6.43)

LLUCt < LLUCmax ∀ UC = 1, · · · , NUC (6.44)

CESU
I + CUC

I + CHBI
I ≤ Budgetmax (6.45)

6.3.3 Proposed Methodology

The problem formulated includes both the grid side and demand side
hardening to enhance the overall system performance during the emergency
period. Since hardening is a planning activity, the distribution network
is modeled by considering the uncertainty of REPs and load using beta
and normal distribution function respectively [131]. A bi-level approach
is proposed to solve this optimization problem as discussed below. In
the first level, optimal clusters reflecting the possible vulnerable zones of
the distribution network are identified. In the second level, the objective
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function 6.27 is minimized constrained with equations 6.28 to 6.45 using
the hybrid algorithm.

First Level Optimization

The main objective of the utilities is to ensure the power supply for all
the loads during both normal and extreme conditions. However, there are
many practical challenges faced by the utilities to supply power during
extreme conditions. These challenges can be streamlined if the vulnerable
zones of the distribution network are identified. Also, these challenges may
vary across the distribution network depending on load density. Therefore,
to identify the vulnerable zones, the distribution network is clustered based
on the outcome of the probabilistic earthquake hazard model, the density of
HBIs, and load density using the k-means algorithm. Since the number of
clusters is provided as an input for the k-means algorithm, a methodology
based on the Silhouette index (SI) and Davies Bouldin index (DI) given in
equation 6.46 and 6.47 respectively is applied to find the optimal number
of clusters. The flowchart of the clustering methodology is shown in Figure
6.9.

SI =
1

Ntot

Ntot∑
i=1

(
1

Nc

Nc∑
j=1

S(j)

)
(6.46)

DBI =
1

Ntot

Ntot∑
i=1

max
i 6=j

(
X(i) +X(j)

dij

)
(6.47)

where Ntot is the total number of nodes in a given set, Nc is the number
of clusters and S(j) represents the ratio of the difference between the
minimum average distance and the average distance between jth node and
all other nodes to the maximum of both, X(i) and X(j) are the average
distance between each location of cluster i & j and centroid of that cluster
respectively, dij is the distance between the centroids of cluster i and cluster
j.

Second Level Optimization

In this section, the proposed methodology to optimize the overall hardening
is discussed. The flowchart of the proposed methodology is shown in Figure
6.10. In this methodology, the set of buses/nodes and the lines which belong
to the search space of the optimization algorithm is derived using Algorithm
– III shown in Figure 6.11. Here, the nodes for B is chosen such that they
do not fall on vulnerable zones. The lines for L is chosen based on step 8
and step 9 of the Algorithm – III. Here, the distance matrix API is imported
from cloud service to calculate the distance between the given two nodes
(CSdis). The parameters d and m mentioned in step 7 of the Algorithm –
III are constants which are chosen based on line loading and the budget.
Generally, the effect of earthquakes on substations and distribution lines is
calculated based on PGA and for the underground cables, it is calculated
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Figure 6.9: Flowchart of the clustering method for optimal vulnerable zones

using peak ground velocity (PGV). The expression for PGV applied is given
by equation 6.48 [152]. The worst-case PGV mentioned in Figure 6.10 is
obtained by calculating PGV for the worst earthquake magnitude.

ln(PGV ) =


−0.6615 + 0.3463×Mw − 0.0262×R− 0.0021×D, firm soil

−1.1646 + 0.4299×Mw − 0.0159×R− 0.003×D, soft soil

−0.7649 + 0.3729×Mw − 0.0229×R− 0.0044×D, soil

(6.48)
Algorithm - III - Selection of Set of buses/nodes and lines
Input: Vulnerable zones and its index of the network, Nn,NL and location
of substations and lines (i.e. latitude, longitude and mean sea level)

Step 1. for n = 1 to Nn:

Step 2. if i does not fall under vulnerable zone:
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Figure 6.10: Flowchart of the clustering method for optimal vulnerable
zones
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Figure 6.11: Flowchart of Algorithm III: Selection of Set of Buses and Lines
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Step 3. n ∈ B

Step 4. end for

Step 5. for n = 1 to NL:

Step 6. if l falls under vulnerable zone:

Step 7. if
((
OH l

dis − CSdis
)
<< d

)
&& ((MSLfnode −MSLtnode) << m) :

Step 8. l ∈ L

Step 9. end for

6.3.4 Results of Case Study

The proposed methodology for optimal hardening of distribution network
against earthquakes is applied on a practical 156-bus distribution system of
Dehradun district, Uttarakhand, India. The historical data of earthquakes
in the selected region is obtained from [153]. All the numerical experiments
in this study are conducted on a computer with Intel i7-4510U CPU with
8 GB RAM. A survey is conducted to understand the distribution of
HBIs across the distribution network. It is observed that the average
percentage of BIS installed under the domestic load center across the
distribution network is 60%. Since it was very difficult to find the PVs
and EVs presence in the domestic load center, the PVs and EVs with
a capacity of (3 x 10) kWp and 30kW respectively are installed using
the normal distribution in the distribution network model of DigSILENT
PowerFactory. The Time of Day (TOD) and its corresponding tariff is
obtained from [139]. With these data, the proposed bi-level approach is
applied to obtain the optimal hardening solution. After obtaining the
optimal hardening, the effectiveness of this solution during the extreme
condition is tested for two cases. Case A: by considering the complete load
connected to the system, Case B: by considering only the critical loads of
the system (which is mentioned in Table 6.1).

As discussed, the distribution network is clustered to obtain its vulnerable
zones. The major components of the distribution network considered in
this study are substations and distribution lines. Here the vulnerability
of buses/nodes (substations) and the distribution lines are derived using
the Monte-Carlo earthquake hazard model as explained in section 4.4.
Since the fragility of substations and distribution lines are different for
the same earthquake activity [139], individual clustering of substations
and distribution lines is performed. Using the clustering methodology
mentioned in Figure 6.9, the optimal number of vulnerable zones are
obtained for substations and distribution lines. From Figure 6.12 and
Figure 6.13, it is evident that the optimal number of clusters for substations
and distribution lines are two and four respectively. The optimal number
of vulnerability zones and the possibility of risk are shown in Table 6.9.
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Figure 6.12: Cluster Quality Index of Substation for different number of
clusters

Figure 6.13: Cluster Quality Index of Distribution Lines for different
number of clusters

By applying the Algorithm–III, twenty, and thirty-one number of
buses/nodes and distribution lines are obtained for B and L respectively
shown in Figure 6.15. In this figure, the substations and the distribution
lines in the set B and L are represented by a red circle and red lines
respectively. With the derived input data for second-level optimization,
the optimized cost obtained is 508847398.68 dollars with the optimal size
and location of ESUs are shown in Table 6.10 and the optimal location of
UCs is shown in Table 6.11. The hardening methodology must improve the
system performance both under normal and extreme conditions to reduce
the overall investements. During the normal condition, placing ESUs at
optimal locations with optimal size has significantly improved the bus
voltage profile. The same can be evident from Figure 6.14, where the
percentage comparison of bus voltage profile for cases, with and without
ESUs is shown. To test the effectiveness of the proposed methodology under
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Figure 6.14: Bus Voltage Profile Comparison - with and without ESU in
percentage

Table 6.9: Optimal Clusters and its Risk Possibility of Substations and
Distribution Lines

Substations Optimal Clusters = 2

Possibility of Risk
Cluster 1 Cluster 2
High Low

Distribution
Lines

Optimal Clusters = 4

Possibility of Risk
Cluster 0 Cluster 1 Cluster 2 Cluster 3
High Nil Medium Low

emergency condition, a worst-case seismic fault occurred in the location
(30.45oN, 77.92oE) with a moment magnitude of 5.4 is applied. A resiliency
index (RI) is defined to measure the overall system performance for both
the cases A & B during the emergency period given by equation 6.17.

Case A

Considering the complete load connected to the distribution system, the
values of RI are calculated using the equation 6.17. A comparison is made
with RIs for various conditions such as without hardening, with only ESUs
and with the proposed methodology shown in Table 6.12. From this, it
is evident that the proposed methodology has improved the overall energy
served by three times of the case without any hardening measures and 1.5
times of the case with only ESUs.
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Table 6.10: Optimal Size and Location of ESUs

Optimal ESUs
Location

Size in MVALatitude Longitude MSL

5

30.448 77.7195 439 1.3848
30.3306 77.9574 610 1.1914
30.30925 78.031806 640 1.5593
30.6115 77.8753 1049 0.7573
30.2811 77.9903 601 0.7208

Case B

Considering only the critical loads of the distribution system as mentioned
in Table 6.1, the values of RI are calculated using the equation 6.17
against various emergency response periods. A comparison is made with
RIs for various conditions such as with only ESUs and with the proposed
methodology shown in Table 6.13. From this, it is apparent that the
proposed methodology has significantly improved the energy served during
the emergency period.

The obtained hardening results can improve the overall system performance
during normal conditions. Apart from that, the results obtained for both
the cases A & B, shows the proposed methodology can effectively improve
the energy served during the emergency condition.

6.4 Closing Remarks

In this chapter, two schemes to improve the overall system resiliency
during both normal and extreme conditions by considering both the
grid-side and demand-side resiliency strategies are discussed. In the first
scheme, a novel framework is proposed which combines the grid-side and
demand-side resiliency enhancement strategies for optimal planning of
ESUs to improve the flexibility and resiliency during normal and extreme
conditions. In this two-stage framework, the first stage elaborates the
three-stride procedure for hardening the grid via ESU planning and in the
second stage, a two-stride procedure to improve the system resiliency via
optimal operation of BIS and ESU is elaborated. Since large-scale ESUs
are commonly integrated via substations, this framework investigates
the resiliency enhancement by considering the vulnerability of both
substations and distribution lines. Here, the numerical experiments
were performed considering two cases like worst and the most frequent
seismic fault occurred in the region. Initially, by minimizing the cost
objective function, the optimal size and location of ESUs is derived
which is less prone to seismic hazards. Later, the RI is maximized
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Table 6.11: Optimal Locations of UCs

Optimal
Number
of UCs

From
Bus

To Bus Cluster Distance
in km

16

Anarwala Hathibakarakala 2 5.3
Bindal Anarwala 2 6.7
Bindal Kaulagarh 2 4.8
Bindal Niranjanpur 2 8.2
Bhaniyawala HimalayanHospital 2 2.7
BhoopatwalaShantiKunj 3 5.5
Dhakrani Harbertpur 3 2.8
Dhakrani VikasNagar 3 8.2
Jhajra Selaqui 2 7.8
Laltapper Bhaniyawala 0 7.4
Majra Mohanpur 0 11.1
Majra Niranjanpur 2 3.6
Majra TransportNagar 2 2.4
Rishikesh Laltapper 2 24.9
Rishikesh ManeriBhali 0 7
Rishikesh Raiwala 0 10.4

Table 6.12: Comparison of Resiliency Index for Case A

Resiliency Index (RI)
Without
hardening

Only
ESU

Proposed
Hardening

0.0659 0.1258 0.1887

by combining the usage of ESUs and BIS to satisfy the identified
critical/priority-based load with minimal curtailment. From the results,
it is evident that the ESU planning constrained by the vulnerability
of electrical infrastructure on top of grid performance parameters will
improve both grid flexibility and resiliency. In addition, by considering BIS
in optimal planning will enhance the operational resiliency of the system
and can majorly decrease the capital investment for utilities towards ESUs.

In the second scheme (as an extension of first scheme), a three-dimensional
hardening methodology is proposed to improve the overall system
performance against earthquakes. The occurrence of earthquakes is a
purely random event. Therefore, in this thesis, a Monte-Carlo based
earthquake hazard model is proposed to generate the possible earthquake
scenarios in the chosen region of study. Later, the PGA and fragility
model is applied to identify the failure likelihood of electrical infrastructure.
With the possibility of failure, the optimal vulnerable zone of the
network is derived by clustering the network using the proposed clustering
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Table 6.13: Comparison of Resiliency Index for Case B

ERT
Resiliency Index (RI

With only ESU Proposed Hardening

8 0.2335 0.6935
9 0.2179 0.6013
10 0.2024 0.5857
11 0.1868 0.5318
12 0.1664 0.4935

methodology; which is termed as first level of optimization. Later, with
reference to the vulnerable zones, the ESUs, UCs, and communication
infrastructure are placed optimally using the second level optimization.
The proposed methodology is evaluated for two cases such as (i) considering
the complete load connected to the system, and (ii) considering only the
critical loads of the system using RI. From the results, it is evident that
the proposed three-dimensional hardening has significantly improved the
system performance both during normal and emergency conditions.
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Figure 6.15: Set of Substations and Distribution Lines derived from
Algorithm – III
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Chapter 7

Closure of Thesis

This chapter summaries the major conclusions of this thesis and possible
future directions.

7.1 Summary

Integration of large-scale ESUs is a promising solution to improve grid
flexibility and resiliency. However, considering the capital investment,
ESUs are optimally placed in the system to improve system performance. In
planning the ESUs for the distribution system many researchers proposed
optimization problem and methodologies to improve system conditions.
However, these methodologies were developed mainly by considering
the electrical parameters leaving behind the practical parameters and
constraints. This thesis proposes novel ways to formulate the optimization
and problem, quantify the system performance against short and long
term resiliency by considering both grid side and demand side resiliency
to improve system performance during emergency conditions. Since the
distribution system modeling plays a major role for planning activity, most
possible practical parameters such as RPOs, uncertainty of REPs, general
load, EV load and the practical constraints such as land availability and
environmental damage caused by ESUs are formulated in the distribution
system via modeling the distribution network. The effect of modeling the
natural disaster into the distribution system is very crucial to develop
strategies for improving system resiliency. To address this a Monte-Carlo
based probabilistic hazard model is integrated into the distribution system
to identify the vulnerable components of the distribution system against
earthquake activity. These concepts are simulated by considering three
cases such as optimal planning of HESUs to improve the grid flexibility with
minimized environmental impact, optimal planning of ESUs considering
BISs in the network and three dimensional hardening to improve both
system flexibility and resiliency.
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7.2 Conclusions

The HESU planning is carried out by modeling the problem with practical
constraints such as RPO, land required to install HESU & its associated
cost, CO2 emission from ESU affecting the environment. Apart from
this, a survey is conducted from which the uncertainty parameters related
to general load, EV load, and Solar PV generation are calculated and
introduced in the model. From the survey, it was concluded that the EV
loads are not connected throughout the distribution network. Therefore,
the distribution network is clustered based on load density, geographical
data (latitude, longitude, and MSL), TI, and population. After this,
the EV loads are placed on clusters where both the population and load
density are high. Within the cluster, the EV loads are distributed using
EVDI (obtained from the survey). Having these data, the distribution
system is modeled in DigSILENT PowerFactory and the optimal planning
of HESU is obtained from the proposed methodology. Albeit the ESU
planning in literature did not consider the environmental impact, but
it has the utmost importance for sustainable planning. To minimize
the emission level from ESU, a hybrid combination of popular Li-ion
battery along with Na-S battery technology has been implemented using
the proposed methodology. The optimized results paved a way towards
reduced damage cost due to CO2 emission significantly, by considering
the other components such as uncertainty (of load and solar PV), grid
performance cost, land cost index, operation and maintenance cost,
arbitrage cost, and capital investment. From the results obtained,
it is also evident that the HESUs are widely spread across all the
clusters of the distribution network. Therefore, the same HESUs can
be utilized to form microgrids to satisfy critical demand during grid failure.

A framework is proposed for optimal planning of ESUs to improve flexibility
and resiliency during normal and extreme conditions. A two-stage
framework is proposed in which the first stage elaborates the three-stride
procedure for hardening the grid via optimal planning of ESU and in the
second stage, a two-stride procedure to improve the system resiliency via
optimal operation of BIS & ESU. Generally, large-scale grid-tied ESU is
placed in the substation. Therefore, to improve the overall resiliency of the
system, the vulnerability of both substations and distribution lines must
be assessed. To address this, a set of candidate bus is identified from the
overall damage probability (including substation and distribution lines). In
this second-stride of the first stage, the distribution system is modeled by
considering the uncertainty of REPs and load and also practical constraints.
By minimizing the cost objective function, the optimal size and location of
ESUs are obtained in which the damage probability against earthquake is
null/minimal. In the second-stride of the second stage, the combination
of BIS & ESUs is used to satisfy the expected demand with minimal
curtailment. From the results obtained, it is evident that:

• ESU planning constrained with the vulnerability of electrical
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infrastructure on top of grid performance parameters will improve
both grid flexibility and resiliency.

• Considering BIS in optimal planning will enhance the operational
resiliency of the system and also can majorly decrease the capital
investment for utilities towards ESUs.

• The combined operation of ESUs & BIS has improved the energy
served during emergency response period and the system performance
followed by an earthquake.

A three-dimensional hardening methodology is proposed to improve the
overall system performance against earthquakes. Since the occurrence
of earthquakes is purely a random event, probabilistic modeling of the
earthquake will lead near to practicality. Therefore, all possible scenarios
of earthquakes are generated using a Monte-Carlo based earthquake hazard
model. Hereinafter, the PGA of all the generated scenarios is derived using
the seismic activity model and thereby the failure likelihood is obtained
using the fragility curves of substations and distribution lines. With the
possibility of failure, optimal vulnerable zones of the network i.e. optimal
vulnerable substations and distribution lines are derived by clustering the
network using the proposed clustering methodology; which is termed under
the first-level optimization. Later, concerning the vulnerable zones, the
ESUs, UCs, and communication infrastructure are placed optimally using
the second level optimization. To test the effectiveness of this methodology,
the performance of the system under normal and extreme conditions is
evaluated. Concerning to extreme condition, the performance of the
proposed methodology is evaluated for two cases such as (i) considering the
complete load connected to the system, and (ii) considering only critical
loads of the system using RI. From the results obtained, it is evident that
the proposed three-dimensional hardening has significantly improved the
system performance both during normal and emergency conditions. It
is also evident from the results that the resiliency index has significantly
improved in both the cases by using the proposed methodology.
To validate all the proposed methodologies, various numerical experiments
were conducted on a real-world 156-bus distribution system of Dehradun
district, Uttarakhand, India.

7.3 Future Directions

This thesis mainly present the novel ways to formulate the optimization
problem for optimal planning of ESUs in distribution system considering
both grid flexibility and resiliency. The methodologies mainly focus on the
planning part of ESUs considering the presence of HBIs in the distribution
system. In this thesis, the methodologies were developed mainly by
considering the earthquakes. Therefore, the question still remains if they
hold for other natural disasters. Since it is known that the strategies to
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improve resiliency is disaster and system dependent, it is very difficult
to formulate a more generalized methodology however the skeleton of the
methodology remains same.
The main opportunities for further research are as follows:

• In this thesis, at a time the occurrence of single disaster is considered.
However, multiple disaster like landslides and earthquakes may occur
and in such cases there is a scope of improvement in the proposed
methodology.

• In this thesis, it was assumed that all the load center having the
any of the HBI components are willing to accept the communication
network for HBIs. In practice, it is very difficult to answer because
of the societal acceptance which may vary from place to place and
time to time.

• The optimal size and location of ESUs considering HBIs were
obtained. With this, there are opportunities to develop a better
control scheme to achieve synchronous operation amongst ESUs and
HBIs.

• In this thesis, it is assumed that the ESUs and HBIs synchronously
operate with the individual status available from the communication
infrastructure thereby the energy can be served to non-HBI customers
from ESUs. However, this situation can be improved by formulating
a business model to encourage the participation of HBIs to supply
non-HBI customers and thereby improve system resiliency.

• In this thesis, the ESUs are assumed to be based on battery
technology. However, there are many other technologies to explore on
grid-scale storage which might be viable to mitigate the uncertainty
and variability associated with intermittent, non-dispatchable
renewable energy resources.

• The massive spread of distributed renewable energy resources in
distribution systems, intrinsically uncertain and non-programmable,
together with the new trends in electric demand, often unpredicted,
require a paradigm change in grid planning for properly lead with
the uncertainty sources and the distribution system operators (DSOs)
should learn to support such changes. However, the DSO perspective
methodologies may introduce high computational efforts which can
be addressed via quantum computing.

• The ramification of incoming changes brought by the energy
transition will require additional flexibility capabilities. This gives
an opportunity to explore various scenarios applicable for national
grid, which can be evaluated up to 2050.
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