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Abstract

Abstract

Peer-to-peer (P2P) exchange is an emerging approach in smart grids which
enables users to share their energy production or storage surplus or the
flexibility of their demand with other end-users. This provides benefits to
both energy producers and consumers. In this work, a P2P exchange
framework methodology is developed. It relies on a Time-of-Use (ToU) tariff
scheme to value the benefit in time-shifting demand to low cost / low carbon
periods. Two groups of stakeholders are considered, the local distribution
network operator (DNO) and the microgrid (MG) users. Energy trading
follows three principles: First, energy sharing occurs by using the storage
and renewable assets of the microgrid. Second, P2P exchange is enabled
during the high-tariff period and third, it is based on cooperation to achieve
mutual benefits for the DNO and the MG users. The stakeholders share the
cost and benefits of P2P energy trading. The main steps of the developed
methodology include a battery sizing process, user categorization and
priority order, zoning and optimum battery discharging. The electrical
limits of transformer and storage inverter power are considered in the
process. The developed methodology investigates the benefits gained by the
DNO and MG users. Benefits are examined in terms of economic benefits
for the stakeholders (profits), system resilience in case of faults, carbon
emissions reduction and energy storage lifetime increase. Case studies are
used to illustrate the capabilities of the methodology in determining the
expected performance of a P2P scheme under a range of conditions and
geographical locations. The results show that this method of P2P exchange
will have significantly different impacts depending upon the local
conditions for demand, generation, resilience standards and tariff

structure.
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Introduction

Chapter 1.  Introduction

In this chapter a brief introduction of the thesis will be presented,
describing the research objectives and the novelty of the research. A brief
description of smart grid concept will be presented. The context of the
research is given by higlighting the main functionalities of smart grids will
be highlighted compared to traditional power systems. The role of smart
grids in grid decarbonization will be explained, focusing on their main
assets such as renewables and energy storage. An outline of the thesis will

be also presented.
1.1. INTRODUCTION

1.1.1. INTRODUCTION TO THESIS

In this work, a novel peer-to-peer (P2P) exchange framework is presented
for microgrids (MGs) to improve their economic and resilient operation. The
presented method was developed gradually by investigating certain areas
of the current literature. To fulfil this goal particular research objectives

were defined and achieved.

1.1.2. RESEARCH OBJECTIVES

The primary aim of this thesis is to develop a novel peer-to-peer (P2P)
exchange framework for microgrids (MGs) to improve economic and
resilient operation. MGs are small-scale power systems consisting of self-
controllable interconnecting Distributed Energy Sources (DERs) and load
customers within clearly defined electrical boundaries [1]. Microgrids can
operate in two different modes: grid-connected and islanded. In the grid-
connected mode the microgrid exchanges power with the main grid, while
in islanded mode it operates independently from the main grid, relying on

its own assets for power and energy needs [1].

The presented methodology was developed after identifying research gaps

in the current literature. To achieve this the research objectives are:
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1) Identify energy management techniques that are applied in MGs in
the context of smart grids that contribute to economic and resilient
operation.

2) Investigate the role of energy storage in MG operation, identify a
suitable storage technology for P2P exchange, and determine the
modelling requirements to represent the storage features throughout
1ts operational lifetime.

3) Examination of how P2P exchange can enhance resilient operation of
MGs alongside providing economic benefits to stakeholders.

4) Develop a P2P exchange method that builds on the above objectives
to provide transparent rules for cooperative sharing of energy

resources in a MG for economic and resilient operation.

1.1.3. NOVELTY

Technical aspects such as optimum battery size, battery degradation,
system resilience in case of faults have not yet been examined in the context
of P2P trading. In this work, the research is focused on technical aspects of
P2P exchange, with particular interest in storage assets. The synergistic
benefits accrued by local DNO and MG users if participating in a P2P
exchange scheme are examined. The benefits gained are examined in terms
of economic benefits for the participants (profits), system resilience in case

of faults, carbon emissions reduction and increased battery lifetime.

1.2. CONTEXT OF RESEARCH

1.2.1. THE CONCEPT OF SMART GRIDS

A grid by definition is a network of electrical conductors that deliver
electricity to particular points [2]. For smart grids there is not a definition
which 1s accepted universally, as there are different ways to describe it. A
simple definition is that a smart grid is an intelligent grid [2]. While
conventional grids just transmit and distribute electrical power, smart grids
are capable of actively storing and communicating information and making

decisions according to certain criteria [2].
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Traditional Power Grids

Smart Grids

Mechanization

One-way communication

Centralized power generation

Radial topology

A small number of sensors

No automatic monitoring

Manual recovery

Pay attention to failures and disruptions
Manual checking equipment

Handling emergencies through staff and telephone
Finite control

Limited pricing information

Fewer user options

Digitization

Two-way communication

Distributed power generation

Network Topology

Sufficient sensors and monitors

Automatic monitoring

Semi-automatic and automatic recovery
Adaptive protection measures

Remote supervisory controlling equipment
Decision support system and reliable prediction
Pervasive and intensive control system
Complete pricing information

More user options

Table 1.1: Traditional Power Grids versus Smart Grids [3].

A main feature of smart grids is the fact that they can deliver electricity in

a reliable, sustainable and secure way [4]. A smart grid is also described as

a modern grid which optimizes the energy efficiency between suppliers and

consumers in real time [5]. The main differences between the traditional

power grids and the smart grids are summarized in Table 1.1.

1.2.2.

SMART GRID FUNCTIONALITIES

The functionalities of smart grids are summarized below [2]:

e Reliability, security, and efficiency of the electric grid.

e Deployment and integration of distributed resources and generation.

e Demand response and demand-side resources

e Deployment of “smart” technologies such as for metering and

distribution automation

e Integration of “smart” appliances and consumer devices

e Advanced electricity

storage and peak-shaving technologies,

including plug-in electric hybrid electric vehicles (PHEVs), and

thermal-storage air conditioning

e Timely information and control option

e Interoperability of appliances and equipment connected to the

electric grid, including the infrastructure serving the grid.
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Reliability, security, and efficiency of the electric grid

Reliability in a system represents its ability to successfully cover the needs
of the ends users in each timestep [2]. Smart grids improve fault detection
and permit self-healing [6], [7]. The increasing complexity of modern power
grids require suitable data mining algorithms to support system reliability
such as Bayesian networks [8]. Smart grid are capable to increase system
efficiency by using remote monitoring of hybrid generation and automatic
smart grid management applications [9]. As smart grids require a high
amount of information exchange, they are vulnerable to cyber-attacks that
might compromise their operation. For this reason, different approaches
have been proposed to ensure system security such as intrusion detection
system (IDS) and models that help to analyze, understand and prevent
cyber-attacks [2].

Deployment and integration of distributed resources and generation

Smart grids encourage the integration distributed energy resources (DER)
such as renewables and storage applications, mitigating the dependency on
fossil fuels and promoting sustainability [2]. Wind generators, photovoltaic
panels, batteries and thermal storage applications are some of the most
common DER used. As the integration of DER requires the control of a large
amount of data, decentralized approaches are also developed to alleviate

data burden [10].

Demand response and demand-side resources

Demand response and demand-side resources are promising approaches in
smart grids that permit to the end users to actively participate in the
reduction of peak demand or in the time shifting of it, receiving financial
benefits [2]. The end users are no longer passive consumers as it happens
1n conventional power systems, but they are actively involved to the demand
management. Demand response approaches aim to control consumption

according to generation, increasing system reliability [11].
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Deployment of “smart” technologies such as for metering and distribution

automation

Smart metering is a fundamental feature of smart grids, which establishes
a two-way communication between the consumers and the utility grid [2].
In this way the consumers receive more accurate bills and can control better
their energy use [2]. Advanced metering infrastructure (AMI) is used,
collecting information and taking actions through communication channels,
making transformer monitoring, power outage management and electric-

vehicle integration feasible options [12].

Integration of “smart” appliances and consumer devices

Smart appliances and devices can communicate with utility grid to reduce
peak demand and time-shift demand intelligently on their own [2]. These
devices are established in households and control their operation
automatically based on particular rules, such as smart washing machines
that are switched off during high demand periods and operate during low
demand periods [13]. Under this concept, Internet of Things (IoT) is a
modern technology which enables the communication of a number of
devices, people, data, and processes, seamlessly [14]. Different wireless
platforms have been developed, such as ZigBee, which are used to enable

coordination of the device operation [15].

Advanced electricity storage and peak-shaving technologies, including plug-

in_electric_hybrid _electric_vehicles (PHEVs), and thermal-storage air

conditioning

Storage applications are indispensable part of smart grids, in order to
mitigate the intermittent nature of renewables [2]. EVs could be used also
as mobile batteries capable of providing energy to the grid, during peak
demand periods, using the Vehicle-to-Grid (V2G) technology [2]. V2G
technology improves the ancillary services of the smart grids such as peak
power shaving, spinning reserve, voltage and frequency regulations [16].

Different architectures have been investigated in order to control a large
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number of EVs with V2G ability. The most popular is the architecture of
aggregator [17]. The aggregator is considered to be a central in-charge who
coordinates all the required operational activities and maintains the link
between energy market players and the EV owners [17]. Thermal storage
air conditioning technology combines a thermal storage device and a
conventional air-conditioning system [18]. It produces and stores the heat
needed for air conditioning during nighttime when the demand for air
conditioning is small and utilizes the stored heat at a peak during daytime
[19]. Thermal storage air conditioning is considered as an efficient energy

management solution for smart grids [18].

Timely information and control option

As the grid becomes smarter timely information is achieved in order to
make suitable decisions at the correct time. Smart end-user devices and
time synchronization provide necessary data for power quality verification
and detection of illegal users [20]. Intelligent control in smart grid offers
significant advantages such as optimum power generation by real time load
demand, fault detection and reconfiguration, optimal reactive power control

for distributed generation [2].

Interoperability of appliances and equipment connected to the electric grid,

including the infrastructure serving the grid

An efficient operation of smart grids requires a coordination of different
domains such as customers, generation, service providers, markets,
transmission, distribution [2]. The complexity and the large amount of

devices make interoperability a necessary part of smart grids [2].

1.2.3. GRID DECARBONIZATION

Climate change is defined as the long-term alteration of climate in a
particular location, region or the entire planet [21]. One of the major causes
of climate change are the green-house-gases (GHGs), where the most

important is the carbon dioxide (CO2) [22]. Different actions have been




Introduction

made to cope with the climate change threat. One of the most important
was the Kyoto Protocol signed in 1997 [21]. The main mechanisms
developed to reduce carbon emissions are clean development mechanism
(CDM), joint implementation (JI), and emissions trading (ET) [21].
Following these mechanisms, EU energy policy aims to reduce carbon
emissions by 20%-30% compared to 1990 until 2020, and a further
reduction of 80% until 2050 [23].

Smart grids are expected to play a major role to decarbonization of modern
power systems by increasing the integration of renewables, reducing
significantly their dependence on fossil fuels [24]. The development of smart
grid technologies coupled with other sectors of the economy could promote
a sustainable development [25]. At present around one fifth of the World’s
total energy is been used in the electricity sector, while three quarters of it

1s covered by fossil fuels [25]. Thus, a grid decarbonization

1.2.4. SMART GRID ASSETS — RENEWABLES AND STORAGE

The most important assets of smart grids are renewable energy sources
(RES) and storage devices. According to IEA definition, “renewable
energy 1s derived from natural processes that are replenished constantly.
In its various forms, it derives directly from the sun, the wind or from heat
generated deep within the earth” [26].Wind and solar power are the most
popular RES that are increasingly integrated in modern power systems.

Other RES are thermal, biopower and marine energy [27].

Wind turbines transform wind kinetic energy to mechanical to generate
electricity [27]. Conventional wind turbines have an horizontal-axis design
where two or three blades are rotated following the laws of aerodynamics
[27]. Over the last decades, their size have been increased significantly,
leading to a 200-fold increase of power output [27]. PV panels is the most
common device to capture solar energy, by using photoelectric effect in order
to produce electricity through a semiconductor. The most widely used semi-

conductor is silicon [27]. RES integration, promotes grid decarbonization in

7
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the context of a sustainable development, and it can be installed closer to
the end users [28]. RES can offer significant benefits to modern power grids

[29]:

e Energy cost savings

e Savings in power losses in the transmission and distribution
networks

e Put over new large power plants

e Put over transmission line extension

e Increased reliability

e Enhances power quality

e Reduced land use

e Reduction in peak power requirements

e Potential use as emergency supply

Wind power and PV panels are fast growing technologies and their costs
have reduced significantly. Wind power is one of the cheapest available RES
that become even cheaper [24]. Solar panels are also a cost-effective
solution, as their cost has been decreased tremendously by 99% in the last
40 years, due to the progress in the materials research [24]. A further
decrease of RES is expected in the future, making them the main power
source in the share of generation globally by the early 2040 [25]. The
benefits of wind and solar power along with the constant cost reduction has
led to significant increase of global wind and PV installations. Wind power
installations have been increased from 24GW in 2001 to 6561GW in 2019
(Figure 1.1) [30]. Similarly, global PV installations have been increased
from 50GWp in 2010 to 680GWp (Figure 1.2) [31].
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Figure 1.1: Historic development of total wind installations [30].
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Figure 1.2: Cumulative installed PV power by country [31].
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Despite the significant advantages the RES offer to modern grids, they pose
new challenges that need to be addressed. These challenges are related to
their intermittent nature and their special characteristics that
differentiates them from the conventional power generators. The main

characteristics of renewables are [32]—[34].

e Variability in their power output due to the variability of their
primary source (e.g. wind, sun).

e Their generation has uncertainties due to the unpredictable nature
of their primary source.

e They are constrained by the location of their installation.

e Most of their generators are non-synchronous.

e They have low short-run costs.

e They usually have insufficient generation adequacy.

To address these challenges different technology solutions are developed,
such as transmission expansions, voltage management and integration of

energy storage technologies, energy management techniques [32], [35], [36].

Energy storage technologies play a vital role in smart grids, as they mitigate
the intermittent nature of renewables, permitting their high utilization
[37]. Moreover, energy storage technologies increase grid flexibility and
ancillary services in order to address the supply/demand challenges of
modern power grids [37]. Ancillary services are defined as the services that
maintain integrity and stability of transmission or distribution system,
including power quality [38]. Examples of ancillary services are:
Voltage/frequency regulation, demand response and resource adequacy
[39]. A summary of the ancillary services provided by energy storage

technologies are presented in the table below (Table 1.2):

10



Introduction

Grid Quality Cost Saving
A -Voltage Regulation -Demand Response
-Frequency Regulation -Self-Consumption
-Congestion Relief -Energy Arbitrage
B -Black Start/Backup Power -Resource Adequacy
-Power Quality -Distribution & Transmission
Deferral

Table 1.2: Summary of ancillary services provided by energy storage
technologies [39].

Different energy storage technologies have been developed providing a wide
range of options according to the problems and challenges they need to
address. Each technology has its own advantages and disadvantages [37].
Some of the most important energy storage technologies are hydro,
compressed-air, battery, flywheel, capacitor, supercapacitor,
superconducting magnetic and thermal systems [37]. Despite the
advantages they offer, new challenges emerge regarding their operation and

control [37].

1.3. THESIS OUTLINE

The rest of the thesis is organized as follows: In Chapter 2, energy
management techniques in MGs are investigated. The role of MGs in smart
grids and the most important energy management techniques in this
context, are described. The active role of consumers is highlighted, and MG

planning and operation issues are presented.

In Chapter 3, a brief review of available storage technologies is presented
focusing on battery devices and especially on lithium-ion batteries. Their
advantages and disadvantages are presented in detail compared to the
other available technologies. The degradation effect is identified as a crucial

factor for lithium-ion battery lifetime. The role of storage in distribution

11



Introduction

networks is also described and a piece of our publish work is presented

regarding the benefits of lithium-ion batteries for domestic users.

The concepts of resilience and P2P exchange are described in detail in
Chapter 4. Particular type of faults are presented and the concept of
resilience in MGs is investigated. Significant issues regarding P2P
exchange are analyzed and explained in detail, such as market designs and
trading platforms. A detailed literature review for P2P exchange is also

presented and the existing research gaps are highlighted.

In Chapter 5, a novel framework for P2P exchange in MGs is presented. The
goals of the developed methodology are explicitly stated, and the main steps
of the developed methodology are explained in detail. Different scenarios
are examined to thoroughly investigate the impact of the method to system
resilience. The work presented in this chapter is the main contribution of
this thesis, based on the knowledge acquired and the research gaps that

were 1dentified in the current literature.

A case study is presented in Chapter 6, based on the develop methodology
of the previous chapter. The results obtained are presented in detail for each
step providing relevant graphs. This chapter shows the practicality of the
developed framework and how it could be implemented and provide benefits

to the stakeholders.

In Chapter 7, more case studies are presented including different ToU tariff
schemes and locations. From the obtained results four different graphs are
created for different objectives. This chapters show that the method
developed in Chapter 5 is generalized and could be applied to any locations.
In this way, it is a useful tool that provide insights about the potential

benefits the stakeholders can gain by applying the certain method.

In the last chapter, the optimum discharging is compared with an one-by-
one battery discharging. The aim is to investigate which discharging

scheme causes less battery capacity loss. Curve fitting process is used to

12
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correlate the dept of discharge with the discharging currents. The obtained

results are presented.

Finally, the key issues of the thesis are summarized and discussed.
Different limitations and barriers identified during the research process are
presented. The conclusions conducted from this work are also presented

along with some ideas for future expansion.

1.4. CHAPTER SUMMARY

In this chapter, a short introduction of the thesis was presented. The
research objectives and the novelty of this work were highlighted. A brief
description of the smart grid concept was made. Main functionalities of
smart grids were described compared to the traditional power systems. The
role of smart grids was investigated in the context of grid decarbonization.
Renewables and energy storage technologies were identified as main assets

of smart grids. An outline of the present thesis was also presented.

13
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Chapter 2. Energy management in microgrids

In this chapter, the role of MGs in modern smart grids and the advantages
they provide are highlighted and energy management techniques related to
them are identified. Research is focused on centralized and decentralized
techniques with special interest on a new type of users, which are producers
and consumers at the same time (prosumers). Planning and operation
techniques of MGs are also investigated, in terms of optimum sizing of the
available assets (PVs, Storage devices) and implementation of control

techniques.
2.1. ROLE OF MICROGRIDS IN SMART GRIDS

A MG, is characterized as a small-scale power system which is self-
controllable interconnecting DERs and loads within clearly defined
electrical boundaries [1], [40]. A main feature of MGs is the fact that they
are connected with the main grid through points of common coupling (PCCs)
at their boundaries [41]. MGs can be operated in two different modes: grid-
connected and islanded. In the grid-connected mode the M is connected with
the main grid, while in the islanded mode it can be operate independently
from the main grid, relying only on its own assets [41]. This feature makes
them of particular interest for researchers. One of the main advantages of
MGs is that they can integrate RES that could be used locally in a
decentralized way, reducing power losses and mitigating environmental
impacts of climate change. Moreover, MGs connect also local users to the
main grid in such a way that they can be treated as a flexible aggregated
and controllable load [42]. MGs have become the main field of research from
academic community as their deployment could significantly enhance
resilience of modern power systems [41]. As one of their main features is
the i1slanded operation, they could run independently under extreme events
by optimum use of their DER and reconnect to the main grid when they

have been eliminated [43]. This significant feature protects also the main
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grid from major outages, arising though significant challenges to their

operation and control [41].
2.2. ENERGY MANAGEMENT TECHNIQUES IN MICROGRIDS

Energy management techniques are used in order to allocate efficiently the
available energy resources, by scheduling the dispatch of distributed
generators (DGs), energy storage systems (ESS), controllable loads and
energy 1mports/exports to fulfill certain objectives [44]. Energy
management in MGs is an important issue which becomes more popular as
MGs become indispensable part of modern power system and more
challenging as the integration of RES is increased [45]. There are two main
energy management approaches, one from the generators side (unit
commitment) and one from the demand side (Demand-side management

approaches).

Unit commitment (UC) is one of the most common energy management
techniques, in order to allocate the available resources in an economic and
secure way [46]. The Unit commitment is formulated as an optimization
problem, which varies depending on the mix of the available units and
particular operating constraints [46]-[48]. Different optimization
techniques have been used to address UC problem including, stochastic
programming, MILP and robust optimization [49]-[52]. The increasing
integration of renewables pose new challenges to the UC problem due to the
Intermittent nature of renewables, as it is dominated by uncertainties [53].
Robust optimization is one of the most promising techniques to tackle their
uncertainty [53]. Rolling-horizon strategy is another energy management

technique in order to perform the UC scheduling [52].

In this work, UC is related to the optimum dispatch of the available storage
assets of the MG. The developed methodology establishes a P2P exchange
where it is based on the optimum discharging of the available storage assets
under particular constraints. More details will be presented in the next

chapters.
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Demand side management (DSM) is defined as the modification of demand
consumption patterns in order to increase efficiency and flexibility of power
systems operation [36]. DSM can be used to achieve different load shaping
objectives, such as peak clipping, valley filling, load shifting, strategic
conservation, strategic load growth and flexible load shape (Figure 2.1) [54].

Peak / \ Strategic
clipping / \ /‘/‘\ conservation
A

Valley o £ // \\\ Strategic
filling i / \ Management //' \ load growth
A A

Load | /7, /—'\ Flexible
shifting —/ - / load shape

>

Demand Side !

Figure 2.1: Basic load techniques of DSM [54].

DSM becomes popular in modern power systems and it is classified in
“Energy Efficiency” (EE) and “Demand Response” (DR) strategies [36].
Energy Efficiency aims to reduce the required energy for the provision of
services or products, while Demand Response provides incentives to end-
use customers to modify their energy consumption when the wholesale

prices are high, or the system reliability is compromised [55].
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gemmnema Generation =
System operator Transmission/
(SO) Distribution
- Retailing < Load

Demand response
provider (DRP)

Figure 2.2: Demand response in a typical electricity market [36].

While DSM implementation used to be quite challenging in the past, due to
technological barriers, which have been overcome in the era of smart grids,
making DSM a quite popular approach [56], [67]. Different business models
have been developed to integrate DR, in relation to typical electricity
markets (Figure 2.2) [36]. The system operator (SO) is the stakeholder,
which 1s responsible to maintain system reliability, by applying economic
efficient measures. The generation stakeholder is responsible for energy
generation. The energy mix can include fossil fuels or renewable energy
sources such as PV, wind etc. [36].The transmission/distribution
stakeholder is responsible for allocating the energy in a reliable and secure
way. Retailing stakeholder performs the retailing of electricity to loads [36].
The load stakeholder is the entity which consumes energy, and it is exposed
to particular tariffs/prices posed by other stakeholders such as retailer and
transmission/distribution. A new concept 1s introduced in [36], called
Demand response provider (DRP), which represents an entity which
transforms DSM activity into business offering certain prices to other
stakeholders. One common DR strategy is the direct-load control (DLC) of
particular devices, for certain periods of time. DRP offers bilateral contracts
to the end users offering particular benefits for shutting down particular
devices. The contract usually includes contract duration and maximum

number of interruption hours. Activation signals and monitoring data are
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also determined in the contracts [36]. Essentially the load owner permits to
the system operator to control particular loads. The DLC is applied
automatically by the SO without the involvement of the load owner [36].
These approaches are suitable for small loads that are flexible and can be
aggregated at large numbers, such as the thermostatically controlled loads
(TCLs), such as air-conditions and refrigerators [58], [59]. Two examples of
successful DLCs strategies are offered by Florida Power and Light (FP&L)
named “On Call” [60], and another offered by ETSA utilities [61].

Some of the advantages that DSM offers are frequency regulation, capacity
provision, market efficiency enhancement [36]. Frequency regulation (FR)
requires very fast response in order to maintain generation-load balance,
keeping its levels close to a desired reference value [62]. In conventional
power systems FR was performed from generation stakeholders. However,
in modern smart grids storage assets and DSM techniques are also used
[63], [64]. Moreover, DSM offers extra capacity to the system, and can
efficiently reduce peak load demand by performing suitable DR actions [x-
69]. The increased flexibility offered by DSM enhances significantly, market
efficiency since it permits a more efficient scheduling of the available
resources [65]. Load shaping is another significant advantage that DSM
provides, as significant amount of energy consumption could be shifted to
periods where the total demand is low (load shifting) [66]. DSM techniques
finally can reduce significantly grid cost, as during high retailing prices
consumption can be modified accordingly. DR aggregation is an important

cost saving element [36].

Despite the significant benefits that DSM offers to modern power systems,
new challenges emerge. One significant challenge is the lack of ICT
infrastructure, as advance metering, communication and control techniques
are absent in most existing power systems [57]. Moreover, there is not a full
understanding of the benefits offered by the DSM strategies, leading to lack
of business cases [57]. In addition, the successful implementation of DSM

techniques, require a complete technical, economic and environmental
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assessment of the existing power systems, which is insufficient in most
cases [57]. The DSM techniques also increase the complexity of modern
power systems compared to the conventional ones [57]. Finally, the lack of
DSM business cases leads to the lack of appropriate markets and incentives

for the users [57].

In this work DSM techniques will be used in case of faults. If the available
energy in batteries during fault, is insufficient to cover the energy/power
needs of the MG users, a direct load curtailment of particular devices will
be performed. In this way, the MG will still operate independently but will
cover partially the load of its end-users. In case, the available energy is
sufficient, no DSM actions will be performed. More details will be presented

in the next chapters.

Time-of-Use (ToU) tariffs is a modern way to incentivize users to actively
manage their consumption and participate in DSM techniques [67]. In a
ToU tariff scheme the electricity prices varies through time, depending on
different factors such as network constraints and wholesale price of
electricity [68]. In this way end-users have incentives to reduce their energy
consumption during the high-tariff periods and shift their consumption to
lower tariff periods [68]. Current research demonstrates a considerable
reduction in peak energy consumption, depending on the ToU tariff design
[69]. Different ToU tariff schemes have been used in several countries
involving industrial and commercial customers, including gradually
domestic users [68]. According to [68] five different ToU tariff designs are

recognized in current literature:

e Static ToU: Tariffs are fixed in a regular way, having certain peak-
time periods and off-peak time periods.

e Dynamic ToU(DP): Tariffs are fixed, but vary from day-to-day. In this

case, customers are notified in advance about the tariffs of each day.

e Real-time pricing (RTP): Prices vary in real-time, depending on the

wholesale electricity market.
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e Critical peak pricing (CPP): Pricing is fixed for most of the day, but

there are some high price events, where the users are informed in
advance about the price increase.

e Critical peak rebates (CPR): Pricing is flat, but at certain times

(notifiable in advance) customers are rewarded for reducing their

electricity demand compared to an agreed amount.

Current research findings show that static ToU tariff are more preferred

than dynamic and dynamic pricing [68], [70], [71].

2.3. ACTIVE ROLE OF CONSUMERS (PROSUMERS)

The transition of modern power systems to an increasingly decentralized
structure with local energy production and consumption, has led to the
phenomenon of users that both producer and consume renewable energy,
modifying actively their consumption This type of users is known as
prosumers [72]. In other words, a prosumer can be energy producer, energy
seller and energy consumer at the same time (Figure 2.3). There is an
increasing implementation of projects in local communities, where the
energy management is allocated in such a way that integrates local users
and distribute gained benefits among them [73]-[75]. In this way, new
markets emerging engaging the active participation of prosumers, in
contrast to a passive energy consumption that occurs in conventional power
systems [72]. Prosumers as considered as novel way of facing the emerging
challenges in modern power systems, increasing the integration of
distributed energy sources and mitigating GHG emissions [76], [77].
Moreover, they contribute to the mitigation of RES intermittency through
changes in demand behavior, integration of storage assets and usage of
particular market designs such as time-of-use (ToU) tariffs schemes [78],
[79]. For this purpose, different business models have been developed to
facilitate the role of prosumers by encouraging local energy

production/consumption and local trading [72], [80]. Different value logics
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have been introduced such as market, municipal and community value

logics [72].

Energy
Producer

Energy ‘ Enéi'gy
seller \ Consumer

Figure 2.3: Concept of prosumer [81].

Different approaches have been used in order to develop models that
simulate the trading among prosumers. Decentralized approaches, such as
agent-based models, are selected by researchers as they permit the energy
distribution among prosumers without the need of a central controller [82].
The integration of prosumers in modern systems require suitable
infrastructure of advance metering (AMI) and systems of home energy
management (HEMS), providing the necessary information of energy
demand and consumption among users [83]. Moreover, the users receive
information about energy availability and prices for each timestep [83]. One
common way of energy sharing among prosumers, is the connection of them
in a local control center connected to the grid. Two key elements have been
recognized for energy sharing: communication infrastructure and
optimization techniques [82]. Smart metering and internet of things (IoT)
applications are used to enable interaction among prosumers [84]. Various
challenges have been recognized in existing literature regarding energy
management among prosumers. Some of the most important are:

Development of energy sharing  vision, data security, equipment
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installation, funding and investment, equipment installation and

management/maintenance issues [83].

2.4. MICROGRID PLANNING AND OPERATION

Planning of MGs is a significant issue that attracts special interest from
researchers, as MGs become more popular in modern power systems. The
main tool is a cost-benefit analysis in order to justify if a particular amount
of money should be invested or not [85]. However, an accurate economic
approach is quite challenging as there are factors of uncertainty. Thus,
different modelling approaches have been proposed in current literature, to
facilitate successful MG planning [85]. Researchers use suitable
optimization techniques in order to find the optimum size of particular MG
assets, such as PV panels and storage devices [86]-[90]. The aim is to
minimize investment cost, operation and maintenance cost, and carbon
emissions [85]—[87]. Genetic algorithms, neural networks, swarm particle
optimization and mixed-integer-optimization are some of the optimization
techniques used [86], [90]. Another important stage of MG planning is the
power flow analysis, which is similar to ones used for the conventional
power systems [85]. In case of MGs droop characteristics of DGs are used
[90], [91], which essentially show the relation between active and reactive
power to frequency and voltage respectively [85]. Different, power flows
methods have been used, such as Newton trust region method [91], and
modified versions of conventional Gauss-Seidel [x-54] Newton -Ramson

methods [92].

The increasing integration of RES in MGs, making their control and
operation quite challenging due to their intermittent nature [85]. The
reliability of their operation is a key factor, which requires particular
control techniques in different layers. Three main layers are recognized:
distribution, MG and wunit layer [85]. Each layer has different

characteristics and its operation is dominated by different entities. In the
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distribution level there is a market operator (MO), and a distributed
network operator (DNO). MG level includes microgrid central control
(MCC) and unit level local controllers (LC) [85]. The supervisory control
could be either centralized or decentralized [93]. Different methods have
been used in order to ensure stability of MG operation, including small
signal models dynamic techniques using droop characteristics of DGs or

more generalized approaches [94]—[96].

In this work, a cost-benefit analysis is used to estimate the benefits gained
and find the optimum battery size for each user. DSM techniques will also
be used, with direct load curtailment of particular devices when the MG
transformer or supply are lost, and the available energy stored in the
batteries is not sufficient to cover the total demand of all users. These

concepts will be explained thoroughly in Chapter 5.

2.5. CHAPTER SUMMARY

The advantages of MGs in modern power systems were examined in this
chapter. Energy management techniques are key factors for allocating the
energy optimally, reducing system costs, increasing system reliability and
resilience and ensuring safety. Demand side management techniques and
demand response are common approaches to control the load within the
desired limits (peak shaving, load shifting etc.). Energy management
techniques are either centralized or decentralized, influencing the efficient
allocation of available energy resources. ToU tariffs incentivize users to
actively modify their energy consumption based on the prevailing energy
and system costs. The active role of consumers is considered as a crucial
factor compared to the passive behavior of the users in traditional power

systems.
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Chapter 3. Energy storage technologies in smart

grids

In this chapter, available storage technologies will be identified,
highlighting their advantages and disadvantages. The aim is to select
practical and affordable storage solutions, suitable for distribution
networks. Energy/power density, response time, cost and Energy/power

density are some of the identified key parameters.

3.1. ENERGY STORAGE TECHNOLOGIES

Concerns about climate change, has led the research interest to alternative
solutions such as Renewable Energy Sources (RES). The intermittent
nature of RES makes energy storage an indispensable part of their
integration to modern power systems. Moreover, energy storage
technologies are identified as key players for providing ancillary services
and cope with demand/supply challenges [37]. Their great potential in
future application has increased the interest of academic community in

order to find flexible efficient and affordable ways to store energy.
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Figure 3.1: Discharging time and storage capacity of different storage

applications [37].
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Some of the most important energy storage technologies so far are pumped
hydro, compressed-air, battery, flywheel, capacitor, supercapacitor,
superconducting magnetic and thermal systems [37]. Each technology has
its own advantages and disadvantages offering a wide range of options for
energy experts, based on their location, application scale, and provided
services (e.g. frequency regulation [97], voltage control, Time-of-Use (ToU)
tariff energy management) [98], [99]. Differences in discharging time and
storage capacity are shown in Figure 3.1. One of the most promising storage
technologies that becomes popular are lithium-ion batteries, due to their
high-power intensity, efficiency and decreasing cost. However, there are
concerns that restricted focus on the development of lithium-ion batteries,
may put at risk the development of other alternatives [100]. Moreover, the
mainstream storage technologies may be insufficient to meet the challenges
for further decentralization and decarbonization of existing power systems

[100].

3.2. ELECTROCHEMICAL ENERGY STORAGE -BATTERIES

Electrochemical energy storage operates under three major principles: a)
separation of charge, b) transport of charged species and c¢) recombination
of charge [101]. The fundamental concept behind electrochemical energy is
the conversion of chemical energy into electrical energy. The major
electrochemical storage applications include batteries, fuel cells and
electrolytic capacitors [101]. Electrochemical storage devices require two
specialized parts of electrodes separated by conductor known as
“electrolyte” [101]. In batteries, specific energy and power are dictated by
the chemistry and the battery materials [101]. Batteries and fuel cells
provide several advantages for mobile applications making them good
candidates for transport sector. There is an ongoing debate in research

community about which technology will eventually dominate it [102].
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Batteries are a mature electrochemical storage technology which provides
high power and energy densities [103]. Various battery types have been
developed such as lithium-ion(Li-ion), sodium-sulphur (NaS), nickel-
cadmium (NiCd), lead acid (Pb-acid), lead-carbon batteries, as well as zebra
batteries (Na-NiCl2) and flow batteries [104]. Various electrode and
electrolyte materials are investigated by researchers to reduce cost and

1mprove energy/power density, battery lifetime and safety [104].

3.2.1. LITHIUM-TION BATTERIES

Research on Lithium-ion batteries has made significant progress during the
last decades, making them a reliable and mature storage technology with
high potential of further improvement in the near future [105].The
significant advantages of lithium-ion batteries (LIBs) has attracted the
interest of researchers globally, increasing the publications over 260%
between 2010 and 2017. This increase is around 4.5 times higher than
increase rate of general academic literature [106]. The light weight and the
compact nature of LIBs has made them very attractive for electric vehicles,
facilitating the decarbonization of transportations towards a low-carbon
future [107], [108]. LIBs are expected to play a vital role in the integration
of RES, mitigating their intermittent nature and providing services to
modern power systems [108]. The increasing demand for LIBs has created
a fast-growing industry, where large industry players are involved looking
for opportunities and important shares of the new market [108]. The
chemistry of LIBs provides higher power and energy density and lower self-
discharging rates compared to other chemistries [37], [109]. Moreover, they
have higher cycle life (~10,000) and higher efficiency (~100%) [37]. The
aforementioned advantages make LIBs suitable for a wide range of
applications either stationary or portable (EVS, laptops, smart

phones)(Figure 3.2) [109], [110].
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Figure 3.2:Examples of Lithium-ion applications [109].

One of the main concerns of LIBs is the capacity loss occurring during their
“storage” and operation know as degradation effect. There are two different
types of degradation that leads to capacity loss. One is the calendar cycle
loss, while the other is the cycle loss during operation [111]. Calendar cycle
loss is a phenomenon that cannot be avoided as it happens naturally, while
the battery remains idle. However, operation cycle loss can be mitigated by
controlling particular parameters of battery operation. Generally speaking,
degradation effect is a quite complex phenomenon that occurs in some
battery technologies (such as lithium-ion, lead acid) due to irreversible
chemical reactions that take place inside the battery. Degradation effect
increases the internal resistance of the battery, causing a permanent
capacity loss. Different key factors that affect degradation effect has been
recognized. The most important ones are: charging/discharging current,
temperature, SoC window during operation. Different approaches have
been used in order to degradation models that quantify by approximation
the degradation effect under particular conditions. A common approach is
to use impedance models, where battery resistance is represented as an
1impedance in an equivalent circuit model, and then it is associated with the

capacity loss [112]—[114]. Another commonly used method is the use of
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dV/dQ curves, as they can represent the unique characteristics of anodes
and cathodes of each battery [115]—[119]. Both methods provide the ability
to estimate capacity loss without opening the battery cells [120]. According
to recent studies, the discharging current is a crucial factor as it affects also
the internal temperature of the battery [111], [121]. Higher currents lead to
higher degradation effect and vice versa, while their correlation is not
linear. Moreover, narrower SoC window leads to lower cycle loss and vice

versa [119].

As LIBs are expected to be used widely towards a low carbon future,
environmental concerns arise related to their industrial production, looking
for potential negative effects on a cycle life basis [105], [122], [123]. Life-
cycle analysis (LCA) has identified as suitable method to quantify the
environmental impacts of LIBs through their lifetime, by international
standards [124], [125]. From the existing literature the average energy
demand and GHG emissions for battery production is 328kWh and 110 kg
CO2eq per kWh respectively for all chemistries [105].However, the review
concludes that the existing studies provide insufficient data regarding the
environmental impact of LIBs, or making simplified assumptions leading to

no reliable results, and thus more investigation is required [105].

3.3. ROLE OF STORAGE IN DISTRIBUTION NETWORKS

Energy storage systems (ESSs) become increasingly popular in modern
distribution networks, offering technical, economic and environmental
advantages [126]. Power quality enhancement, frequency regulation, load
peak shaving/shifting, voltage control, facilitation of RES integration,
reduction of system costs, increase of system reliability and resilience and
mitigation of GHG effect are some of the most important ones [127]-[130].
The aforementioned benefits can be facilitated by optimal ESSs placement
sizing and operation [126]. As the penetration of RES is increased

significantly during the last decades, ESSs play a vital role to balance
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generation and demand improving the performance of whole power grid
[128]. Moreover, ESS can be used to provide a range of ancillary services,
providing extra benefits to their owners [128]. For distribution networks, an
ESS converts an electrical energy form to another form that can be stored
and used when it is needed [131], [132]. One of the most important
challenges for their implementation is the sizing process of ESSs and the
energy management techniques that set the rules according to which the
energy is stored and distributed to the system [126]. For this purpose,

simulation models are developed to confront economic and security aspects

of ESSs.

3.4. BENEFITS OF LI-ION BATTERIES FOR DOMESTIC USERS

The investigation of energy management techniques in MGs and the review
of the available energy storage technologies, led to the development of a
simulation model which we presented in the international UPEC conference
[133]. The aim was to investigate the benefits provided by li-ion batteries
for domestic users, under a certain time-of-use (ToU) tariff scheme. A
particular household in UK was selected, with a PV panel and a lithium-ion
battery. A cost-benefit analysis method was used in order to quantify the
gained benefits, taking into consideration the degradation effect of the
battery [133]. The simulation model was developed in MATLAB software by
examining and comparing different scenarios. The results showed that li-
ion battery could be a cost-effective solution for domestic users. Moreover,
the obtained results showed a high dependence between the degradation
effect, TOU tariffs, FITs, domestic energy consumption and the benefits
gained [133]. The implemented EMS is based on the net consumption of the
user. A negative net consumption practically means that there is PV
surplus, which could be used in two different ways: a) charge the battery or
b) sell it to a neighbor. This work examines under where circumstances the
energy transfer to a neighbor is possible [133]. Three different tariffs are
considered (low, medium and high) and two scenarios are examined: In the

first one the battery is discharged only during the high tariff period, while
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in the second one during the high and medium tariff period [133]. The
annual capacity loss due to degradation was estimated by using curve
fitting method and equations presented in [134]. The results were compared
to a baseline scenario where the user has no battery in order to calculate

the benefits gained.

3.5. CHAPTER SUMMARY

Exploring the current literature for energy storage technologies, it was
clarified that storage assets could play a vital role in RES integration,
increase system resilience and reduce carbon emissions. Therefore, storage
1s an indispensable part of modern power systems towards the transition to
smart grids. Lithium-ion batteries are one of the most promising storage
technologies, as their cost becomes affordable, providing high efficiency and
power density. Battery cycle loss is an important factor of its operation,
causing capacity loss due to complex internal phenomena and it should be
taken into consideration when they are used in the field. There are two
types of cycle loss: Calendar cycle loss, operation cycle loss. Different
discharging techniques should be sought in order to minimize total cycle
loss and prolong battery lifetime. A relative work published in UPEC

conference was also briefly presented.
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Chapter 4. Resilience and P2P exchange

In this chapter the concept of Resilience and P2P exchange will be
investigated. The difference between resilience and reliability is clarified,
and different type of faults are defined from the literature. The role of
resilience in MGs will be examined, and the main aspects of P2P exchange
concept will be covered As the main issue examined in this thesis will be
P2P exchange for microgrids, to improve economic and resilience operation
a detailed literature review will take place seeking for the research gaps in
the existing research. The aim is to cover the existing literature to identify
to what extend the concept of resilience is investigated in the context of P2P
exchange process. The main aspects covered by literature on P2P exchange
are investigated, looking for uncovered areas that this work will contribute
to. The concept of zoning in distribution networks will be also examined.
Parts of published work will be presented to this chapter, relevant to P2P

exchange and resilience.
4.1. RESILIENCE

Resilience can be defined as the ability of a power system to respond
comprehensively and recover rapidly from faults due to extreme events [41].
Distribution systems seems to be the most vulnerable to faults, as the vast
majority of blackouts have started from them [41]. For this reason, the
concept of resilience in a power system usually coincides with the resilience
of its distribution system [41]. The power outages usually occur due to
extreme natural (such as hurricanes) or man-made (cyber-attacks) events.
Although these events are rare, yet they compromise significantly the
performance of power systems [41]. These types of disruptions need to be
distinguished from other typical power system contingencies, as they have

different characteristics [135]—[137]:

e Their duration and time of occurrence are extremely uncertain.
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e They can provoke problems to any kind of components, making their
repair and restoration complex and time-consuming.

e They can cause extreme component failure in a short time period.

e They cause significant damage to the utility territory and on other
major infrastructure (e.g. natural gas system, communication

network).
Resilience has the following characteristics (Figure 4.1) [41]:

v" Continuous awareness of the situation. It enhances the
comprehension of current situation and estimate the possibility of
potential interruptions.

v" Robustness and preparation before any extreme event. In this way
the system becomes more resistant and less vulnerable to unexpected
disruptions.

v' Responsiveness and survivability against any extreme events. A
resilient power system must be able to survive from an extreme
event, maintaining a minimum level of functionality.

v" Recoverability and rapidity after any extreme event. System must be
able to recover quickly from the extreme event and come back to the

condition before the event.
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Figure 4.1: Conceptual composition of power systems resilience [41].
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Resilience should not be confused with reliability. Reliability refers to the
ability of the system to be able to deliver a sufficient range of electricity
services to the customers [138]. High reliability of a power system mitigates
fault occurrence. Thus, reliability is a way of preventing faults. In contrast,
resilience is related to system ability to respond and recover when a fault
has occurred [41]. The reliability of a system i1s measured based on
frequency and duration of power disruptions, while resilience represents
system behavior before, during and after fault [41]. Different metrics have
been defined for reliability and resilience respectively. Most commonly used
reliability indices are loss-of-load probability (LOLP), expected-energy-not-
supplied (EENS), system-average-interruption-frequency index (SAIFI),
and the system-average-interruption-duration index (SAIDI) [41], [139].
However, a high reliable power system might not be resilient, and vice versa
[139]. Thus, reliability and resilience are two complementary concepts that

need to be implemented in modern power systems [41].

o

System Performance Q(7)

Figure 4.2: Typical evolution curve of system performance [41].

To quantify resilience in a rational way, different resilient metrics have
been introduced. A typical evolution curve of system performance in case of
an extreme event is presented in Figure 4.2. The level of system performance
1s considered as a function of time (Q(t) -Figure 4.2). When an extreme event

occurs at time to, the system performance r Q(to) remains almost idle, due
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to system resistant to initial disruptions (Figure 4.2). System performance
gradually drops when the disruptions become more severe. The system
reaches at a minimum level Qmin at time tz and system resilience starts

increasing gradually as the system is partially restored (Figure 4.2).

At time t4, system performance has reached at normal levels before the
interruption, implying that the fault has been fully restored (Figure 4.2).
The extreme event can be quantified as the reciprocal of system’s loss of
performance [41]. In this way, the system resilience can be quantified
ranges theoretically from zero to infinity. Infinity represents the perfect

resilience while zero means no resilience at all.

Different shapes have been introduced for resilience [140], [141].
Traditionally, most approaches use the resilience triangle (Figure 4.3) [140].
The shape of the triangle can vary (linear, triangular, exponential) based
on the effectiveness of the recovery strategy [142]. However, this approach
ignores highly significant factors of the fault process, such as how fast the
resilience degrades or how much is the duration of different phases after

fault [140].
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Figure 4.3: The resilience triangle [96].

These missing factors have led to the replacement of the resilience triangle
with a trapezoid multi-phase trapezoid shape (Figure 4.4). The trapezoid

shape depicts all phases during an extreme event, including the transition
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between them [140]. For this purpose, time-dependent operational and

infrastructure resilience metrics are introduced [140].
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Figure 4.4: The multi-phase trapezoid [140].

In the multi-phase trapezoid, there is a pre disturbance phase where the
resilient 1s considered as 100%, since the disturbance have not occurred yet
(Figure 4.4). When the fault occurs, three different phases are
distinguished. Phase I, represents the disturbance phase which is defined
from the moment the fault occurs until the moment it ends, named
disturbance progress phase (Figure 4.4). Phase II is the post-disturbance
degraded state phase, which represents the phase from the moment that
the event has ended, however the restoration process has not started yet
(Figure 4.4). The restorative process occurs in phase III, where gradually the
operation and infrastructure restoration occur (Figure 4.4). At the end of
phase III, the resilience has reach again at 100% which is equal to the

resilience before the fault event (Figure 4.4).

A set of metrics need to be defined in order to quantify resilience in power
systems. Metrics (@) and (A) measure how fast and how low the resilience
drops during phase I respectively. Metric (E) is used in order to quantify
how extensive is the post is the post event degraded phase of phase II, and
metric (II) measures how promptly the fault is restored during phase III
[140]. To quantify these resilience metrics particular different resilience

indicators can be used. One of them, is the amount of generation capacity
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and load demand (in MW) are connected during the event. Another one, is

the number of transmission lines that are online during the event [140].

In this work the resilience metrics used are presented in the table below:

Resilience metrics Comments
Defined as the percentage of total

Resilience (%) [140] connected load (in kW) during fault, in
respect to the initial connected load before
the fault.

Number of customers disturbed [143] Number of customers experience outages.

Duration of interruption [144] Duration of disturbance the wusers
experience (in minutes).

Level of disturbance (%) Percentage of load each user loses, in
respect to the initial load before the fault.

Table 4.1: Resilience metrics used in this work.

4.1.1. TYPE OF FAULTS

Two main type of faults are considered in power systems. Temporary faults
and permanent faults [145]. Temporary faults, also known as transient
faults, cause momentary disruptions without the intervention of protection
strategies [97]. Permanent faults cause sustained disruptions which require
the involvement of protection actions to restore system normal operation
[146]. The most common permanent fault types are usually associated with
wind, ice, loading thermal heating and sag [146]. Two main fault categories
are electrical and communication faults [147]. Electrical faults occur, when
one of system physical components is damaged or malfunction. The
components could be a feeder, a transmission line or another component
such as a transformer, or a cable. On the other hand, communication faults
could occur in the communication network of modern power systems, These
faults, compromise the effectiveness of the communication network, and
occur as there might be data congestion, failure in one of the communication
components, presence of corrupted data or malfunction of communication

software due to cyber-attacks [147].
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4.1.2. RESILIENCE IN MICROGRIDS

Different strategies have been implemented in current literature in order
to enhance resilience of MGs. The networked MGs is considered as a viable
solution to improve their resilience against extreme events [148]—[150]. A
self-healing strategy for a distribution system with both dispatchable and
non-dispatchable DGs is presented in [148]. The aim is to minimize
operating costs and maximize revenues, using a rolling-horizon
optimization method. In the self-healing mode, is optimally split into
networked self-supplied MGs. Stochastic programming techniques are used
to tackle RES uncertainties. The methodology is tested in a 123-node
distribution system, proving its effectiveness. In [149], an optimal MG
scheduling is developed with dynamic network reconfiguration. The
scheduling strategy has two different modes, one for grid-connected and one
for islanded operation. The authors develop a suitable simulation model
which proves the effectiveness of the introduced methodology. Power
distribution network and water distribution network are tested, under
earthquakes in [150]. The authors use stochastic techniques in order to
enhance system resilience under these extreme conditions. A 33-node model
1s developed and tested for different scenarios in order to test the
performance of the developed strategy. In [151], researchers implement
flexible division and unification control strategies in order to enhance
resilience in networked MGs. In extreme events the networked microgrids
can switch to a division mode, where the active power sharing is regulated
by local controllers without using assets and resources from the neighboring
MGs. Moreover, the remaining MGs can use the unification mode and
operate as one entity in order to mitigate the effects of the extreme event.
The proposed strategy is a practical and cost-effective and is tested in by
running time simulations. A resilience analysis framework is presented in
[152], where the researchers investigate the fault ride-through capability of
direct current (DC) MGs in unknown denial of service (DoS) cyber incidents.
The authors examine if a DC MG is resilient against time-varying and

unknown DoS attacks. For this purpose, a stability analysis is developed
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with randomly switching dynamics. To test the developed strategy
simulation techniques are used using convex optimization. An optimization
strategy is developed in [153], to enhance MG resilience and maintain the
critical loads active during the extreme event. A resilience index is
introduced to assess the ability of each MG to cover the critical loads. The
uncertainties imposed by the RES integration are tackled by using robust
optimization techniques. The developed method is tested in three different
topologies under emergency conditions. A particular methodology 1is
introduced in [154], to identify the vulnerable components of MGs to
extreme events, mitigating their impact on existing infrastructure. The
researchers investigate the electricity and natural gas infrastructures
under extreme conditions. The results showed that the suggested

methodology is effective for interconnected infrastructures.

4.2, P2P EXCHANGE

4.2.1. INTRODUCTION

P2P exchange can be defined as the process where energy customers with
DERSs can share their energy with their peers directly [155]. P2P exchange
permits to the users to share their energy surplus or the flexibility of their
demand with other end-users, providing a beneficial situation both for
energy producers and consumers [156]. The high diversity of generation and
load demand offers great potential for P2P sharing, providing incentives to
end-users to participate [157]. Moreover, in most countries the feed-in
tariffs are lower than the price for buying electricity from the grid, providing
incentives to the users to trade energy with their peers rather than with the
grid [157]. The ongoing decrease of the existing feed-in tariffs and the
debate about their presence in modern smart grids, makes the potential of

P2P even higher [158].
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Different P2P exchange schemes have been implemented in different
countries, including USA, New Zealand, United Kingdom, Spain, Portugal
and Australia [158]. The proportion of P2P exchange projects per country is
presented in (Figure 4.5).

Most of the implemented P2P projects are focused on the local level (70%),
including distribution networks, MGs buildings and local communities
(Figure 4.6). Only a small percentage (30%) is only focused on national level,
enabling P2P exchange trading between generators and consumers in
different areas or in the wholesale market [155] (Figure 4.6). Most of the
implemented projects use the blockchain platform in order to facilitate
energy trading among prosumers, making it as a promising approach. Some
of the most key factors of P2P exchange are market design, trading
platforms, physical and ICT infrastructure, social science perspectives, and
policy [155]. P2P exchange attracts academic interest, as it is investigated
in numerous published journal papers. An increasing number of papers is
observed during last years, as it is shown in Figure 4.7 [155]. A great
majority of the papers is focused on market design, followed by trading

platforms, social science perspectives, ICT infrastructure and policy [155].
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Figure 4.7:Number of journal papers on P2P energy trading by year [155].

4.2.2. MARKET DESIGN

P2P exchange has introduced a new area of different market designs,
capable of handling P2P interactions. Three different market designs are
recognized: Centralized, decentralized and distributed markets [155].

Centralized markets include a coordinator which communicates with each
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peer, collecting information and coordinating the energy import/export of
the peers [159]. The coordinator is also responsible for distributing the
revenues among the peers following certain predefined rules [159]. The
major advantage of centralized markets is their ability to maximize the
social welfare of the whole community, and the power generation and
consumption have less uncertainty [160], [161]. However, their
disadvantage 1s the increased computational and communication burden,
which 1is increased as the number of DER is increased [162]. Other
disadvantages of centralized markets are autonomy/privacy issues and

their vulnerability to single-point failures to the coordinator [155].

In contrast, decentralized markets have no coordinator and peers
communicate directly with each other [163], [164]. This fact provides
privacy protection and permits to the peers to full control their own devices.
Another advantage of decentralized markets compared to the centralized
ones, is the fact that they have better scalability, as it is easier to plug in
and out users [163], [164]. However, the decentralized markets may not
maximize community’s social welfare, due to the absence of coordinator.
Moreover, energy trading of decentralized systems might not visible or
predictable for distribute network operators (DNOs) and transmission
network operators (TSOs), thus the efficient control of the system may be

compromised [165].

Distributed markets are a third market type which lies between centralized
and decentralized markets. Distributed markets can combine the features
of centralized and decentralized markets and provide compromised

solutions in modern power systems [155].

4.2.3. TRADING PLATFORMS

Trading platforms are indispensable part of P2P exchange schemes as it
permits to the trade among peers based on particular market rules.
Following the market design division they can also be categorized in

centralized and decentralized platforms [155]. Blockchain is a popular
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platform suitable for P2P exchange schemes and has attracted considerable
attention by researchers. Blockchain platform is a safe environment for peer
trading in a decentralized manner. Blockchain is considered to be the main
platform for energy trading in MGs [166]. The main benefits of Blockchain

platform are summarized below [167]:

e There is no need for a third-party coordinator. Thus, it is a cost
saving solution, where the risks caused by the misbehavior of the
intermediate are reduced.

e The transactions are protected by cryptography. Consequently,
the transaction records are transparent, tamper-proof, and robust
to single-point failure.

e Blockchain supports smart contracts, which can be easily made

and automatically executed.

However, Blockchain platform has its own disadvantages. One of them is
the cost and time required to reach to consensus in public blockchain and
the compromise of trustworthiness in consortium or private blockchains
[155]. For this reason, cost benefit analysis should be conducted in order to
decide which platform to use base on the particular characteristics of each

P2P trading scheme [155].

4.2.4. PHYSICAL AND ICT INFRASTRUCTURE

Since the trading agreements have been settled using market design and
trading platforms, a number of metering and communication devices is
necessary to put into practice the P2P trading. Two types of solutions can
be applied [155]: a) private electric power networks and associated
technical arrangements and b) public electric power networks and

associated technical arrangements.

In private networks, private wires or networks among peers are
constructed, enabling the physical peer-to-peer energy delivery. Private
networks have high sunken costs and low marginal network operating costs

[155]. Moreover, they are riskier as there are concerns in their long-term
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operation and have high uncertainty regarding future investment, supply
security, climate change, and regulations [168]. As a consequence,
constructing private networks in large scale is still not an economically
viable solution, although it is technically feasible, and this seems to remain

unchanged despite the development of P2P trading projects [155].

In public network solution, the existing public network is used to deliver
the agreed energy to the peers, and it is the most common practice in
existing P2P schemes [155]. In this case, the power network is used as a
big pool where the electricity producers inject power into the pool, and
electricity consumers receive power from the pool. The consumers do not
need to know where the electricity physically comes from [155]. Therefore,
P2P exchange in public networks is considered by many as a virtual energy
trading rather a physical energy exchange [155]. A summary of the

available two solution is depicted in Figure 4.8.

Figure 4.8: Available solutions for physical and ICT infrastructure [155].

4.2.5. SOCIAL SCIENCE PERSPECTIVES

As P2P exchange involves the interaction of several people, social aspects of
it are investigated by researchers. A major direction is the use of
anthropological methods, trying to simulate peoples’ behavior in a more
realistic way, without assuming that peoples’ behavior is completely

rational [155]. Despite the pure economical aspects, dynamic aspects of
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social interaction are investigated in the context of P2P trading [169].
Different types of trading were investigated despite the market energy
exchange, named “mutual energy trading”. According to this term, mutual
energy trading is “a social and personal transaction of energy between an
energy giver and energy receiver, which i1s mutually structured and
negotiated” [170]. Existing studies also investigate the association of
peoples’ attitude with the terms of “autarky” and “autonomy”, and their
1mpact on P2P exchange schemes [171]. It is also verified that P2P exchange
1s a consumer-centric scheme from a motivational psychology perspective
[172]. Since the cultural backgrounds of these studies is limited more

Investigation is required to reveal social aspects of P2P trading [155].

4.2.6. PoLicy

There is an increasing number of studies which investigate what kind of
actions are required to modify the existing regulatory frameworks to
facilitate P2P exchange implementation [155], [166], [173]. However, no
radical changes in this field has been put into practice yet due to difficulties
that emerge. First, the regulatory changes involve interests of large number
of stakeholders and their modification needs to be done carefully. Second,
the new technologies regarding P2P exchange scheme are developing fast
and it not clear yet how these changes should be treated by the existing
regulatory frameworks [109]. Certain directions have been identified for
future policy development. These directions include: a) defining the role
and responsibility of pro- sumers and P2P energy trading markets, b)
exploring the relation- ship between P2P energy trading markets, existing
electricity markets, and other evolving entities such as DSO, c) proposing
appropriate schemes for the distribution of taxes and fees for P2P energy
trading, d) incorporating and providing incentives for flexibility and e)

protecting vulnerable customers in the context of P2P energy trading [109].
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4.2.17. LITERATURE REVIEW

Competitive market approaches

P2P exchange has become a promising approach in modern power systems,
attracting the interest of academic community. In a recent work,
researchers developed an automated bilateral peer-to-peer exchange
strategy [174]. Energy contracts of prosumers are evaluated through
multiple social and environmental criteria, combined with their preferences
over these criteria. The strategy promotes users’ training in order to find
the most appropriate peers that their energy contracts are closer to Nash
equilibrium. Nash equilibrium is a concept of game theory which implies
the optimal outcome of a game, where each player has no incentive to
deviate from their initial strategy. The developed strategy is applied to real
energy profiles, improving utilitarian social welfare and fairness. In [175],
the researchers analyze two different market designs: a centralized market
and a peer-to-peer exchange market where prosumers trading energy in
local communities. The solution of the P2P market is characterized as
Variational Equilibrium proving that its set coincides with the optimal
solutions for social welfare for this market design. The impact of preferences
on the network line congestion and renewable energy surplus is
characterized for both examined market designs. The authors also present
an example of a 14-bus system, where the energy trading under different
prices can be simulated. The results showed that the preferences have a
great impact on the trade structure, and the variational equilibrium is the
optimum. Finally, the researchers discuss, the learning mechanisms in
order a P2P market to reach to an equilibrium along with privacy issues. In
[176], a decentralized approach based on transactive energy systems and
P2P energy transactions is introduced. The researchers use distributed
ledger technology (DLT) based on blockchain concept, in order to establish
smart and safe contracts among prosumers. A new concept of Proof of

Energy is suggested, as novel protocol for P2P exchange. The proposed
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infrastructure is applied to a virtual power plant aggregator, with a
transactive controller for energy management of storage assets. The results
showed that the applied protocol increased the self-consumption ration of
prosumers, reducing significantly though power losses. In [161], two market
designs are proposed for P2P exchange, focused on the role of energy
storage. The researchers address particular questions related to the value
of prosumers’ batteries, the market features that are needed for system
configuration, the market design that increases benefits for the prosumers.
For this purpose, an optimization model is developed, representing a small
community in London, UK. A comparison of distributed storage assets
among the users is compared to a centralized storage scheme. The results
showed that storage could produce 31% energy savings for end-users. A
market design for P2P trading is established in [177], using blockchain
approach. The methodology provides certain financial and socio-economic
incentives to the participants, in order to integrate local renewable energy
sources. However, an innovative information system is required in order to
ensure system efficiency. Seven market components are defined to estimate
market efficiency. The Brooklyn MG project is evaluated as a case study,
which satisfies an important number of these components. The results
showed that the blockchain approach is eligible for decentralized energy
systems, highlighting also regulation barriers that need to overcome in

many countries to facilitate P2P trading.

Cooperative market approaches

A game theory approach was used in [172], in order to investigate the
participation of users in P2P trading scheme. The authors explored the
social cooperation between prosumers by forming coalitions. The
researchers also introduce relevant models of social phycology, which are
satisfied by the proposed P2P scheme. The researchers prove that the
proposed scheme is consumer-centric, giving numeric examples to highlight

its benefits. P2P trading is investigated in [178] under the Blockchain
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concept. Coalition formation are used in order to establish energy trading
among different MGs. The authors highlight the advantages of their
approach. Synchronous and asynchronous execution of the coalition
formations is one of the most significant advantages along with the quick
convergence. Moreover, the suggested methodology enables local trading by
mitigating security and privacy issues. A game theoretic approach is also
used in [179], where the researchers examine the ideal incentive structure
shaped by Shapley value axioms, in order to allocate payment among peers.
Shapley value is a solution concept of game theory, which regulates a fair
distribution of cost and benefits among different actors that participate in
a coalition. Although there is high complexity, the authors prove that there
1s a fluid limit for large populations, which can be computed with different
scenarios. The implementation of the approach could provide significant
cost and energy savings. A direct electricity trading scheme is introduced in
[180], where end users trade energy with small-scale energy suppliers. The
cooperation between the stakeholders is established through coalitional
game theory approach. The asymptotic Shapley values is used in order to
maintain coalition stability. The implemented strategy can be enabled by
using the number of users and statistical information about the electricity
supply and consumption, making it practical in modern applications. The
price of electricity is examined using different simulation scenarios,
validating the asymptotic Shapley value analysis. The optimum ratio of
different type pf small-scale electricity suppliers is also investigated. A two-
stage aggregated control scheme is proposed in [159], for P2P energy
sharing in MGs. In this method, the prosumers control their DER through
a third entity, called as energy sharing coordinator. A constrained non-
linear optimization, with rolling horizon is used in the first stage, in order
to minimize energy costs. The second stage includes a rule-based control,
which constantly updates the setpoints, according to real time
measurements. The approach examined from community’s and users’
perspective. The approach i1s applied to residential communities with

batteries and PVs. The results showed a 30% reduction of energy costs,
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increasing also the prosumers’ income. A decentralized control system is
developed in [181], using ICT concept and P2P networks in DC MGs. The
energy trading occurs among different households, considering smaller
entities named nanogrids. The developed approach increases flexibility and
dependability of the system. The method is implemented in a real system of
19 inhabitants in Okinawa. The authors also run simulations to examine
self-efficiency of the system, testing also in practice resilience, in case of
blackouts. A theoretical study of energy production and distribution is
presented in [182]. The authors analyze the evolution of energy systems and
the role of RES, focusing on MGs. They also develop an alternative model
that uses MGs in order to create a P2P trading scheme, discussing the
necessary conditions for the “energy commons” concept. P2P trading in
electric vehicles (EVs) is investigated in [183]. The authors develop an
energy trading between two sets of EVs, reducing significantly the impact
of charging process to the system, during business hours. The approach is
implemented in Belgium, by using an activity-based model to predict the
daily schedule of trips, for the EV owners. The results showed that the
energy cost paid by the drivers of the particular area was reduced by 71%,
for a particular time slot. In [184], an optimization model is introduced in
order to maximize the economic benefits of rooftop PV-battery owners, in
the context of a P2P trading scheme. A local community with 500
households is used as a case study, under real-word constraints regrading
PV operation. The results showed that the energy savings of households are
sensitive to various factors, such as PV scale and penetration and the
presence of storage. An optimum P2P sharing is suggested in [185]. Two
different prosumers are used, one residential and one commercial one, that
are connected with power lines with each other. The model minimizes the
prosumers’ operating costs, maximizing the use of RES and distributing
optimally the energy among the two prosumers. Moreover, the approach
minimizes the electrical utility operating under particular ToU tariff
scheme. A case study in south Africa is been used to test the practicality of

the suggested method.
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Criticism — Concluding remarks

A comprehensive review of the global development of P2P trading has been
published based on the existing academic papers, research projects and
industrial practice [155]. The researchers highlight the increasing interest
of the academic community for P2P exchange strategies, in order to address
the energy trilemma. A detailed review of the current literature, showed
that most of the existing papers focus on market design approaches while
other fields such as trading platforms, physical and ICT infrastructure,
policy and social science perspectives, are less investigated [155]. In fact,
most of the existing journal papers focus on market design and pricing
mechanisms [172], [174]—[180]. The aim of the proposed P2P schemes is to
maximize profits either in a competitive market where each user acts
individually seeking for the best buying/selling price through auctions and
biddings [174]-[177] or in a cooperative one, where the users act
cooperatively to maximize the profit of the coalition, based on a particular
set of rules which should be followed from all the members of the coalitions
[172], [178]-[180]. The complexity of some market designs [174]-[176]
require agent-based models, to simulate the different auctions and biddings
among the peers. Some researchers use the coalitional game theory
approach in order to split the users in small groups and ensure the fairness
of the P2P trading [172], [178]-[180]. However, although these approaches
require simpler market rules, there are concerns about the coalition’s
stability and core’s condition (empty or not), which require further
investigation. Fairness of P2P trading is main issue in coalitional game
theory approach and Shapley value is used to address it. Although current
research providing insights about market mechanisms, limited research
has been conducted regarding technical aspects of P2P exchange. Moreover,
in most approaches energy storage is not playing a primal role in the P2P
trading. Only in few papers is included [159], [161], [184] and only in [161]
1t 1s considered as the main issue of their research. Technical aspects such

as optimum battery size, battery degradation, system resilience in case of
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faults have not been examined yet, in the context of P2P trading. In this
work technical aspects of P2P exchange, with particular interest on storage
assets are investigated. The research examines the synergies of energy
supplier(s), local DNO(s) and MG users in order to participate in P2P
exchange and jointly gain benefits. The gained benefits are examined in
terms of economic benefits for the stakeholders (profits), system resilience
in case of faults, carbon emissions reduction and increase of batteries
lifetime. The approach, provides a simplified market based on an existing
ToU tariff scheme and the availability of storage devices, avoiding complex
negotiations and auctions. In this work, the quantification of resilience

introduced in [140] is been used.

4.3. THE CONCEPT OF ZONING

The concept of zoning in distribution networks was also investigated to
appreciate its role in P2P exchange. In current literature, there are very
few works which focus on this issue. The zoning concept has been defined
in the context of small-scale energy zone (SSEZ) [186]-[188]. SSEZ is a
conceptual configuration for low-voltage distribution networks, which
contains controllable small-scale embedded generators, energy storage
units, and consumer demands [188]. SSEZ is a concept similar and
complementary to MGs [188]. While the research on MGs mainly focuses on
alternative future network designs, SSEZs exclusively consider the addition
of small-scale embedded generators to existing low-voltage networks [188].
The advantage of SSEZs is to overcome some grid constraints and achieve
a number of operation goals [186]. In this way, resilience and reliability
goals can be met using suitable control techniques [186]. In [187], the
optimal operation of interconnected MGs is examined where each MG is

considered as a SSEZ.

As an extension to this concept, a similar concept named “zoning” is been
used in this work. As the main goal is to establish a P2P exchange trading

in MGs, the zoning concept defines the area in which P2P exchange is

50



Resilience and P2P exchange

enabled. The main difference compared to the existing literature is the fact
that its boundaries are dynamic. As the number of users participating in
the P2P exchange may vary for each timestep, the boundaries of the zone
change accordingly. Since the P2P exchange can be expanded outside the
MG boundaries, the zone could be a sub-area of the microgrid, an area that
coincides with the MG boundaries, or it is extended beyond them. The
zoning concepts makes defines an area where different rules are
implemented compared to the rest MG. This allows resources to be allocated
in a systematic process according to the established rules. The concept of
zoning is described in two of our conference papers [189], [190] , which will

be presented in the next section.

In this work a centralized market approach is used, as it fits better with the
implemented strategy. Since we propose a P2P framework with rules that
need to be followed by all participants, a centralized entity needs to collect

all data and make decisions based on the defined rules.

4.4, PUBLISHED WORK

Based on the knowledge acquired for P2P exchange process, a novel
methodology was developed and published in CIRED workshop in 2018
[189]. The methodology includes two steps: 1) user’s categorization and 2)
definition of a zone with dynamic boundaries where P2P is enabled [189]. A
case study with 50 users is examined. The results showed that P2P
exchange could provide significant benefits to the user mitigating carbon

emissions at the same time [189].

The methodology is implemented under a particular ToU tariff scheme. Two
different tariffs are considered, one low during the night and one high
during the day. The main principle is that the users charge their batteries
during the night and discharge them during the day [189]. P2P exchange
occurs during the high tariff period. The MG users are categorized based on

their available storage assets. The users who have batteries under their
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ownership are characterized as “Battery owners” (BO) while the rest of the
users are “Grid-connected” (GC) users [189]. Each BO user has two options
during the P2P exchange process: either use the grid or discharge their
battery. The algorithm calculates the cost of each option and chooses the
one with the lowest cost. A second categorization occurs regarding the BO
users. A BO user that covers their needs only by using their battery during
the P2P exchange period is characterized as an “energy-surplus” user. On
the other hand, the BO users that use also the grid for the same period are
characterized as “energy-deficient” users [189]. The “energy-surplus” users
receive extra rewards in order to have incentive to reduce the grid usage as

much as possible.

The concept of zone is used, which is defined as the area where P2P
exchange process is enabled. The minimum area includes the “energy-
surplus users”, but it can be extended outside the initial MG, as long as
benefits are still gained. The P2P exchange facilitates an optimum
discharging of the “energy-surplus” users’ batteries. Priority is given to the
“energy-deficient” users of the MG. Initially, the zone includes the “energy-
surplus” users and one “energy-deficient” user. The optimization runs, and
checks if any benefits can be gained. In the case where benefits are gained,
the zone starts expanding by adding one more “energy deficient” user at a
time. If benefits are still gained, the zone expands to include users outside
the MG. It is assumed that the grid users don’t have either PV panels or
batteries installed. The benefits gained are divided equally between the grid
and the “energy-surplus” user group. Profits are shared among the users
according to the amount of energy each user provides. In this way, complex
auctions among the stakeholders are avoided. A graphical representation of

zone expansion is presented in Figure 4.9 [189].

52



Resilience and P2P exchange

(1) (2) 3
T D P T
S oe® " e @ ¢
L ! ‘ ) .-’.. e l'\. .. i
" ® @ ! \\‘ k [ ] [ ] ."’
y \.__,/ ?\. ) ° \.\ y
e “,_\. 7
® g L e o ® L Y ®
(4) (5)
T S ¢ - ~_
|. .. L ] ot N i-" o ® [ L e
' ® !
=) \ ° i . ¢ o .. Y
Lo @ ©® g . @ ® © ¢/
.‘\_- e - ' ° /,_,
° o .
¢ \“!_J L4 ¢

® = “Energy-surplus” users (inside the zone)
® = “Energy-deficient” users (inside the zone)
“Energy-deficient” users (outside the zone)

users outside the MG

Figure 4.9: Zone expansion process [189].

An optimization process is implemented in MATLAB in order to jointly
discharge the users’ batteries. Examples of the behavior of “energy-surplus”

and “energy-deficient” users, for the considered case study are presented

below (Figure 4.10-Figure 4.11).

12 Battery discharging cost 100
grid cost
SoC 195
1 |-
1
:! “1 90
08F ; . e
! High Tariff period 85
wn ! =
2 ! =
S06F : 80 T
w 1 (=]
=] ! 73]
LowTariffpe riod, _—
04F i Tariff
]
: ofh
1
02} :
: 65
l.
1
0 I‘.\ 1 1 1 Il Il 1 } 60
00:00 03:.00 06:00 09:00 12:00 1500 1800 21:00 00:00

Time

Figure 4.10: Example of "energy-surplus" user.
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Figure 4.11:example of "energy-deficient" user.

In Figure 4.10, the behavior of an “energy-surplus” user is presented. The
main feature of this type of user is the fact that their energy needs is covered
entirely by their own assets (battery, PV) without using the grid during the
high-tariff period. For this reason, there is no grid cost during that period
(no blue line). When the battery is discharged there is a particular amount
of degradation cost which varies depending on the discharging event and is
represented with green line. There are also periods during the high-tariff
period, where the battery remains idle. This means that for these timesteps
the user needs are entirely covered by the PV panel. Before the start of the
P2P exchange period, the battery is charged during the night (red line),
increasing the grid cost for the user as it’s been charged by using the grid
(blue line). When the P2P period ends, the battery remains idle and the user

uses only the grid as the existing tariff is low during this period.

In contrast in Figure 4.11, the behavior of an “energy-deficient” user is
presented. While their behavior is the same during the night, as they both
charge their batteries, there is a major difference during the high-tariff

period. The “energy-surplus” user has to use additionally the grid during
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this period to cover their needs (blue line). Especially, after 18:00 and until
the high-tariff period ends, the user uses almost entirely the grid.

The results showed that considerable benefits can be gained both for the
users and the grid, by reducing the CO2 emissions at the same time. The
methodology can be extended to multiple MGs and make a feasible case for
future energy systems [189]. However, in this work there is not a particular
user priority order according to which GC users are included in the zone.
Moreover, the categorization of BO in “energy-surplus” and “energy-
deficient” increases the complexity of the method and reduces the ability of
the optimization to minimize battery degradation cost. This happens as the
BO first discharge individually their batteries and then they are discharged
jointly in the optimization process. Thus, this kind of categorization was not

used further in our research.

An extension of the aforementioned work was presented in CIRED 2019
conference, using the same EMS zoning concept and optimization from but
giving a special interest on the impact of P2P on system resilience [190].
Different fault scenarios are considered in order to specify the impact on
system resilience. The faults occur either on physical network or on
communication network. The obtained results showed that the
implementation of this strategy can enhance system resilience without
compromising the economic benefits and the carbon emissions reduction
[190]. A suitable communication network is introduced to support the
implementation of the developed methodology. The topology of the
communication network is presented in [190].The MG server collects the
data and runs the optimization, regarding the P2P exchange among the
users of the MG. The MG server then communicates with the grid server to
get information regarding the energy left in the batteries. If there is still
energy left, the grid provides information about the load demand of users
that are located outside the MG. Then the MG controller runs the
optimization in order to cover as many users as possible. The electrical fault

happens on the physical infrastructure on the grid and could be a cable fault
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or a fault in a system component (such as transformer). The communication
fault is defined as a fault occurring in one of the communication channels

so the user, cannot communicate with the MG server [190].

In case of electrical fault, the system will reconfigure zone boundaries in
order to isolate the fault area and will continue the P2P exchange process
with the remaining users. In case of a communication fault, some of the
users fail to communicate properly with the MG server. Thus, the process
1s continued, excluding the fault users. If the fault occurs in one of the BO
users, then there is less energy available for P2P exchange, thus the zone
boundaries will be shrunk. On the other hand, if the fault occurs in a grid
dependent user then this user will be excluded and the zone will cover
another user, as the required energy will be reduced. The users that have a
communication fault are just supplied by the grid and cover the energy
needs without compromising the benefits to the rest of the users [190].
However, in this work the concept of resilience is generally described in the
context of the implemented methodology, focusing on zone reconfiguration
of the zone in case of faults. A further investigation is required in order to
quantify resilience by using particular resilience metrics and explore the

impact of faults in greater detail.

4.5, CHAPTER SUMMARY

In this chapter the concepts of resilience. P2P exchange and zoning were
investigated. The concept of resilience was distinguished from that of
reliability by identifying their major differences. Different approaches of
resilience were examined along with their quantification using
metrics suggested from the literature. The detailed literature review on
P2P exchange, revealed gaps in the existing knowledge. Technical aspects
of P2P exchange, such as optimum battery size, battery degradation, system
resilience in case of faults have not yet been examined in the context of P2P
trading.This work will examine the synergies local DNO(s) and MG users

in order to participate in P2P exchange and jointly gain benefits. The gained
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benefits will be examined in terms of economic benefits for the stakeholders
(profits), system resilience in case of faults, carbon emissions reduction and
increase of batteries lifetime. A novel P2P exchange framework will be
developed, based on an existing ToU tariff scheme and the availability of

storage devices, avoiding complex negotiations and auctions.
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Chapter 5. Methodology

In this chapter a novel P2P exchange framework for MGs will be presented.
The synergies for the local DNO and MG users that could lead to
participation in a P2P exchange scheme in which they both gain benefits,
are investigated. These benefits are examined in terms of economic benefits
for the stakeholders (profits), system resilience under fault scenarios,
carbon emission reduction and increased battery lifetime. The approach
provides a P2P framework that operates within an existing static ToU tariff
scheme and makes use of storage devices that are available at customer
premises. This approach avoids complex negotiations and auctions by
working under agreed predetermined rules that maximize the system
performance. Under fault conditions the overall performance is degraded to

a lesser degree than would occur without a P2P exchange scheme in place.
5.1. METHODOLOGY OVERVIEW

The methodology implements a P2P exchange framework for sharing
energy between participants in a MG. It Relies on a static ToU tariff scheme
to value benefit in time-shifting demand to low cost periods. Two groups of
stakeholders are considered: A) the local DNO and B) the MG users. The
energy trading occurs under three principles: First, energy sharing occurs
by using the storage and renewable assets of the MG. Second, P2P exchange
1s enabled during the high-tariff period. The storage assets are discharged
during high-tariff period and charged during the low-tariff period. Third, it
is based on the mutual benefits to the DNO and MG users. The stakeholders
agree in advance to share the cost and benefits of P2P energy trading. The
percentage of participation in the gained benefits is the same with the
percentage participation in the cost. Energy sharing is regulated and
followed by all participants according to the rules explained in each step,
taking into consideration transformer and storage inverter power limits.
The implemented methodology aims to achieve particular goals that are

summarized below. These goals are:
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e provide economic benefits to P2P exchange participants,
e reduce carbon emissions,
e 1improve system resilience, and

e increase battery lifetime.
5.2. METHODOLOGY - MAIN STEPS

To apply this methodology an energy management strategy is developed
with particular steps. Each step describes certain rules that should be
followed by all participants. These steps are summarized and described in

detail below:

e Provide input data

e Battery sizing

e Users’ categorization and priority order

e Zoning

e Optimum battery discharging

e Application of network and communication faults:
v" Network faults
v" Communication faults

v' Feeder faults

v

Transformer/infeed faults

5.2.1. PROVIDE INPUT DATA

To apply the presented methodology certain input parameters are required
from the user. These parameters are presented in Table 5.1. The
parameters describe the characteristics of the MG, including the number of
MG users, number of feeders and number of users in each feeder (Table 5.1).
Moreover, the number of users with PV panels is required along with the
size of the installation (Table 5.1). The daily load demand and PV
generation data of the MG users are also required (Table 5.1). The

particular characteristics of the existing ToU tariff scheme are also
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required, including the low/high tariff periods and the tariffs for each of
them. The participation of DNO and MG users in costs must be also
specified along with power limits of the inverters and the transformer (TF)
(Table 5.1). Existing feed-in-tariffs (FIT) for each kWh fed into the grid from
the PV energy surplus need to be specified (if there are any).

Input data

Number of MG users

ToU tariffs (p/kWh)

Number of MG feeders

TF export power limit

Number of users per

feeder

Inverter power limit

Number of users with

pv

DNO -MG participation
(%)

PV installation size

(kWh)

Battery prices (£/kWh)

Low tariff period (time)

Daily load demand (kW)

High tariff period (time)

Daily PV generation

(&W)

PV surplus FIT (p/kWh)

Table 5.1: Input data required

5.2.2. BATTERY SIZING

The methodology includes two different modes. One planning mode and one
operation mode. In planning mode, the number and the size of storage
assets is not defined in advance, thus a battery sizing process is required.
In operation mode the storage assets are predefined thus the sizing process

1s skipped.

In planning mode, each MG user is willing to jointly buy a battery with the
DNO in order to participate in P2P process, in case that benefits are gained.
This will determine the total number of batteries and their size in the MG.
The contribution of each stakeholder to the investment cost and the
percentage of benefits gained, is settled in advance. The expected benefits

for each potential battery owner are then estimated. Initially, it is assumed
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that all users have batteries. A cost-benefit analysis is performed for each
of them, seeking the optimum battery size for which their benefits (if there
are any) are maximized. For this purpose, the net present value (NPV) is
the metric against which different battery sizes are assessed. With a
positive NPV the user does not gain benefits for the considered parameters,
thus the battery purchase is not a profitable option. Whereas for a negative
NPV the user gain benefits after the payback period. If the benefits are
satisfactory the user installs a battery asset. The equations used in the NPV

calculation are as follows. The net power, Py (¢x) at an individual home is

Pretei) = Priei) — Peviei (1)

where Pj ) 1s the load demand and Ppy (k) 1s the power generated by the
PV panel (in kW), for each timestep t and for each user k. The duration of
P2P exchange process in minutes, ATp,p 1s:

ATpyp = Tpzp—ena — Tr2p—start (2)

where Tpyp_eng 18 the time when P2P ends and Tpyp_siqr+ 18 the time P2P
starts (in minutes). The maximum energy that can be discharged from the

inverter (in kWh), Eyaxk) during the P2P period, ATp,p is:

Emax(k) = Pinv(k) " ATpyp 3)

where P, () is the maximum power limit of each user’s inverter device (in
kW). As each user has one inverter connected both to the PV panel and the
battery, the maximum energy that can be discharged from the battery (in

kWh), Emax—batt(k) 1s:

Emax—batt(k) = Emax(k) - EPV(k,n) (4)

where Epy () 1s the energy produced from the PV panel of each user k, for

each representative day n (in kWh) that passes through each inverter. The
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energy needed for self-consumption (in kWh), for each user k during the P2P

exchange period, Epqe—sc(k) 18:

Ebatt—sc(k,n) = Etot—PZP(k,n) - EPVtot—PZP(k,n) (5)

where Eiyr_popn) 15 the total energy required during the P2P exchange
period by each user k and for each representative day n (in kWh).
Epvtot—p2p(kn) 15 the total energy produced by the PV panel during P2P

exchange period, for each user k and for each representative day n (in kWh).
The grid provides rewards to PV users for each kWh they provide from their
PV surplus during the P2P exchange period. The benefits gained for each
kWh that is provided to the grid from the surplus of each PV, of each user

k, Bpz2p—pv (k) 18:
BPZP—PV(k,n) = EPV—surplus(k,n) ' CPV—surplus (6)

where Epy_syrpius(kn) 15 the energy surplus produced from the PV (in kWh)

of each user k during P2P exchange for each representative day n.

Cpy—surpius 1s the FIT provided for each kWh (in p/kWh). The energy surplus

is defined by the equation below:

T=ATp,p

EPV—surplus(k,n) = z (PVgen(k,n,t) - Econs(k,n,t)) (7)
t=1

Where PVjenne) 1s the PV energy generated (in kWh) for each user k, for
each representative day n, for each time t, and Econsknt) 15 the energy

consumption (in kWh) for each user k, for each representative day n, for
each time t. The tariff paid for each kWh delivered during the P2P

exchange, Cpap_tarifs 18:

Crap—tariff = ((Cyr = Cr —1) /100) - p (8)
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where Cyy and C;r are the high and low tariffs of the existing ToU tariff
scheme respectively (p/kWh). r is the reduction tariff (p/kWh) offered to the
grid connected users for participating in the P2P process, and p is the
percentage of participation of each user to cost and benefits (% percentage).

The gained benefits from P2P for each user k, for each representative day n,

Bpap(in) 18:

BPZP(k,n) = lossbatt(k) ' (Emax—batt(k) - Ebatt—sc(k,n)) ’ CPZP—tariff (9)

where [0SSpqer(kn) 18 the percentage of estimated battery losses for each

battery k, for each representative day n. P2P exchange will achieve carbon
emissions reduction, if the grid carbon intensity is lower during the low-tariff (LT)
period and higher during the high-tariff (HT) period. This will happen as batteries
are charged during the LT period and discharged during the HT period. The
benefits gained due to carbon emissions savings for each user k, for each

representative day n, Bpap_coz(kn) 1S:

BPZP—COZ(k,n) = WCOZ—saved(k,n) ) CCOZ—saved(k,n) (10)

Where Weoa—savea(k.n) is the amount of carbon emissions saved (in tons) from
each user k, for each representative day n in tones, and Ccpz-sqvea(k,n) 1S the
tariff paid for each tone of carbon emissions that is saved (£/tn CO2 saved).
This tariff is specified by implemented carbon emission policies. The
benefits gained (in £) from P2P exchange process for each user k, for each

representative day n, will be:
Bpap—tot(kn) = Br2p-pv(kn) T Br2pn) + Bpar-cozmn) (11)
The total cost (in £) for P2P exchange process for each user k, for each

representative day n, Cpyp(xn) 1S:

Cp2p(kn) = Cgria—p2p(kn) — Bp2p—tot(i,n) (12)
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where Cyrig—p2pn) is the total cost paid to the grid (in £) for P2P process by
each user k, for each representative day n, including battery charging cost.
To compare the impact of P2P exchange framework, a BAU scenario is
considered as a baseline. In this scenario, it 1s considered that the same
users have PV panels but no batteries. Thus, the benefits gained for each

user k, for each representative day n, Bgay(k,n) are:

BBAU(k,n) = EPV—surplus(k,n) ) CPV—surplus(BAU) (13)

where Cpy_syrprus(aav) 1s the FIT paid for each kWh fed into the grid by the
PV. The total cost paid to the grid for BAU case by each user k for each

representative day n, Cpayk,n) 18:

CBAU(k,n) = Cgrid—BAU(k,n) + Pnet—tot(k,n) ’ CHT - BBAU(k,n) (14‘)

where Cyrig-paukn) 1s the cost paid to the grid by each user k, for each

representative day n (in £), for the same period P2P exchange lasts in order

the results to be comparable. Pne¢—tor(kn) 18 the total net power for the BAU

scenario for each user k (in kW), for each representative day n, for the same
period P2P lasts. The total benefits (in £) each user k gains for each

representative day n, Beor(xn) 1S:

Btottkn) = Craven) — Cr2p(icn) (15)

The investment cost for each user k, Cippest (k) 1s:

Cinvest(k) = (Cbatt ' Battrated(k) + Cinv(k)) 'p (16)

where Batt,qeeqk) 1s the battery size (rated capacity) of each battery k (in

kWh), Cpq is the current battery prices in £kWh and Cipy (k) is the inverter
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cost of each inverter k (in £). The net present value of each for each user k,

after y years for each representative day n, NPV ) is:

y

(Cinvest(k) - Btot(k,n)

NPViysem = ) Qoo 7)
1

where g is the discount rate after y years. The lowest value is selected, as it
represents the maximum benefits. The NPV value is calculated on an
annual base, using a certain amount of representative days for each user.
For each representative day, a range of possible battery sizes (Batt,gteq(k))
1s tested. The optimum battery size will be the one for which the NPV value
1s minimized. The annual benefits will be the average value of the benefits
gained for each representative day. In the same way, the battery size will
be the average value of the optimum sizes of each representative day. A
sensitivity analysis is also performed to test the validity of the average

value.

5.2.3. USERS’ CATEGORIZATION AND PRIORITY ORDER

The methodology is applied to MGs where users have batteries or/and PV
under their ownership. The users who have batteries are characterized as
“Battery owners” (BO), while the rest of them as “Grid-connected” (GC)
users. The wusers’ categorization is implemented regardless the PV
ownership. BO charge their batteries during the low-tariff (LT) period and
discharge them during the high-tariff (HT) period.

65



Methodology

BO users GC users

J19pJo Auiorad puvwap £319u7q
Topao friorad puewap ASRuUG+ 3P
13pao Araonid puewp ASRuy

@

(1 :

k-users
outside
MG

n-BO '
users !
'

Figure 5.1: Users' priority order.

Users’ prioritization process is shown in Figure 5.1. The users are
prioritized in three stages, based on day-ahead demand and generation
assumptions. First, the BO users are prioritized, as they are the key players
of P2P process, starting from the one with the lowest energy demand until
the one with the highest. Second, the GC users are prioritized. GC
prioritization occurs based on the energy mismatch of each feeder for the
P2P exchange period. The mismatch is calculated by subtracting the total
stored energy in the batteries of the feeder, from the total net energy
demand of the feeder’s users. A negative mismatch means there is surplus
energy in the batteries of the feeder, while a positive value shows a deficit.
The MG feeders are prioritized from the lowest mismatch value to the
highest. The GC users of the first-priority feeder have priority over the
users of second priority feeder and so on. However, a second prioritization
happens within each feeder, where the users are also prioritized from the
lowest to the highest energy demand. The users that are not included in the

P2P process continue to pay the HT as before.
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The methodology is applied regardless of the internal structure of each
feeder. For example, it can be applied to MG with different feeder structures
and different number of users in each of them. Third, the “users outside the
MG” are prioritized according to their energy demand, simply from the
lowest to the highest. Finally, the model checks how many users can be
served based on the availability of energy stored in the batteries and used

in the P2P process.

5.2.4. ZONING

In this work, the concept of “zone” is used, which i1s defined as the area
where P2P exchange is enabled. The users who participate in it gain
privileges from the P2P process. The prioritization process is used to define
the order of GC users. In this way, the way that the available generation

units will be dispatched, is defined (UC process).

The energy sharing occurs within energy and power limits. Energy limit
refers to the stored energy available in each timestep while power limit is
given by the maximum transfer capacity of the inverters and transformers
(TF). Zones are dynamically adjusted in order to include users that can be
served within the energy and power limits, following the defined priority

order.

As zone members gain benefits, all MG users have incentives to participate
in the scheme. One of the goals is to provide economic benefits to the
stakeholders. This is achieved by reducing the load demand during the HT
period, as this mitigates the peak power and, in this way,, more energy will
be available in the batteries to share it among peers. To implement this, the
mismatch between users demand and the batteries’ stored energy on each
feeder for the P2P exchange period is calculated on a day ahead basis A
negative mismatch means there is surplus energy in the batteries of the
feeder, while a positive value shows a deficit. The MG feeders are sorted
from the lowest mismatch value to the highest to set the zone expansion

order for the day ahead.
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In addition to the feeder order there is a user priority order along each
feeder. As P2P exchange encourages users to reduce their load demand
during HT period, the users with the lowest load demand are included by
priority in the zone, leaving the users with higher load demand last to join
the scheme.

An example of zoning expansion, according to a particular order, is
presented in Figure 5.2. The zone area does not always coincide with a
continuous geographical area, as some batteries might be in a feeder that
does not participate in the zone, yet its BO do. If there is still energy
available for P2P sharing, the zone can be expanded beyond the
geographical limits of the MG.
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Figure 5.2: MG topology and zone expansion in time

The NPV described in (17), is initially calculated, without taking into
consideration the TF power limit per user, as the amount of power used

within the MG and the amount exported to the grid, cannot be estimated in
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advance. However, after the number of batteries is determined, the zone
process runs again for the n representative days, this time including TF
power limits. The model calculates how much energy remains in the
batteries (if any) after the zoning process. If there 1s unused energy this is
interpreted to mean that the batteries are oversized. Thus, the battery sizes
of the existing batteries are corrected, and the NPV value is recalculated as

well as the users’ categorization and zoning processes (Figure 5.3).

Battery sizing

v

NPV

¢ Battery size
corrected

¢ A

Users' categorization

v

Zoning

v

Battery size
Users' categorization
Zoning
finalized

Ly TF powe.r limits
applied

Figure 5.3: Battery correction process.

The battery sizing process itself is presented in the flowchart below:
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Figure 5.4: Battery sizing process flowchart.

5.2.5. OPTIMUM BATTERY DISCHARGING

After the zone boundaries have been defined for each timestep, the power
required from users’ batteries is calculated. A certain amount of power is
available in the batteries to cover the energy needs of the users. This power
will be used in the optimization section, where the batteries are jointly
discharged in order to minimize the degradation cost. Sharing the power
requirement prolongs battery lifetime compared to a one-by-one battery
discharging in which each home covers its individual needs. In the joint
discharge approach the power in each timestep is shared among k batteries
resulting in lower discharging currents than individual batteries would see
through one-by-one discharging. Lower discharging current means a lower
degradation cost for each battery. Different models have been developed in
current literature to estimate the degradation cost of lithium-ion batteries.

In this work, the equations described in [111] are used. According to [111],
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the total cycle loss of lithium batteries, Qspra110ss Can be described by the

following equation:

Qtotal loss = Qcycle loss + Qcalendar loss (18)

where Qcycie 10ss 15 the operation cycle loss and Qcgiendar 10ss 15 the calendar

cycle loss. In this study, the calendar cycle loss is ignored. The operation

cycle loss is described by the following equation:
Qcycletoss = B1 - eBzlrate - 4 (19)

where I, 1s the charge/discharge rate (C-rate), 4;, is the Ah-throughput

and B, B, are:
Bi=a'T*+b-T+c (20)
B,=d-T+e (21)

where T is the absolute temperature in K and a,b,c,d,e are the model
coefficients described in [111]. According to [111], the degradation cost of a

discharging event can be described by the equation :

Qcycle loss %
Caeg(ti) = % Pg (22)

where Qcycie 10ss 9% 18 the percentage of cycle loss of the discharging event, 7%
is the threshold of maximum cycle loss which is usually set to 20%-30% of
the initial capacity. Py is the price of the whole battery pack [111]. As the
degradation cost is a non-linear function MATLAB fmincon is used to
develop the optimum discharging algorithm. The aim is to minimize the

total discharging cost of the batteries. The solver is able to find the global
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minima as it is convex. A proof of its convexity can be found in Appendix 2.

The optimization problem is described below:

Minimize:

K
f= Caegtero (23)
1

Where K is the total number of batteries of the BO users, included in the
zone. This number remains constant after the battery sizing process has

finished.

subject to:
SOC(t+1,k) — SOC(t’k) = I(t,k) - dt (24)
K
Z It k) = Teoe (1) (25)
1
SOCmin(k) < SOC(t‘k) < SOCmax(k) (26)
0 < Iitk) < Imaxi) 27)

where, Cyeg(,k) 15 the degradation cost, SoC k) 1s the SoC (in Ah)and I 1s
the discharging current of each battery k for each timestep t , while I;,:(t)
is the discharging current of all batteries K, for each timestep t and I,ax)

1s the maximum current that can be discharged from each battery k.

5.3. RESILIENCE AND FAULT SCENARIOS

Resilience can be defined as the ability of a power system to respond
comprehensively and recover rapidly from faults due to extreme events [41].

The resilience of the system is tested in the context of the described
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methodology against a baseline scenario, called “No P2P” scenario. The
baseline has the same number of batteries, but P2P is not enabled so that
batteries operate independently, in the interests of the individual users.
The implementation of the methodology requires a communication network
to exchange information and make certain decisions according the rules
explained in this paper. The structure of this network is described in Figure
5.5 based on our previous work in [190]. A centralized communication
network 1s considered, where a central MG server collects all the
information from MG users through communication channels. The server
could be located in the local substation. The users send data regarding their
SoC, their ID number, their type (BO or GC user) and the required energy
during the P2P exchange process. Moreover, the MG server communicates
also with the server of main grid, in order to receive information about the
“users outside the MG” and their energy demand. The MG server receives
all the information, prioritizes the users and run the optimization according
to the developed methodology sending the suitable signals back to the users
and to their storage devices. Besides the structure of the communication
network, which is briefly described no further communication issues are

investigated.
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Figure 5.5: Communication structure based on [190].

To examine the impact the developed methodology on resilience, four fault

scenarios are considered. The first scenario examines faults on the physical

components of batteries, while the second one the faults on the

communication system. A third scenario examines the electrical fault in one

of system’s feeders, while the fourth one the case where transformer/supply

1s lost. In the last two scenarios, the DNO is obliged to provide compensation

as it is responsible to cover the energy needs of the end users. In the first

two scenarios, no compensation is provided as DNO is not responsible for

these faults. An equation for DNO compensation is created and used, based

on data gathered from [144], [191].

Compensation=0.0119-t i, +17.5-E;+0.92 (28)
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where tg;. 1s the total minutes of disturbance of all users, and E] is the total
energy loss (kWh) due to fault. Each fault scenario is described in greater

detail:

5.3.1. BATTERY FAULT SCENARIO (FLTBas)

In FLTgatt scenario, batteries are unavailable due to faults. Fault incidents
could occur before or during the HT period in which theP2P process occurs.
Battery faults could occur in multiple batteries during the same day. Repair
time is assumed to be 1-day, so the P2P exchange is reconfigured to continue
without the faulted batteries. Users with a battery fault, can still
communicate with the MG controller yet they are treated as simple GC
users for that particular day. The zone expansion order is reconfigured with
the available assets, excluding the fault batteries. After reconfiguration the
number of batteries has changed which could change the zone expansion
order. P2P exchange continues with the remaining batteries noting that the

available energy for will be less, resulting in shrunken zone boundaries.

5.3.2. COMMUNICATION FAULT SCENARIO (FLTcowm)

Multiple FLTcom fault can happen during the same day, before or during
the HT period. FLTcoMm can occur either to BO or to GC users or to both user
categories. Repair time is assumed to be 1-day. In this case, the faulted
users are no longer visible by the MG controller, thus they are automatically

excluded from zone.

5.3.3. FEEDER FAULT SCENARIO (FLTFeed)

FLTFeea scenario considers that a whole feeder(s) i1s disconnected, due to
faults in the electrical network components. One or more feeders can be
disconnected from the substation leaving their users without supply. The
zone 1s again reconfigured, by adjusting its boundaries to the new
circumstances. The faulted feeders are automatically excluded from the
zone along with their users. P2P exchange continues with the remaining

users from the no fault feeders. The zone expansion order is changed, as the
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faulted feeders are excluded. Until the fault is restored, the DNO is obliged
to provide compensation to the users off-supply, according to the duration

and the level of disturbance.

5.3.4. TF FAULT SCENARIO (FLT1r)

In the FLTr scenario, it is assumed that the MG Transformer/supply is lost
due to faults. However, it is assumed that there is back up system that
keeps the communication network active. The resilience of the system is
then tested in the context of the described methodology against a baseline
scenario. The baseline scenario has the same number of batteries, but P2P
1s not enabled so that batteries operate independently, in the interests of
the individual users. The zone is automatically reconfigured so that all MG
users are included. P2P exchange attempts to mitigate the disturbance to
users until a fault is restored (even partially). If the energy available in the
batteries is sufficient to cover MG users’ needs, for the expected fault
duration, without violating PL, the users will remain undisturbed.
However, it’s very likely the energy available will be insufficient, or the PL
will be violated in some time steps. In this case a load curtailment strategy
1s introduced to satisfy the energy and power limitations. All MG users have
agreed in advance a priority list of devices, which represents the order of
devices they are willing to lose in case of a TF/supply fault. The device

priority list is shown in the table below:

Device priority list
1 Group 1 appliances

(Standby appliances +washing machine)
TVs
PCs

Oven

Fridge
Lights

O[O |~ [0 | DN

Table 5.2: Device priority list

The load is curtailed gradually according to a load curtailment priority

order. While in the zoning process there is a user priority order according
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to which the users are added in the zone, another priority order is defined
for load curtailment process. The load curtailment priority order will be
exactly the opposite of the users’ priority list. In other words, the first user
added in the zone will be the last curtailed. Initially, the first device in the
priority list is curtailed, according to the load curtailment priority order
until the point that the energy/power limits are not violated. If the limits
are still violated the next device is curtailed in the same way and so on. A
flowchart of the device curtailment process is shown in Figure 5.6. The
overall methodology process is summarized in the flowchart presented in

Figure 5.7.

[Device (i) curtailed
(priority list)

=it1

i

EL violated?

PL violated?

(priority list) Y

[Device (itj) curtailed

Results

Figure 5.6: Load curtailment strategy sub process
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Figure 5.7: Flowchart of the developed methodology.
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5.4. CHAPTER SUMMARY

In this chapter a novel framework for P2P exchange was presented. A
detailed description of the required steps was provided. Since the input data
are provided, a battery sizing process is implemented to find the number
and the optimum size of the batteries. The next step includes a users’
categorization process. The users are categorized (BO, GC. “users outside
the MG”) and prioritized under certain criteria. A zoning process is then
applied putting users in it according to the priority order. P2P exchange is
performed by jointly discharging BO’s batteries in an optimum way to
minimize degradation cost. Different fault scenarios are examined to
quantify their impact on system resilience, assuming that faults occur at
the physical or communication part of the system. A brief description of the
communication structure is provided along with relative flowcharts that

clarifies certain processes of the presented methodology.
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Chapter 6. Case study-results

In this chapter the practicality of the developed methodology will be tested.
A particular case study will be presented, using suitable input parameters
and implementing all the methodology steps. Four representative days will
be used from CREST model to size the system, and then a particular day in
Winter will be examined for UK location. The obtained results will be

described and discussed analytically for each examined scenario.

6.1. INPUT PARAMETERS

The practicality of the suggested methodology is tested on a particular case
study. A particular MG with settled number of users and a ToU tariff
scheme, are considered (Table 6.1). The MG is located in North East
England in UK (Newcastle city). The examined MG consists of five parallel

feeders where the users are equally distributed among them (Figure 6.1).

— — > | -
-« -«

111 -
1
'
1
I

Figure 6.1: MG topology for the case study.

Some of the users have PV panels under their ownership, while some others
not. For this case we assume that only half of the users have domestic PV
installations of 3kW. Each PV installation produces the same amount of
power for the same day, as they are located at the same place. It is assumed
that the FIT is for P2P exchange is increased significantly by policy makers,

in order to provide incentives to the users to participate. Thus, for this case
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study the FIT for P2P exchange is almost 3 times higher than the existing
one for the BAU case (Table 6.1). The DNO and the MG users contribute
50% each to the investment cost and share the gained benefits. A particular
price per kWh is assumed for lithium-ion batteries based on a recent study
(Table 6.1). Inverter and local transformer power limits are also specified
(Table 6.1). All MG users are domestic users, and their load data are
obtained from CREST model [192].

Input parameters Values
MG users 80 users
MG feeders 5 feeders
Users per feeder 16 users per feeder
Users with PV 40 users
PV installation size 3 kW (each)
PV cost Not required as both scenarios (BAU
and P2P) have the same PV device.
Low-tariff period 22:00-07:00
High-tariff period 07:00-22:00
ToU tariffs Low tariff =2p/kWh

High tariff=25p/kWh

Tariff reduction (r)=2p/kWh

PV surplus FIT for P2P 12 p/kWh
PV surplus FIT for BAU 3.87 p/kWh [193].
TF export power limit 1.5 kW per user
Inverter power limit 3 kW per device
DNO-MG users participation 50%-50%
Inverter cost 800 £ per device (50% paid by each
user)
Discount rate for NPV (q) 3.5 % [194].
Battery price 114 £/kWh [195].
Daily load demand/PV data obtained by CREST model [192].
Number of representative days (n) 4 days
Time until portable generator is 3 hours

brought in the field

Table 6.1: Input parameters.
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A certain number of typical days is selected in order to represent the load
and PV data for a whole year. These days are also known as representative
days. Different approaches have been presented in literature on how to
select these days [196]. In this work the simplest method is used, by
selecting days from periods that present significant variability on load demand
and PV data. CREST model provides data based on meteorological conditions and a
particular occupancy model. As the aforementioned parameters vary on a
seasonal basis, the model presents a significant seasonal variability [197].
Thus, four representative days were selected one for each season (Winter,
Spring, Summer, Autumn). The system is sized based in these four days. In
this work, it is considered that we have perfect forecasts, so the load demand

and the PV generation are known a priori.

6.2. BATTERY SIZING

Initially, the number and the size of the batteries is unknown. It is assumed
that all users have batteries as described in the methodology section. Then
the NPV value after five years is estimated for each user, for different
battery sizes. The NPV value is compromised by the inverter and
transformer limits. The NPV value is calculated using the equation (17), for
four representative days, one for each season. An optimum battery size is
being found for each day. The size for which the cost is minimized will be
the optimum. The optimum battery size and NPV value will be the average
value of the 4 representative days. A sensitivity analysis is also performed
to test the validity of the average value. Six different other battery sizes are
tested within a range from -30% to 30% of the average battery size for each
user separately, and the NPV value is calculated again for each of them to
test which of them give the minimum value (maximum benefits). An
indicative example is presented in the table below and it is referred to User

1 (Table 6.2). The same process was followed for the rest of the MG users.
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Battery sizes (kWh) NPV(£)
Average battery size - 30% 34.2 123
Average battery size - 20% 39 -88
Average battery size - 10% 43.87 -142
Average battery size 48.75 -226
Average battery size +10% 53.62 -53
Average battery size +20% 58.5 152
Average battery size +30% 63.75 437

Table 6.2: Sensitivity analysis for battery sizing for Userl. The maximum
benefits are gained for the average battery size.

In Figure 6.2, an indicative graph with the cost function of a particular user

1s presented.

400 | : :
1 1
300 : |
» - |
1 1
@ 200 ¢ | |
E 100 | TF limit | | Inverter limit
. | .
c O -
& X 32 : !
Z =100 1 | | X 47
— Y -196.6763 | | Y -215.8895
200 | s
-300 - !

0 10 200 30 40 50 60
Battery size (kWh)

Figure 6.2: Cost function behavior example for one BO user.

The minimum cost is for this user is -215.88 £ (negative cost means
benefits), where the battery size is 47kWh due to the inverter limits.
However, the final optimum battery size will be 32kWh due to transformer

power limits (Figure 6.2). If the transformer power limits are ignored in the
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sizing process, a part of the stored energy in the batteries will be always
remain unused as it will not be possible to be delivered through the
transformer. This fact means that the battery is oversized, as a part of the
energy cannot be delivered through the transformer. Another issue is the
fact that the inverter is connected both with the battery and the PV,
meaning that a high PV generation will reduce the amount of power that

can be delivered from the battery.

The initial optimum battery sizes are presented in the figures below for each
MG user (Figure 6.3). The transformer power limits are not applied yet, as
this is part of the correction process (see Figure 5.3). Only the inverter
power limits are considered to this point. The results show, that 27 users
have batteries with battery sizes close to 50 kWh, with only one exception
that is around 55 kWh (Figure 6.3). The initial optimum battery size values
are the average of the optimum values for each representative day, for each
battery owner. The x-axis in this graph, shows only the absolute number of

BO for this case.
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Initial Optimum Battery size (KWh)
=
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o

3 6 9 12 15 18 21 24 27
Initial Battery owners number

Figure 6.3: Initial optimum battery size for each battery owner.

The average NPV value after 5 years for each user is presented in Figure

6.4, in sorted order. A positive NPV value means that the user does not gain
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benefits after 5 years, while a negative one means that they do. Each user
decides if the expected economic benefits are enough to invest money and
buy a battery for P2P. In this case, we assume that the minimum of
economic benefits that each user requires, is around 100£. Thus, the
number of batteries will be initially 27 (Figure 6.4). Since the initial battery
size 1s settled for the users that are going to have batteries, a correction of
the battery sizes occurs taking into consideration the TF power limits,
according to the process described in Figure 5.3. After the correction

process, the number of BO is reduced from 27 to 18 (Figure 6.5).
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400

200

X 27
Y -106.3

0 20 40 60 80
Battery owners

-200

NPV 5 years (GBP)
o

-400

-600

Figure 6.4: Average NPV value after 5 years for each MG user.
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Figure 6.5: Average NPV value after battery correction.
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Since the battery sizing process is terminated, the available assets of each
MG user are finalized. In the figure below, the optimum battery sizes of the
18 batteries is shown (Figure 6.6). The x-axis in this graph, shows only the

absolute number of BO for this case.

Optimum Battery size (kWh)
—_ - N N w
(=] (8] o (@] o
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o
o
w

6 9 12 15 18
Battery owners number

Figure 6.6: Optimum Battery size of the 18 BO.

6.3. USERS’ CATEGORIZATION AND PRIORITY ORDER

Figure 6.7 shows exactly the users that have batteries and/or PVs and those
that have not. In this way, the number of BO and GC users is settled for the
particular case study. The PV ownership of each users is also specified.

Users that have only PV are by definition GC users.

Microgrid users
1 2 3 4 5 6 7 8 910 11 12 13 14 15 16

Feeders
L3 T S PSS

z PV only ]| PV + Battery

Figure 6.7: BO, GC users for the particular case study.
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All the BO users have also a PV installation under their ownership. This
happens as the PV installation reduces the net power of these users, leaving
higher amount of available energy in their batteries to share. Moreover, it
1s assumed that for P2P exchange the FIT for PV is almost 3 times higher
for this case (Table 6.1), increasing the benefits gained. Higher benefits
gained for the user means that it is more likely to finally buy a battery based

on the net present value process described above.

Comparing the initial number of batteries and their sizes, it is obvious that
the correction process reduces the significantly the number and the size of
the batteries, in relation to the first estimation. This fact also shows, that
for some users a smaller battery (due to TF power limits) will finally
produce no benefits, thus a battery purchase for P2P exchange is not a
profitable option. An explanatory figure to clarify the battery sizing process

for this case is presented below (Figure 6.8):

Battery Battery
Number Size

Initial estimation

80 Battery
owners

27 Battery
owners

Battery size
~=50kWh

Transformer Power
limits

18 Battery
owners

Battery size
~=32kWh

Figure 6.8: battery sizing process -explanatory graph.
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To summarize, initially it is assumed that all the users of the MG have
batteries (80 BO). Then the inverter power limits are applied, and the
number of BO drops to 27, with a battery size around 50kWh for each user.
This result is calculated based on the average NPV after 5 years for four
representative days. Finally, the transformer power limits are applied,
reducing the battery size to approximately 32 kWh for each user and the
battery number to 18 batteries. If the power limits are ignored, then the
batteries will be oversized, and a significant part of the stored energy will

not be used.

6.4. ZONING

The zoning expansion order is based on the energy mismatch of each feeder,
as it 1s described in methodology section. In this case the zone expansion
starts from feeder 2 and ends in feeder 1 (Figure 6.9). Despite the zone
expansion order per feeder, there is also user priority order within each
feeder, it was described in methodology. The BO users are excluded from

Figure 6.9, as they are all included in zone for this case.
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Figure 6.9: Users' priority order - no fault scenario.

As P2P exchange can be expanded outside MG, 100 extra “users outside
MG” are considered with no PV and storage assets. For the users outside

the MG the priority order is based only on their energy demand from the
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lowest to highest (Users 81-180). The load demand data of these users are
also obtained from CREST model [192].The model calculates the total
required power from inverters, checking if the power limits are violated
(Figure 6.10). If PL are violated, the excess power is shifted to time steps
where limits are not violated. In this way, the total power required from the
inverters is calculated (Figure 6.10). Since each inverter is connected both
to the PV and the battery, the required power from batteries is equal to the
total inverter power minus the PV generation power. When the PL are
violated P2P exchange cannot be expanded outside the MG, since only a
part of the MG users demand is covered. Figure 6.11, shows the number of
users included in zone for each time step. It is obvious that after 16:00 only
a few users are included in zone and no power is exported through the local

transformer, as PL are initially violated (Figure 6.10).

150
= = = = Inverter total power limit
Inverter total power within PL
Inverter total power initial
100

Total power (kW)

[4))
o

O 1 1 i 1
07:00 10:00 13:.00 16:00 19:00 22:00

Time (HT period)

Figure 6.10: Total power covered by inverters/batteries.

As it is mentioned in methodology section, priority first given to BO users,
then to the GC users within the MG and finally the grid users outside MG.
The required power from batteries shown in Figure 6.10 is the power used
in the optimization process. The equations used in the optimization are

presented in methodology section (eq. (23)-(27)). Since the power covered by
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inverters is corrected in order to be within the power limits, the number of

users included in the zone for each timestep is defined (Figure 6.11).
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Figure 6.11: Number of users included in zone -no fault scenario.

Different colours are used for the different group of users. The blue colour
represents the BO users, the red the GC users within the MG and with
yellow colour the users outside MG (Figure 6.11). It is obvious that for the
timesteps that PL are violated (Figure 6.10) the number of users included

in zone are less than the total number of users within the MG (Figure 6.11).
6.5. OPTIMUM BATTERY DISCHARGING

As the objective function described in (23) is non-linear, fmincon solver is
selected in MATLAB software. The solver find the minimum of the objective
function under equality and inequality constraints [198]. The constraints
equations are eq. (24)-(27). MATLAB offers a range of fmincon algorithms
depending on the characteristics of the optimization problem. The available
algorithms are: a) ‘interior-point’, b) ‘trust-region-reflective’, c) ‘sqp’, d) ‘sqp-

legacy’ and e) ‘active-set’ [199]. In this work, the ‘interior-point’ algorithm
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1s selected as it can handle large, sparse problems, as well as small dense
problems and it is recommended to be used first [199]. The software has
different parameters to estimate if the solver has succeeded or failed to solve
the problem, and different stopping criteria where the optimization ends if
they are reached. The two most important parameters are first-order
optimality and feasibility [200]. The closer these parameters are to zero the
more accurate the solution is. In this work, the tolerance parameters are
set to 10-3 and the optimization ends when these limits have been reached

(Figure 6.12).

First-order Norm of

Iter F-count f(x) Feasibility  optimality step
0 5383 0.000000e+00 8.507e+02 1.004e-07

1 10766 -8.476618e-02 2.274e-12 2.93%e-04 2.427e+03

Optimization stopped because the relative changes in all elements of x are

less than options.StepTolerance = 1.000000e-03, and the relative maximum constraint

violation, 2.672887e-15, 1s less than options.ConstraintTolerance = 1.000000e-03.

Figure 6.12: Screenshot from Matlab software, when the selected limits have

been reached and the optimization ends.

In this case, the P2P exchange period lasts 15 hours with a timestep of 1
minute. Thus, the total optimization points will be 15*60=900. As the
number of batteries and the number of points is increased, the optimization
time i1s slowed down as the matrices become bigger, requiring also higher
RAM. To accelerate the optimization process for the 18 batteries, the
problem was broken in six sub-problems where the optimum values for 150
points were sought (900/6=150). The last values of each sub-problem are
used as initial values to the next one. Each sub-problem is formulated as an

optimization function with certain input and output parameters.

In this work, 18 batteries are used in the optimization problem. The
(optimum) battery sizes selected by the battery sizing process is around
32kWh for all users, with small differences among them (Figure 6.6).
Moreover, all batteries have the same SoC operating window (10%-90%) and
are fully charged (SoC 90%). In addition, each battery has the same inverter

type with the same power limits (3kW). For these reasons, the difference in
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cycle loss are negligible among them. This practically means that 18 same
batteries are discharged together. For this reason, for each timestep the
same amount of energy is been discharged from each of them to cover the
P2P exchange energy needs. Thus, the optimum discharging curves and the
optimum discharging currents coincide. In Figure 6.13, one of the optimum
current and SoC curves is presented. The optimum cycle loss is during P2P
exchange period is presented in Figure 6.14. It is obvious that cycle loss is
increased as the DoD i1s increased (battery is discharged). However, the
degradation cost will be different as the sizes are different (eq. (22)). The
differences are small, following the battery size differences (same cycle loss)
(Figure 6.15).A maximum threshold, n = 20% is selected for all batteries,
meaning that each battery is practically replaced when the 20% of its initial

capacity is lost.
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Figure 6.13: Optimum discharging current and Battery SoC.
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Figure 6.14: Optimum cycle loss for each battery, during the P2P exchange
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Figure 6.15: Optimum degradation cost during P2P exchange period.
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Figure 6.16: Daily cost comparison.

When the optimization process ends, the daily cost for P2P and BAU
scenarios are calculated and compared using the equations (12) and (14).
The cost comparison between the two scenarios is presented in Figure 6.16.
The results show significant benefits gained for the BO, as it was estimated
in the battery sizing process. The amount of daily benefits is essentially the
difference between BAU and P2P cost (Figure 6.16). The obtained economic
benefits are different for each user due to the daily load diversity, meaning
that there is different amount of energy in each battery, available for P2P

exchange.

6.6. FAULT SCENARIOS

For the examined fault scenarios described in methodology, we consider
particular fault conditions, regarding the fault users, the fault time and the
fault duration (Table 6.3). The fault conditions are chosen randomly as the
model is generalized and provides results for any number of fault users,
fault time and duration (within 1 day). Fault duration is considered the
same for the first three scenarios, so that the results are comparable. For
simplicity, it is assumed that faults in the FLTgatt and FLTcom scenarios,
happen at the same time. In FLTreed and FLT1r scenarios the fault duration

1s different (3 hours), as it is assumed that the DNO brings a portable diesel
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generator. Even if the fault is not fully restored, it is considered that the

fault no longer exist for the users as their needs are covered by the portable

generator.
Scenarios Fault users Fault Fault
time duration

Battery fault 1,12,13,79 09:40 09:40-22:00
COM fault 1,2,3,12 09:40 09:40-22:00
Feeder(s) fault feeder 3 09:40 09:40-12:40
TF/supply - 09:40 09:40-12:40
fault

Table 6.3: Fault conditions for the considered scenarios.

6.7. ZONING RECONFIGURATION — USERS’ PRIORITY ORDER

In Figure 6.9, the priority order of GC users is presented for the no fault
scenario where the number of GC users is 62 since the BO users are 18 (the
total number of MG users is 80). In the FLTgatt scenario, the fault users
(users 1, 12, 13, 79) become GC users after losing their batteries (Figure 6.16
— green colour). Thus, the number of GC users is increased to 66 and the
number of BO users is reduced to 14. An interesting feature is the fact that
the battery faults change the zone expansion order from “5-2-1-4-3” to “2-5-
4-1-3” (Figure 6.9 and Figure 6.17). This happens, as the model re-runs the
zoning process for the new conditions, without including the fault batteries.
Thus, the energy mismatch for each feeder will be different, changing in the

end the previous zoning expansion order.
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Figure 6.17: User priority order- FLTBga«t scenario.

In the FLTcowm scenario, the fault users (users 1, 2, 3, 12) are automatically
excluded from the zone as they cannot communicate with the MG server
(Figure 6.18 — red colour). In this case, the zone expansion order remains
the same to the no fault scenario (Figure 6.9). This happens due to the fact
that in the FLTcom scenario, only one battery is disconnected, while in the
FLTgatt scenario four (batteries). As it was described in methodology section,
BO users have greater impact on the energy mismatch than GC users,
which explains why the impact of the particular communication faults is
significantly less than the battery faults. If the communication faults occur

in more BO users the zone expansion order can be also different.
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Figure 6.18: User priority order- FLTcom scenario.

In Figure 6.19, the priority order of the GC users for the FLTFreed scenario is
presented, where the fault users that excluded from zone are marked with
red colour. As the fault feeder is feeder 3, it excluded also from the
expansion order which has only four feeders in this case (Figure 6.19). The
zoning process runs only with the assets of these remaining feeders (Figure

6.19- blue colour).
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Figure 6.19: User priority order- FLTreea scenario.

In the FLTgatt scenario, the number of users included in zone are

significantly less after fault time, as the available batteries are 14 instead
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of 18 (Figure 6.20). This fact means that, less energy is available for P2P
exchange. However, for some time steps after 16:00, the number of users is
slightly higher, as the users’ priority order is changed. Less energy available
and different user order means that different amount of user will fulfill the

energy and power requirements.
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Figure 6.20: Number of users included in zone -FLTgatt scenario

comparison.

In FLTcowm scenario, the number of users included in zone are also less than
the no fault scenario (Figure 6.21). However, the impact of the COM faults
1s less significant, in this case, than the battery fault scenario, as only one
battery is out of order. The number of users included in zone is dominated
by the total available energy in the batteries. Thus, impact on fault to P2P
exchange is related to the number of batteries that are not available due to
any kind of faults (electric/communication). In case the fault occurs to GC
users, the impact is negligible for the zone expansion, as the fault GC users
will be simply replaced by others that have no fault (according to the users’

priority order).
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Figure 6.21: Number of users included in zone -FLTcom scenario comparison.

In FLTFeed scenario, feeder 3 is assumed to be disconnected due to electrical
faults. Feeder 3 includes 2 BO and 14 GC users that are excluded from zone
(Figure 6.22). An interesting feature is the fact that, the impact of fault is
more significant to the number of users, compared to the battery fault
scenario where 4 batteries are disconnected (the priority order remains the
same). So, the crucial issue is not only how many batteries are disconnected,
but how much of their energy is used for the P2P exchange. In this case, the
available energy of the fault users is really high, and their individual load
demand is low. In other words, a high amount of energy remains in the

batteries and is not been used in the P2P exchange process.
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Figure 6.22: Number of users included in zone -FLTFced scenario comparison.
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6.8. BENEFITS GAINED

The average benefits that all BO users gain, for one day are presented in
Figure 6.24 for three of the considered scenarios. Benefits of FLTtr will be
presented separately. Grid carbon intensity for the particular day is shown
in Figure 6.23. The grid intensity data were obtained from [201]. As grid
carbon intensity is lower during LT period (batteries charging), and higher
during the HT period (P2P exchange period-batteries discarding), a

reduction in carbon emissions will be achieved for that day.
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Figure 6.23: Grid carbon intensity for the particular case study.

Figure 6.24 shows the carbon emissions savings (in Kg) provided by the P2P
exchange process. This valued 1s monetized based on carbon emissions
policies, according to which a payment of £80 per ton of CO2 saved, is
provided. This value is an average from the ones presented in [202]. This
fact means that DNO and BO gain extra benefits for decarbonizing the grid.
The total benefits gained are also shown in Figure 6.24 for the different
examined scenarios. These benefits are the average value of all BO users,
as there are small differences among them based on their individual
characteristics. Benefits gained in the FLTcom scenario are higher than
battery fault scenario as two batteries are off instead of four. In feeder off

scenario the average benefits are higher even than the no fault scenario,
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due to the compensation the DNO provides to the fault BO users (and in the

fault GC users as well).
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Figure 6.24: Average benefits gained for BO users, for different scenarios

including carbon emissions reduction.
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Figure 6.25: Benefits gained for the DNO.
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The benefits DNO gains for the considered scenarios is presented in Figure
6.25. The benefits are provided as they participate by 50%, to the
investment cost of the 18 batteries of the BO users. Thus, they share the
benefits with them as explained in methodology section. For this reason,
they follow the same pattern with the users’ benefits, meaning that the
highest benefits gained for the no fault scenario, followed by the FLTcom
and FLTgatt scenarios. However, there is a significant difference for the
FLTvFeca scenario as the DNO loses money (~400£) to provide compensation

to the users that belong to the fault feeder.

6.9. FLTtr SCENARIO

Since, the MG users are not responsible for the fault the users’ priority order
remains the same with the no fault scenario (Figure 6.9) regardless the fault
time and duration. A in the batteries 1s used in after fault time, zone is
automatically reconfigured in such a way to include all the MG users. As it
was described in the methodology section, the available energy in batteries
1s used in order to cover the energy needs of the MG users. The load of users
1s covered only if the energy in the batteries is sufficient and the inverter
power limits are not violated. In the opposite case, particular devices are
curtailed based on a particular priority list. So, the devices curtailed
according to a settled order, and the users of each curtailed device are also
curtailed based on their user priority order. CREST model provides
analytical demand data for each device making feasible the curtailment

strategy.

After fault time, the zone is automatically reconfigured in order to include
all the MG users. The difference between the FLTrr scenario and the no
fault scenario is presented in Figure 6.26. For some timesteps the number
of users is more than the no fault scenario and for some other less. According
to the implemented methodology, the available energy in the batteries is

allocated in such a way in order to mitigate the disturbance within the MG.
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Figure 6.26: Number of users in Zone- FLTtr scenario.

In this case, the energy available in the batteries is sufficient to cover the
energy needs of the MG users. However, the PL are violated for some time
steps, thus some devices need to be curtailed (Figure 6.27). The priority
order according to which device is curtailed, is exactly the opposite of the
priority order they added in the zone. This fact means, that the first users
included in zone will be the last disturbed for each device curtailed. After
the device curtailment the power limits are not violated (Figure 6.27). The
power covered from batteries is then used for the optimization process

(Figure 6.27-yellow line).
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Figure 6.27: Power before, after curtailment — FLT1r scenario.
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To highlight the impact of P2P exchange on system resilience, the obtained
results are compared to another scenario named No P2P scenario. In this
scenario, it 1s assumed that the system has exactly the same assets (PVs,
batteries) yet P2P exchange is not enabled. The BO in this scenario use their

batteries only to cover their individual energy needs.

The resilience of the system i1s measured by using a particular resilience
metric, called Resilience (%). This metric quantifies resilience of the system
based on the percentage of load that remains connected after fault [140].
The Resilience (%) during fault, for the two considered scenarios is
presented in Figure 6.28. P2P exchange process improves significantly
system resilience, in comparison to the No P2P scenario. As it is shown in
Figure 6.28, resilience in No P2P scenario does not exceed 40%, and reaches
at a minimum value of 6%. In contrast, in the P2P scenario, most of the
fault period the users are not disturbed as resilience remains 100%.
However, for the time steps the PL is violated the resilience drops a little,

due to device curtailment, but it does not drop below 60% (Figure 6.28).
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Figure 6.28: Resilience comparison - FLTtr scenario.

The average resilience is tremendously higher in the P2P exchange
scenarios as it reaches at levels of 96.39 %, while in the no P2P is only 25.07

% (Figure 6.29). This fact proves that P2P exchange enhances significantly
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the resilience of the system, as it is compared with a scenario with the same

assets but with no P2P exchange.

100

Average Resilience (%)

No P2P P2P
Scenarios

Figure 6.29: Comparison of average resilience between P2P and No P2P
scenarios, for FLTTr scenario.

Users that are low in users’ priority order means that these users will be
curtailed first. For this case, users of the feeders 2, 4 and 5 remain
undisturbed while users that belong to feeders 3 and 1 experience a device
curtailment. Figure 6.30, shows an indicative graph of the device
curtailemnt for a particular user (User 43), which occurs during the period

of the disturbance, as the power limits are violated (Figure 6.27).

105



Case study-results

3 :

§ After curtailment

52 r before curtailment | T

ot

]

£l

B 0 J_‘ o —
0 50 100 150

g1 '

£

E

H

=

(]

[-*]

-2

>

50 i .

R 50 100 150

TF fault duration (minutes)

Figure 6.30: User 43 — Power and device curtailment.

User 43 belongs to feeder 3 which is low in users’ priority order (Figure 6.9).
In case of User 43 only the Group 1 devices are curtailed, which is first in
the appliance priority list (Table 5.2). This happens as the total amount of
load curtailment that is required is small (Figure 6.25), thus no more

devices need to be disturbed.

The average level of distrurbance of all users, the duration of disturbance
and the number of users disturbed, with and without P2P exchange, are
presented in Figure 6.31. The boxplot shows these metrics for the minutes
the fault lasts (180 minutes). The duration of disturbance is trendously
lower in the P2P scenario compared to the no P2P scenario (mean value
~bminutes and ~150 minutes respectively). The average level of
disturbance is around 10% with only a few users higher, at most reaching
60%. In contrast, the average level of disturbance in the no P2P scenario

fluctuates from 10 up to 100%.
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Figure 6.31: Resilience metrics comparison - FLTtr scenario.
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Figure 6.32: DNO compensation to the user’s comparison.
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In case where some of the users are disturbed the DNO 1is obliged to
compensate them based on the loss of load and the duration of disturbance
[144], [191]. The results in Figure 6.32 show that in P2P scenario the
compensation money is below 250 £, while in the no P2P scenario is around
5 times higher (more than 1,500 £). The money saved by the DNO revelas
the incentives of DNOs to participate in the P2P exchange scheme by

participating in the investment cost and gain benefits.

To generalize the impact of P2P exchange to resilience enhancement, we
examine a wide range of fault scenarios. More precisely, we examine 50 days
with 48 different fault scenarios within each day (fault could occur every 30
minutes). This means that 2,400 scenarios are totally examined for this case

study.
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Figure 6.33: Resilience enhancement boxplot for the examined fault case.

The results are represented with a boxplot in Figure 6.33. In most case the
resilience is enhanced, as in most cases it is positive. The range of
enhancement is wide fluctuating between 0-80 %, while the median value
1s 78%. In a few cases, the resilience enhancement drops below zero which
practically means that the resilience of the system is deteriorated. This
happens as in some fault scenarios the fault occurs when the stored energy

of the batteries is depleted. It is assumed that the faults are completely
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unexpected and have the same probability to happen. Thus, in some
scenarios where the fault happens late during the day, the energy in the
batteries has been depleted as the P2P exchange starts at 07:00 in the
morning. Since the faults are considered as completely unexpected, P2P
exchange process continues as usual until fault occurs. In reality, some days
with extreme weather phenomena, there is higher probability of losing the
TF or the supply. Thus, during these days, the P2P exchange EMS could be
modified to operate in safe mode, so they save more energy by discharging
less energy during P2P process. In this way, more energy is saved in the

batteries in case of fault.
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Figure 6.34: DNO money saved — boxplot for the examined fault cases.

When the resilience enhancement is positive, it practically means that the
DNO saves money from compensation. The DNO money saved is presented
in Figure 6.34. The money DNO saved fluctuates between 0-1100£. For the
few cases, that the resilience is deteriorated (negative resilience
enhancement) the money than the DNO money saved could reach up to

500£ (Figure 6.34).

109



Case study-results

6.10. MORE RESULTS

The simulation model is generalized and can simulate any case of the
presented scenarios if the required input parameters are given. This means
that thousands of scenarios can be tested with different fault times,
different fault durations and different fault users. In this work only four
representative days are used with certain load demand and PV generation
obtained by CREST model. More, days can be tested if the required data are
provided. We choose to provide some indicative results that are interesting
and providing insights about the usability of this work. Some extra results

are presented in this section to fulfill this purpose.

In case of battery, communication or feeder faults the results will be similar
to the presented case. The main difference will be the different priority
order of the users and the total number of users that will be included in the
zone, depending on the amount and the type of the fault users. However,

the logic remains the same.

A more interesting case is TF fault scenario, where the different fault time
will have a different impact on resilience and load curtailment strategy,
even if it 1s referred to the same day (same load and PV data). A fault that
occurs at a different time will have different results, as the amount of the
available energy for P2P will be different. For this reason, three more
scenarios are presented where fault time occurs at 3PM and 5PM and 3AM.
The impact on system resilience will be presented for the considered
scenarios. Power before/after curtailment, including the power covered by

the batteries are shown in Figure 6.35-Figure 6.36.
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Figure 6.35: Power before/ after curtailment and power covered by the batteries

for the 3PM scenario.
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Figure 6.36: Power before/ after curtailment and power covered by the batteries

for the 5PM scenario.

In 3PM fault scenario, total required power is exceeded for almost half of
the duration period (Figure 6.35). This means, that more load need to be
curtailed from users’ devices compared to the FLTTr scenario where the
power limits were slightly exceeded only for around 30 minutes (Figure
6.27). In the 5PM fault scenario, the power limits are exceeded significantly
during the whole fault duration period (Figure 6.36). In this case, the
amount of load curtailment will be higher and longer than the 3PM fault
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scenario. It is obvious that, the later the fault occurs the higher and longer
the device curtailment will be. This happens, as the available energy is
depleted as the time passes due to P2P exchange process. Less energy
available during fault, more device curtailment will be occurred. The device
curtailment for User 43, is showed in Figure 6.37-Figure 6.38. It is obvious
that in 3PM fault scenario more devices are curtailed and for longer time
compared to the FLT1r scenario. The duration and the number of devices

curtailed is even higher for the 5PM scenario.
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Figure 6.37: Device curtailment of User 43, 3PM fault scenario.
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Figure 6.38: Device curtailment of User 43, 5PM fault scenario.

While in the FLT71r scenario the users of feeders 2,4,5 were undisturbed, in

the 3PM scenario even users from feeder 4 will experience some
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disturbance, yet lower and shorter than user 43. The device curtailment for
User 68 is presented in Figure 6.39. In 5PM scenario users even from feeder
2 which is first in priority are disturbed. Figure 6.40 presents the device
curtailment of User 32 for the 5PM scenario. One less device is curtailed
compared to User 43 and for shorter time (Figure 6.38, Figure 6.40).
However, in both examined fault scenarios, the resilience of the system is

significantly better than No P2P scenario (Figure 6.41-Figure 6.42).
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Figure 6.39: Device curtailment for User 68 — 3PM fault scenario.
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Figure 6.40: Device curtailment for User 32 — 5PM fault scenario.
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Figure 6.41:Resilience comparison between P2P and no P2P case, for 3PM fault

scenario.
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Figure 6.42: Resilience comparison between P2P and no P2P case, for 5PM fault

scenario.

The fault can also occur during the night before the beginning of P2P
exchange period. An extra scenario where fault occurs at 3AM is examined.
During the night under normal conditions the batteries are charged.
However, the charging process is unexpectedly interrupted by the fault. In
this case, less energy is going to be available in the batteries since they have
not fully charged. Nevertheless, the load demand is extremely low during
this period, meaning that the partially charged batteries are still capable of

covering the users’ demand for the same fault duration (3hrs). The power
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discharged by the batteries is very low relatively to the maximum inverter
limit (Figure 6.43). For this reason, the resilience is not dropped for the P2P
exchange period, meaning that no device curtailment is needed (Figure
6.43). The results also show, the significant advantage that P2P exchange

offers compared to the no P2P scenario (Figure 6.43).
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Figure 6.43:Power covered by the batteries for the 3AM fault scenario.

6.11. CHAPTER SUMMARY

In this chapter the practicality of the developed methodology was tested.
Suitable input parameters were provided and all the described in the
methodology chapter were followed. A MG in Newcastle, UK with 80 users
and 5 parallel feeders was investigated. The users are equally distributed
among the feeders. The battery sizing process was analytically described
providing relevant graphs and explaining how the inverter and TF limits
affect the process. For this case, P2P exchange is performed by 18 batteries
(18 BO users). The rest of the MG users are GC users. 100 users outside MG
was considered for this case. The user’s priority order and the zone
expansion order were presented for each examined scenario. Moreover, the
number of users included in zone were also presented and compared with
the no fault scenario. The benefits gained for local DNO and BO users were

analytically explained and discussed, including DNO’s compensation and

115



Case study-results

carbon emissions reduction. The improvement on system resilience was
highlighted for the FLTrtr scenario, providing relevant graphs regarding
particular resilient metrics and users’ device curtailment. The overall case
study reveals the improvement in the economic and efficient operation of

the MG, due to the implemented methodology.
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Chapter 7. Different ToU tariff schemes and

Locations

In this chapter the developed methodology will be applied to different
locations and different ToU tariff schemes. Initially, the P2P framework is
applied to different locations under the same ToU tariff scheme. The
differences on system resilience will be highlighted due to the different
characteristics of each location. Subsequently, the developed methodology
1s implemented for different locations and different ToU tariff schemes,
seeking for the best ToU tariff for certain objectives. In this way the
usefulness of the method will be revealed, as a general tool that could be
applied to any location and provide insights about the potential benefits

that can be gained for the stakeholders.

7.1. COMPARISON OF RESILIENCE DIFFERENT LOCATIONS,

FOR THE SAME TOU TARIFF SCHEME

The suggested methodology is applied also for three different locations,
using the same ToU tariff scheme described in the case study section (Table
6.1). Locations with different load demand and weather conditions are
selected (Athens, New Delhi and New Work). CREST model provides PV
generation data for different locations, providing the longitude and latitude
of each location. However, load profiles are not available. However, data
about the average differences in load demand for the different countries are
available. Thus, the load demand data were generated by adjusting the
available data from UK [192], [203]. The existing load demand data for UK
were modified by using suitable multipliers to represent the different
locations. The multipliers were set based on the differences in average load
demand for different countries presented in [204]. In this way, the required
data were generated and used in the model. The multipliers used for each

location are presented in the table below, UK data were used as a baseline.
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Location Load multiplier
Athens 1.14

New Delhi 0.4

New York 2.87

Table 7.1: Load multiplier selected for the different locations.

The rest of the input key parameters remain the same as the case study in
Newcastle, UK. The suggested methodology described above is applied for
the different locations, so the number of batteries for each case along with
their size i1s defined (Table 7.2). The different load demand and PV
generation data lead to different number of batteries and sizes, despite the
same ToU tariff scheme. More analytically, in Athens there are 31 batteries,
in New Delhi 21 and in New York 32, while in Newcastle, there are only 18
(Table 7.2). However, the differences of the average battery size are slightly
different (Table 7.2). This fact mainly happens due to the same inverter and

TF power limits that are considered for all cases.

Location | Number | Average Total Total
of battery | installed | Net energy
batteries size battery | consumption
(kWh) capacity (kWh)
(kWh)
Newcastle- 18 32 576 365.15
UK
Athens- 31 29 899 170.09
Greece
New 21 30 651 -174.83
Delhi-
India
New York- 32 33 1056 239.28
USA

Table 7.2: Number of batteries and Average battery size for different locations.

The resilience enhancement of the system is investigated comparing the
P2P scenario with the No P2P scenario for the same ToU tariff scheme
presented in case study section. The improvement of resilience is examined

by simulating 2400 scenarios for each location. Each simulation represents
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a particular fault scenario, where the TF/Power supply is disabled. 48 fault
scenarios are examined for each day, considering that the fault occurs in
each 30- minute period. 50 different days are examined for each location

(48 x 50 = 2400 fault scenarios).

The impact on resilience is dependent mainly on two factors: a) Total
installed battery capacity and b) Total net energy consumption of the
system during P2P period. The total net energy consumption is calculated
for the same day, for all locations. The higher the installed capacity is and
the lower the net energy consumption is, the higher the resilience
enhancement will be. This happens, as it 1s more likely the available stored

energy to cover the energy needs of the users, mitigating their disturbance.

In Table 7.2, the total installed battery capacity and the total net energy
consumption are presented for the examined locations. The differences in
these values are depicted in the obtained results shown in Figure 7.1. New
Delhi has the higher resilience enhancement, with a median value of 80 %,
and a minimum value of 60%, as it has the lowest total net energy
consumption and considerably significant installed battery capacity (Table
7.2). TF fault the system can better manage the disturbance. Athens
follows, as it has similar characteristics with New Delhi, with a median of
68% and the majority of cases are above 60% (Figure 7.1). There are also a
few cases that the resilience enhancement drops significantly and reaches
for very few cases to negative values. Negative values mean that the No
P2P scenario offers higher resilience, as the energy in the batteries has been
depleted in the P2P scenario. New York has the highest installed battery
capacity but also the highest total net energy consumption (Table 7.2). This
fact leads to Resilience improvement between 20% - 60% for the majority of
scenarios, with a median of 58% (Figure 7.1). Newcastle has the lowest
installed capacity and the highest total energy consumption. For this
reason, there is a high fluctuation in the resilience enhancement, for the

majority of cases with a range of -20% - 80% (Figure 7.1).
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Figure 7.1: Resilience enhancement (%) for different locations.

DNO money saved for each location is shown in Figure 7.2. The results
follow the same pattern with the resilience enhancement presented above.
For the cases where the resilience enhancement is positive the DNO saves
money, while in the opposite case they lose as the resilience is deteriorated.

In most cases, the DNO saves money as the resilience is usually enhanced.
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Figure 7.2: DNO money saved for different locations for the same ToU tariff

scheme.
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7.2. DIFFERENT LOCATIONS AND DIFFERENT TOU TARIFF

SCHEMES

Different ToU tariff schemes are also examined for the selected locations
(Table 7.3). The expected benefits for each case provide insights about the
design of ToU tariff schemes that will be suitable for each location. The
examination provides useful information to DNOs and MG users in order to
make decisions about which ToU tariff design is the best for certain criteria.
Two factors are changed in each scheme: the HT duration and the levels of
high/low tariffs. Six different HT period schemes are examined, giving a
particular number to each of them in order to distinguish them (Table 7.3).
Six low/high tariffs schemes were also examined, and the top 3 of them are
presented in this section (2-25p/kWh 6-30p/kWh and 6-35p/kWh) (Table
7.3).

High/Low tariff schemes

Tariff (p/kWh) colour
2-25 ‘red’
6-30 ‘ereen’
6-35 ‘blue’

HT period schemes

Number HT duration Symbol
1 07:00-22:00 %’

2 10:00-22:00 ‘0’

3 12:00-22:00 VA

4 07:00-20:00 o

5 07:00-18:00 <

6 07:00-16:00 ‘o

Table 7.3: Different ToU tariff schemes examined.
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Four different objectives were selected under which the ToU tariff schemes
are tested. Annual total benefits gained, annual carbon emissions
reduction, average resilience enhancement and DNO money saved. The
selected objectives were split in two groups and different graphs were
created for each of them. The first group includes the annual total benefits
gained and the annual carbon emissions reduction, while the second one the

remaining two.

The created graphs for the first group of objectives is shown in Figure 7.3-
Figure 7.6, for four different locations. The objectives are the annual total
benefits gained (in GBP) and the annual carbon emissions savings (in tons).
For Athens and New Delhi the best solution for both objectives is the 6-
30p/kWh tariff with HT duration 1 (Figure 7.3-22). For New York location,
the best solution for the annual benefits objective is the 6-30p/kWh tariff
with HT duration 3, while for the annual carbon emissions savings the same
tariff with HT duration 1 (Figure 7.5). For Newcastle location, the best
solution for the annual benefits gained is the 6-30p/kWh tariff with HT
duration 3, while for the annual carbon emissions savings the 6-35p/kWh
tariff with HT duration 1 (Figure 7.6). For some cases, the gained benefits
and carbon savings are zero meaning that the developed methodology is not
a profitable option for that set of parameters (Figure 7.3-Figure 7.6). For
example, in Athens location the 2-25p/kWh tariff with HT duration 6 has
no benefits for the stakeholders (Figure 7.3).
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Figure 7.3: Annual total benefits and carbon emissions savings-location, Athens.

4000 T T T @
&
O 3000 ¥
@ O
% X
= o v
& 2000 *
o
g
— ¢ (m]
= (@]
= 1000
g ®
< o) O
¢
00 - ' -
0 0.5 1 15 2

Annual carbon emissions savings (tn)

Figure 7.4: Annual total benefits and carbon emissions savings-location, New
Delhi.
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Figure 7.5: Annual total benefits and carbon emissions savings-location, New
York.
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Figure 7.6: Annual total benefits and carbon emissions savings-location,
Newcastle.

Similar graphs are also examined for the second group of objectives: average
resilience enhancement and DNO money saved (Figure 7.7-Figure 7.10).
These two objectives are related to the TF fault scenario and are dominated
only from the HT duration. Thus, there are only 6 cases for each location.
The obtained results show that for all locations the best solution is the HT

duration 3.
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Figure 7.7: Resilience enhancement and DNO money saved, location Athens.
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Figure 7.8: Resilience enhancement and DNO money saved, location New Delhi.
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Figure 7.9: Resilience enhancement and DNO money saved, location New York.
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Figure 7.10: Resilience enhancement and DNO money saved, location
Newecastle.

The graphs show that the developed methodology can be applied to any
location providing different results according to the characteristics of each
location. The examination provides insights to the stakeholders about the
desired ToU tariff scheme according to their preferences (annual benefits,
carbon savings etc.). More scenarios can be tested by changing also other
input parameters such as battery price and inverter power limits. The

results also showed that in some cases the implemented methodology will
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not provide any economic benefits to the stakeholders (Figure 7.3-Figure

7.6), meaning that the users have no incentives to participate.
7.3. CHAPTER SUMMARY

In this chapter, the implemented methodology was tested for different
locations and different ToU tariffs. Different locations were tested under
the same ToU tariff and compared. The results showed important
differences regarding resilience enhancement due to the particular
characteristics of each location. More tests were conducted for the same
locations for different ToU tariff schemes, seeking for the best tariff scheme
for particular objectives. Four different objectives were selected and
categorized in two groups. Different graphs were created for each of them.
The results showed that the developed framework is a useful generalized
tool that could provide insights about the potential benefits gained for any

location.

127



Optimum Battery discharging and one-by-one discharging comparison

Chapter 8. Optimum Battery discharging and one-

by-one discharging comparison

In the presented methodology an optimum battery discharging was
introduced, where all the batteries were jointly discharged. In this chapter,
the optimum discharging, will be compared to a random one-by-one
discharging scheme to investigate which discharging strategy causes lower

battery capacity loss. The data from Newcastle location will be used.

8.1. OPTIMUM BATTERY DISCHARGING AND ONE-BY-ONE

DISCHARGING COMPARISON

Different discharging strategy will have different impact on battery cycle
loss, as the major factors that affect cycle loss (C-rate and DoD) will be
different. Since the same batteries are compared, the battery capacity will
be the same, which practically means that the C-rate difference is
practically the current difference (C-rate=Current/battery capacity). For
simplicity, it is assumed that the battery temperature has the same
behavior in both schemes. In the one-by-one discharging case, it is assumed
that P2P is also enabled yet it happens only by pairing individual batteries
with individual customers. As there are numerous ways of pairing the
individual batteries, 100 random discharging scenarios are examined for
each of them. In order the results to be comparable, the total energy
discharged in the one-by-one case is the same with the energy discharged
in the optimization case (for each battery). Four different days are
examined, based on the four representative days, one for each season. By
principle, when a group of batteries is jointly discharged to cover the
aggregated load demand of a group of users, the discharging current will be
smoother than one-by-one discharging as the joint discharging takes
advantage of load diversity. In this way, extreme high currents are avoided.
The aforementioned strategy is applied, to the Athens location for a

particular ToU tariff scheme. The same strategy can be applied to any other
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case. The cycle loss comparison is only affected by the duration of the P2P
exchange regardless the offered tariffs. The ToU tariff where the P2P
exchange duration is 07:00-22:00 is selected. The number of BO for this case
is 18. Thus, the optimum discharging of 18 batteries is compared with a 100

one-by-one discharging scenarios for the same batteries. A comparison of

the two discharging strategies is presented in the table below:

Discharging strategy

1-by-1 discharging

Optimum discharging

Overview

Each battery is randomly
paired with a GC users,
and is discharged
individually to cover their
energy needs.

All batteries are optimum
discharged together
covering the same amount
of energy with the 1-by-1
discharging strategy.

Battery Capacity (Ah)

45Ah

45Ah

SoC window (%)

10% -90 %

10% -90 %

Number of batteries 18 18
Amount of Energy same same
discharged (kWh)

Number of 4 4
representative days

Location Athens Athens
P2P duration 07:00-22:00 07:00-22:00

Table 8.1: Comparison of the 1-by-1 discharging with the optimum battery
discharging.

The inverter maximum power is 3kW and the maximum current is 4.67
Amps. Two indicative discharging currents of one-by-one discharging and
optimum discharging are shown for spring representative day, for the same
battery (Figure 8.1). It is obvious that in one-by-one discharging the current
increases suddenly reaching the maximum value multiple times, while in
the optimum discharging the current follows a smooth fluctuation that does
not exceed the 3.5 Amps. From the discharging currents, duration curves

are created for each battery and for each representative day. For simplicity,
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the results of one battery are selected and presented (Battery 1). Similar

results were obtained for the rest of the batteries.

Optimum discharging
1-by-1 discharging

(&)1

=N

N

Discharging currents (Amps)
- w

D 1 1 1 1
07:00 10:00 13:00 16:00 19:00 22:00
P2P period (time)

Figure 8.1: Comparison of discharging currents, between optimum and one-by-
one discharging, for spring representative day.

In the figures below, the duration curves of battery 1 are presented for the
four representative days, against 3 one-by-one discharging scenarios
(Figure 8.2-Figure 8.5). The remaining scenarios are not depicted in the
picture as the follow similar patterns but will make the figures too messy
to interpret. The duration curves show that in optimum discharging the
maximum current is never reached, while in one-by-one case the maximum

current is reached in multiple timesteps (Figure 8.2-Figure 8.5).
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Figure 8.2: Winter duration curves, for optimum discharging and three random
one-by-one discharging cases (Battery 1).
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Figure 8.3: Spring duration curves, for optimum discharging and three random
one-by-one discharging cases (Battery 1).
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Figure 8.4: Summer duration curves, for optimum discharging and three
random one-by-one discharging cases (Battery 1).
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Figure 8.5: Autumn duration curves, for optimum discharging and three
random one-by-one discharging cases (Battery 1).

Another interesting feature is the fact that for high currents the one-by-one
discharging currents are significantly higher than the optimum ones. After
a point, the optimum current becomes higher than one-by-one, but for much
lower currents. Higher currents (higher c-rates) mean higher cycle loss, as
the discharging current is the most significant factor (exponential impact-

see equation 19).
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From cycle loss equation the three important factors are c-rate, DoD and
Temperature. For simplicity reasons it is assumed that the temperature is
the same for optimum and one-by-one discharging. Thus, the remaining
factors are c-rate (current) and DoD. Using the obtained data, curve fitting
1s used in MATLAB in order to find (by approximation) the correlation
between the discharging current and the DoD. In this way, the DoD can be
replaced in the equation so that it is only dependent on the discharging

current. Using the cycle loss equations (19)-(21), we have:

M = -0.0026-e(0-3524"1 9 Toptro)). DOD(k)'(l-DOD(k))
Closs_opt(k) DODopt(k) ’ (1'D0D0pt(k))

DOD(k) (1-DOD(k))
DODopt(k)'(l'DODopt(k))

Closs-factor(ty =-0.0026-e03>24"1a9Loptco).. 29)

Clossfactor Shows the correlation between one-by-one and optimum
discharging. If Cioss factoras) >1 , then the Cioeqa) > Cioss optk)» Which means
that optimum discharging is a better option than the one-by-one
discharging as it causes lower cycle loss to the battery k. In contrast, if
Closs-factor@s) <1 it means that the one-by-one discharging is better than the
optimum one. For each representative day and each battery, the Cjyq factor
equation will be different, as the fitting curve that correlates the
discharging currents with DoD will be different. For battery 1, the
equations that represent this correlation, are presented for each
representative day.

DODwinter(k) =0ay- e(bl-l(k)) (30)

DODWinter-opt(k) =0 e(dl-lopt(k)) (31)

DoDspringr) = a2 - e(b21(0) (32)
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DoD.

— ~ A(doTopt(k
spring—opt(k)_cz e( zlopt(®)

DoD symmer) = @3 o (b31(K))

d
D ODsummer—opt(k) =cz'1 opt :
=qaue (b‘l-'l(k))

DODautumn(k)

— d
DODautumn—opt(k) =Cyq Iopt *

(33)

(34)

(35)

(36)

(37)

Where a4 _4, b1_4, C1_4, d1_4 are the coefficients obtained from curve fitting process

and can be found in Appendix section. Putting the equations (30)-(37) to the

equation (29), four equations are obtained where cycle loss (one-by-one and

optimum) is dependent only on discharging current. In Figure 8.6, the cycle

loss factor for Spring representative day is illustrated, along with the cycle

loss enhancement that optimum discharging offers.
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Figure 8.6: Cycle loss factor and Optimum cycle loss enhancement (%) for a

particular case in Spring.

It is obvious that, when the cycle loss factor is higher than 1, the optimum

cycle loss is a better option leading to a cycle loss enhancement up to 200%.
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In contrast, after 400 minutes the cycle loss factor is lower than 1, meaning
that for this period one-by-one discharging is better (negative cycle loss
enhancement of optimum cycle loss). However, the average cycle loss factor
is higher than 1, as the enhancement before 400 minutes is much higher
than the negative enhancement (deterioration).Besides the particular case
described above, the surfaces that represent the space of all possible
solutions for each representative day, can be plotted. (Figure 8.7-Figure

8.10).
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Figure 8.7: Cycle loss factor surface, Winter.
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Figure 8.9: Cycle loss factor surface, Summer.
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cycle loss factor
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Figure 8.10:Cycle loss factor surface, Autumn.

In the above figures the surfaces of all possible solutions are illustrated. The
higher the cycle loss above 1, the better the optimum discharging is
compared to one-by-one discharging and vice versa. The yellow colour
represents the solutions where cycle loss factor is lower than 1 (one-by-one
better than optimum discharging), while the blue one the solutions that are
higher than 1 (optimum better than one-by-one discharging). In all cases, it
1s obvious that the optimum discharging leads to much higher cycle loss
factor values, meaning that the optimum discharging is much better than
the one-by-one discharging. For example, for summer representative day,
almost half of the possible solutions have cycle loss factor lower than one-
by-one, while the rest of them is higher. However, it is obvious that the cycle
loss factor is significantly higher in the optimum discharging case, meaning
that the overall performance of optimum discharging is better than the one-
by-one discharging. This fact means that P2P exchange with an optimum

discharging strategy could prolong battery lifetime.

To explore this issue further investigation is required. In this work, an

analytical method based on given equations from literature is followed to

137



Optimum Battery discharging and one-by-one discharging comparison

prove in a more general way the benefits an optimum discharging offers. To
summarize, the results showed that for low currents, one-by-one
discharging might be better than optimum discharging. However, for higher
currents optimum discharging becomes tremendously better making the
overall performance of optimum battery discharging better. Ideally, a
combination of one-by-one and optimum discharging could be used, tracking
for each timestep which one is better. However, the complexity of the
phenomenon makes this practice infeasible. Thus, an optimum discharging
can be selected for all cases having an overall better performance compared

to one-by-one discharging.
8.2. CHAPTER SUMMARY

In this chapter, a comparison of jointly optimum discharging and one-by-
one discharging was performed to investigate which discharging strategy
causes lower battery capacity loss. The comparison was conducted for the
four representative days, and the results for battery 1 were presented.
Duration curves and curve fitting process were used to correlate the DoD
and the discharging current for both examined scenarios. A cycle loss factor
was introduced, which essentially shows which discharging scheme is better
for a range of discharging currents. Based on this factor, different surface
graphs were presented which depict the comparison between the two
examined schemes, for all the possible discharging currents within certain
limits (maximum current limit). The results showed that the overall
performance of optimum discharging is much better than one-by-one,
despite the fact for some cases with low currents, one-by-one discharging

causes less degradation.
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Chapter 9.  Discussion

In this work, a framework for P2P exchange was presented as the main
contribution to knowledge based on the existing literature. The presented
methodology was developed after a detailed investigation of broader
concepts and gradually narrowing down to the research gaps found in the

current literature.

Initially, the concept of smart grids was investigated seeking their main
characteristics compared to conventional power systems. The main
functionalities of smart grids were identified, and their advantages
compared to the traditional systems were highlighted. The significant
benefits they offer are based on particular assets available such as
renewable energy and storage systems. Wind power and PV panels are the
most popular renewable technologies, that have developed fast during the
last decades. The research progress and the increasing number of
renewables applications make them cost-effective solutions for modern
power systems. Smart grid encourages GHGs reduction leading to
mitigation of climate change. Moreover, smart grids enhance system
reliability and efficiency, increasing their security as well. Despite the
important benefits they offer, there are some challenges that emerge. The
main challenge is the tremendous amount of data and number of devices
required to coordinate different domains at the same time and make
decisions in real time. Thus, novel approaches are required to overcome

communication burden using suitable smart devices and control strategies.

The next step was to identify the concept of MGs in the context of smart
grids and the advantages they offer. Different energy management
techniques in MGs were investigated and the active role of consumers was
highlighted. An important characteristic of MGs is their ability to operate
in two different modes: grid-connected and islanded. Another significant
advantage of MGs is the fact that they can integrate RES that could be used

locally in a decentralized way, reducing power losses and mitigating
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environmental impacts of climate change. Moreover, MGs connect local
users to the main grid in such a way that they can be treated as a flexible,
aggregated and controllable load. MGs have become a significant field of
research from academic community as their deployment could significantly
enhance resilience of modern power systems. For this reason, many studies
focus on MGs’ planning and operation. In this context, different energy
management techniques in MGs were identified, where the most important
ones are unit commitment (UC) and demand-side management (DSM). Unit
commitment allocates the available resources in an economic and secure
way. Unit commitment is formulated as an optimization problem, which
varies depending on the mix of the available units and particular operating
constraints. Different optimization techniques have been used to address
the UC problem including, stochastic programming, MILP and robust
optimization. However, the increasing integration of renewables pose new
challenges to the UC problem due to the intermittent nature of renewables,
as it is dominated by uncertainties. Demand side management (DSM) is
defined as the modification of demand consumption patterns in order to
increase efficiency and flexibility of power systems operation DSM becomes
popular in modern power systems, offering frequency regulation, capacity
provision, and market efficiency enhancement. However, DSM 1is posing
new challenges to smart grids due to the complexity and information burden
of these strategies. Time-of-use tariffs were also identified as an efficient
way to provide incentives to the users to actively manage their consumption
and participate in DSM techniques. Different ToU tariff schemes were also
examined, making clear that the static ToU tariff schemes are the most
preferred so far. Smart grid integrates the active role of consumers
compared to a passive behavior in traditional power systems. As a
consequence, a new type of users is defined, named prosumers. Prosumers
both produce and consume renewable energy, modifying their consumption
and gaining benefits. Different projects are implemented which are based

on prosumers, developing novel business models and markets to permit
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their active participation. The role of prosumers encourages local energy

production/consumption and local trading, promoting sustainability.

As energy storage applications have been identified as an important asset
of smart grids, a more detailed investigation was implemented seeking cost-
effective solutions for distribution networks. The investigation of literature
revealed different energy storage technologies that can be implemented,
with different advantages and disadvantages. Each technology offers a wide
range of options for energy experts, based on their location, application
scale, and the services provided such as frequency regulation and voltage
control. Electrochemical storage technologies and especially batteries were
identified as a suitable candidate for distribution networks, offering
significant advantages compared to the rest of the available technologies.
Lithium-ion batteries (LIBs) are identified as a reliable and mature storage
technology with high potential of further improvement in the near future,
which offer significant advantages compared to the other battery types. The
chemistry of LIBs provides higher power and energy density and lower self-
discharging rates compared to other chemistries. They have higher cycle life
and higher efficiency making them suitable for a wide range of applications
either stationary or portable (EVs, laptops, smart phones). However, the
degradation effect was highlighted as a main concern of LIBs, which lead to
capacity loss. The degradation effect is a complex phenomenon that occurs
in battery technologies (such as lithium-ion, lead acid) due to irreversible
chemical reactions that take place inside the battery. The degradation effect
increases the internal resistance of the battery, causing a permanent
capacity loss. Operation cycle loss can be mitigated by controlling particular
parameters of battery operation. Different key factors that affect
degradation effect have been recognized. The most important ones are
charging/discharging current, temperature and the SoC window during
operation. Another concern for LIBs is the environmental impact of their
industrial production. Life-cycle analysis is a popular method used by

researchers to investigate this impact.
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The role of storage technologies in distribution networks was also
investigated, highlighting their crucial role in modern power system due to
the advantages they offer. The most important advantage for distribution
networks is the ability to store energy and used when it is needed. Other
significant advantages are, power quality enhancement, frequency
regulation, load peak shaving/shifting, voltage control, facilitation of RES
Iintegration, reduction of system costs, increase of system reliability and
resilience and mitigation of GHGs effect. However, storage applications
pose important challenges for their implementation such as the sizing
process and the energy management techniques that set the rules according
to which the energy is stored and distributed to the system. The acquired
knowledge up to this point led to the implementation of a simulation model
which examined the potential benefits gained for domestic users under a

ToU tariff scheme. This work was presented in UPEC conference in 2017.

The research was then focused on system resilience and P2P energy
exchange approaches. The concepts of Resilience and P2P exchange were
investigated in detail. The difference between resilience and reliability is
clarified, and different type of faults were defined from the literature. The
role of resilience in MGs were examined, and the main aspects of P2P
exchange concept were covered. As the main issue examined in this thesis
1s P2P exchange for microgrids, to improve economic and resilience
operation, a detailed literature review is conducted seeking the research
gaps in the existing literature. The aim was to identify to what extent the
concept of resilience was investigated in the context of P2P exchange
process. The main aspects covered by literature on P2P exchange were
investigated, looking for uncovered areas that this work could contribute to.
Relevant parts of our published work were presented, regarding P2P
exchange and resilience. The main aspects of these works were described,
and critically reviewed. Based on the thorough investigation of the current

literature, a novel method was presented in the next chapter.
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The major contribution of this thesis was then presented, based on the
research gaps identified in the existing literature. A novel P2P exchange
framework for MGs was developed, to improve economic and resilient
operation. The synergies for the local DNO and MG users that could lead to
participation in a P2P exchange scheme in which they both gain benefits,
were 1nvestigated. These benefits were examined in terms of economic
benefits for the stakeholders (profits), system resilience under fault
scenarios, carbon emission reduction and increased battery lifetime. The

energy trading occurs under three principles:

e First, by using the storage and renewable assets of the MG.
e Second, P2P exchange is enabled during the high-tariff period and
e third, it is based on the mutual benefits to the DNO and MG users.

The stakeholders agree in advance to share the cost and benefits of P2P
energy trading. The percentage share of the benefits gained is the same as
the percentage participation in the cost. Energy sharing is regulated and
followed by all participants according to the rules explained in each step,
taking into consideration transformer and storage inverter power limits.
The required steps to implement the developed methodology were described
in detail. Since the input data are provided, a battery sizing process is
implemented to find the number and the optimum size of the batteries. The
next step includes a users’ categorization process. The users are categorized
(BO, GC. “users outside the MG”) and prioritized under certain criteria. A
zoning process 1s then applied putting users in it according to the priority
order. P2P exchange is performed by jointly discharging BO’s batteries in
an optimum way to minimize degradation cost. Different fault scenarios are
examined to quantify their impact on system resilience, considering faults
that occur in the physical or communication part of the system. The physical
faults include faults on one or more batteries of the system, on a whole
feeder of the microgrid and on the MG transformer/supply. Communication
faults include faults in the communication network that make it impossible

for one or more MG users to communicate with the MG server. In all cases,
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the zone 1s reconfigured accordingly in order to mitigate the impact of the
faults. In case of Transformer/supply fault, a device load curtailment
strategy is implemented cutting off devices based on a device priority list
that has been agreed by the users. The developed framework sets particular
rules that should be followed by all participants. In this way, complex

auctions and biddings among the MG users are avoided.

As a next step, the practicality of the developed methodology was tested. A
particular case study was presented, using suitable input parameters and
implementing all the methodology steps. Four representative days were
used from the CREST demand model to size the system, and then a
particular day in Winter was examined for a Newecastle location. The
obtained results were presented analytically for each step described in the
methodology chapter. A MG in Newcastle with 80 users and 5 parallel
feeders was investigated. The users were equally distributed among the
feeders. The battery sizing process was analytically described providing
relevant graphs and explaining how the inverter and TF limits affect the
process. For this case, P2P exchange is performed by 18 batteries (18 BO
users). The rest of the MG users are GC users. 100 users outside MG were
considered for this case. The users’ priority order and the zone expansion
order were presented for each examined scenario. Moreover, the number of
users included in zone were also presented and compared with the no fault
scenario. The benefits gained for local DNO and BO users were analytically
explained and discussed, including DNO’s compensation and carbon
emissions reduction. The improvement on system resilience was
highlighted for the transformer fault (FLTTr) scenario, providing relevant
graphs regarding particular resilience metrics and users’ device
curtailment. The overall case study reveals the improvement in the
economic and efficient operation of the MG, due to the implemented

methodology.

The developed framework was then expanded to different locations and

different ToU tariff schemes. Initially, it was applied to different locations
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under the same ToU tariff scheme. The differences on system resilience
were highlighted due to the different characteristics of each location. Then,
the developed methodology was implemented for different locations and
different ToU tariff schemes, seeking for the best ToU tariff for certain
criteria. In this way the usefulness of the method was revealed, as a general
tool that could be applied to any location and provide insights about the
potential benefits that can be gained, under particular criteria. The results
showed 1mportant differences regarding resilience enhancement due to the
particular characteristics of each location. More tests were conducted for
the same locations for different ToU tariff schemes, seeking for the best
tariff scheme for particular objectives. Four different objectives were
selected and categorized in two groups. Different graphs were created for
each of them. The results showed that the developed framework is a useful
generalized tool that could provide insights about the potential benefits
gained for any location. Numerous extra scenarios can be tested, by
changing more input data parameters. An interesting example will be to
test different FIT tariff schemes for the PVs in order to identify which is the
minimum FIT scheme that provides benefits to the stakeholders. A case
where FIT tariffs are the same for BAU and P2P scenario would also be
interesting. This information will be useful to policy makers in order to
achieve certain sustainability goals. Another extension would be to change
the battery prices, according to the expected future values in order to

estimate the gained benefits in the near future.

Finally, a comparison of jointly optimum discharging and one-by-one
discharging was performed to investigate which discharging strategy
causes lower battery capacity loss. Duration curves and a curve fitting
process were used to prove the advantages of optimum discharging.
Different surface graphs were presented which present the comparison
between the two examined schemes, for all the possible discharging
currents within realistic limits (maximum current limit). The results
showed that the overall performance of optimum discharging is much better

than one-by-one, despite the fact for some cases with low currents, one-by-

145



Discussion

one discharging causes less degradation. This type of investigation can be
expanded beyond the particular developed framework, as it addresses a
general question on how a group of batteries should be discharged. A more
thorough investigation of this issue is required, which can be part of a future

work.

9.1. LIMITATIONS AND ASSUMPTIONS

To develop the presented P2P exchange framework and make progress in a
novel investigation, several assumptions have been made to overcome a
range of limitations and barriers. There are several issues that have been
1dentified yet not investigated. Some of the most important ones are

presented in this section.

The developed methodology can be applied to systems with an existing
static ToU tariff scheme. Although, static ToU tariffs are mostly preferred
at the moment [68], this work is not expanded to other ToU tariff scheme
structures. More investigation is required for different tariff structures such
as dynamic pricing, as the different pricing might change the P2P exchange
process presented in this work. For a dynamic price tariff scheme the
presented framework could be modified by setting a particular price limit

above which P2P exchange will be enabled.

In case of transformer/supply fault the MG will need to be switched to
islanded mode and reconnect back to the grid when the fault is fully
restored. This process requires a synchronization of system frequency. The
synchronization process needs some time (usually a few minutes) and
suitable control techniques to be implemented. A battery from the MG can
be used a reference point in order to synchronize its frequency. A different
approach will be to synchronize the system by interconnecting it with other
parts of the network or other MGs. To overcome this, it is assumed that the
synchronization process happens instantaneously without having problems
with system frequency. Several studies have been conducted for this issue

to address this problem [205]—[208].
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Computational burden during the optimization process is another issue that
might compromise the implementation of the developed methodology. The
number of batteries discharged and the number of timesteps the
discharging occurs are the two main factors that increase the computational
burden. An increase in the number of batteries and timesteps will increase
significantly the required RAM and the simulation time. A way to partially
handle this, is to break the optimization problem in smaller ones, including
only a few timesteps each time. This will leave space to increase the number
of batteries. In this work, some tests are performed with up to 300 batteries
with a timestep of two (minutes) and the computational time was around
3-hrs. For a higher number of batteries probably a different set of computers
1s needed to handle the large amount of data. Moreover, the computational
time must be reasonable and certainly less than 24-hrs as the developed
methodology is based on a day-ahead scheduling. For the case study
presented, there are 18 batteries and 900 timesteps. To accelerate
computational time the problem was broken in 6 subproblems with
18 batteries and 150 timesteps each. The computational time was only
172 seconds which makes the optimization for this particular set of
parameters fast enough for a quick evaluation using modest hardware.
Another significant parameter that needs to be taken into consideration
regarding the computational time is the initial value needed for each
optimization section. Suitable values must be selected to avoid many
iterations until the optimization converges. The used solver was the default
of MATLAB software called “interior point”, which can handle large, sparse
problems, as well as small dense problems. The algorithm satisfies bounds
at all iterations. Other solvers such as “sqp”, “active-set” and “trust-region-

reflective” could be also tested and compared to the selected one.

Another issue that is related to the implementation of the presented
framework is the required control and communication structure. To perform
a P2P exchange under the presented principles, a large amount of control
and communication devices are needed to implement the decisions made by

the algorithm. The MG server which is part of the communication structure
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runs all the processes — such as users’ categorization, zoning and optimum
discharging — by exchange data with the MG users. This fact requires a
detailed and careful development of communication structure, increasing
the complexity and the costs. IoT technology is a promising technology to
support communication infrastructure in smart grids. These issues are

investigated by other researchers [209]—[211] and are not part of this work.

In this work the investment cost includes the battery cost and the inverter
cost. However, there are additional costs that are related to the required
communication and control devices. These costs are not considered in this

work.

Another limitation is related to degradation effect of Lithium-ion batteries.
This phenomenon is quite complex and different models have been proposed
by the researchers to estimate it. In this work the degradation effect
simulated in the optimum discharging is modelled using the equations
presented in [111]. However, in a real implementation the specific batteries
used need to be tested to confirm that the model used is suitable. Based on
test results new equation might be developed or the existing models could
be modified accordingly. In this work, it is assumed that all the batteries
are the same type and their degradation behavior is described by the
equations presented in [111]. Moreover, for simplicity reasons the
temperature of the battery it is assumed to remain constant, while in reality
it would vary depending on charging/discharging current, internal
resistance and other factors. Detailed studies if degradation effect of are

presented in [112]-[119].

In this work, electric and communication faults were examined. For
simplicity reasons it is assumed that the fault occurs at the same time in
all devices. However, this is very unlikely to happen as different faults will
happen in different times. Moreover, the model does not address the
combination of faults occurring at the same time (for example battery and
communication fault). To include all these, more coding needed increasing

the complexity of the algorithm.
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In the developed methodology it is assumed that all users participate at the
same ToU tariff. However, each user may have an energy contract with a
different energy supplier paying different tariffs according to their energy
plan. Moreover, the low/high tariff periods may vary from contract to
contract. This situation would significantly increase the complexity of the
method but could be accommodated without significantly modifying the

underlying code.

The device curtailment strategy is implemented by disconnecting particular
devices according to a priority list. Normally, end-users receive specific
benefits for participating in DR strategies. However, in this work, benefits
from DR are received through the enabling effect it has on the overall P2P
scheme. It 1s assumed that devices are switched off and on during the device
curtailment period instantaneously. Moreover, it is assumed that after fault
all the devices are connected back to the system instantaneously.
Nevertheless, this process is not performed instantaneously by connecting
back all the devices as this might cause imbalances to the grid (rebound
effect). Thus, the device curtailment strategy needs to be carefully designed

to avoid these issues. Several studies have been conducted regarding DSM

and DR strategies [56]—[59], [212], [213].

Although P2P exchange is considered as a promising process for modern
power systems, there are regulatory barriers as in most countries the
legislative frameworks have not been modified to enable this type of
projects. This fact might compromise the implementation of the developed
framework. However, it is expected that these barriers will be overcome in

the near future [155], [214].

The implementation of the presented framework requires exchange of
personal data of the end users such as personal load demand, user ID,
battery SoC etc. This fact rises concerns about the protection of their
privacy. Users may refuse to provide sensitive information and compromise
energy trading processes such as P2P exchange. The research community

has shown an increasing interest about privacy issues for prosumers,
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looking for practical solutions to address this problem [215]-[217].
However, privacy issues are beyond the scope of this work and are not
examined. It i1s assumed that this barrier has been overcome and user

privacy concerns are accommodated during the P2P exchange process.

The developed methodology is implemented by following a particular users’
priority order based on the energy mismatch of each feeder. The feeders
with low energy mismatch have higher priority and vice versa. This means
that users that belong to a feeder with more PV/battery assets and lower
load demand have higher chances to get high priority and be part of the P2P
exchange process. In some feeders there might be domestic and commercial
loads that have different daily load profiles, in terms of the amount of load
demand and peak hours. These issues might raise fairness concerns and
pose questions if all end users are treated equally. In this work, it is
assumed that all users are domestic ones and potential farness issues are
not investigated. Fairness issues are the main focus of different studies

[218]-[220].

In this work, it is assumed that the stakeholders (DNO and MG users) agree
to cover equally (50%-50%) the investment cost of batteries (including the
inverter costs) and share the gained benefits for P2P exchange. However,
the engagement of the stakeholders in a P2P exchange project is a complex
1ssue that is not investigated here. The agreement to cover a certain
percentage of costs is complicated especially from DNO’s side, as multiple
factors regarding pricing and costs need to be considered in the decision-
making process. This process requires deeper investigation itself which is
beyond the scope of this thesis. The engagement of stakeholders in
sustainable development projects, is investigated by researchers focusing

on the development of methods and tools to encourage their participation

[78], [221], [222].

Another concern regarding the implementation of the presented framework
is the fact that grid constraints are not taken into consideration. Feeding

power in the system from PVs and batteries might cause voltage imbalances
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to the grid or other problems such as line congestion. Power flow analysis
within certain constraints will reveal any potential imbalances for the
system. However, they are not included in this work. This thesis presents
only the framework and the rules under which the energy management can

be performed, without the examination of grid constraints.

Finally, the presented method is applied as a day ahead scheduling
assuming that there is an accurate forecast regarding the expected load
demand and PV generation of a particular day. However, to implement the
method, a real time controller needs to be developed to correct any
mismatches between the forecasted values and the actual ones. The
presented work represents the forecasted values that are going to be used

as a baseline in a real-time controller.
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Conclusions and future work

In this work, a novel P2P exchange framework for MGs to improve economic
and resilient operation was presented. The framework was implemented
under certain principles in the context of an existing static ToU tariff
scheme. The implementation of the method requires particular steps which
were described in detail. Two groups of stakeholders were considered: Local
DNO and MG users. Suitable input data are required, in order to estimate
the number and the size of system batteries. Users were categorized based
on their available assets and a particular priority order were established.
P2P exchange is enabled within a zone, which is expanded according to the
users’ priority order. P2P exchange is based on the available assets of the
microgrid (PVs, batteries), where the system batteries are jointly
discharged in an optimum way. The concept of resilience is also investigated
by examining different fault scenarios. The examined faults occur either on
the physical components of the system (batteries, feeders or transformer) or

on the existing communication network.

The practicality of the method was tested for a particular case study. A
particular microgrid topology was selected with five parallel feeders, for a
location in the North East of England. Suitable input parameters were
provided for this case and the steps described in the methodology were
followed. The results showed that the stakeholders gain significant benefits
from the P2P exchange framework compared to the BAU and No P2P
scenarios. These benefits were examined in the context of economic benefits,
carbon emissions reduction, resilient enhancement and battery lifetime

Improvement.

The developed methodology was expanded for different ToU tariffs and
different locations. Four different locations were selected (Athens, New
Delhi, New York and Newecastle). The results showed a variability on
system resilience based on the particular characteristics of each location.

Different ToU tariff schemes were investigated for these locations seeking
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for the best tariff design for certain objectives (economic benefits, carbon
emissions, average resilience and DNO money saved). For this purpose,
different graphs were created. The results showed that, the presented
framework is a generalized tool that provides insights about the potential
benefits stakeholders can gain, for any location. Since the suitable input
data are presented, the methodology provides answers for certain

objectives.

Finally, a comparison of two different discharging schemes was presented.
The optimum discharging performed in the methodology and a random one-
by-one battery discharging, were compared in order to investigate which
discharging strategy causes lower battery capacity loss. Duration curves
and curve fitting were performed to compare these schemes. The results
showed that the overall performance of a jointly optimum discharging is
significantly better than the one-by-one discharging, although for some low

discharging currents the one-by-one causes less capacity loss.

A more thorough investigation of this phenomenon can be part of a future
work, as it is expanded beyond the limits of the developed P2P exchange
framework. Experimental work could be performed using particular
lithium-ion batteries in order to validate or modify the equations used from
the literature. A thorough investigation of the battery temperature can be
also investigated for the two examined discharging schemes. This work
could address a general issue regarding the capacity loss of lithium-ion
batteries and provide guidelines on how to discharge a group of batteries to

minimize capacity loss.

Another part of future work will be to integrate also EVs to the developed
methodology with V2G technology. This feature will expand this research,
adding more challenges regarding the uncertainties of EVs and their
efficient management in a P2P exchange scheme. Probabilistic methods and

robust optimization could be used to address these challenges.
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The integration of grid constraints could be also an interesting expansion of
the work. Power flows could be conducted using suitable simulation tools in
order to investigate the impact of P2P exchange on power quality. The
impact of P2P exchange on certain grid components such as MG

transformer, feeders could be investigated.

Another important expansion of this work will be to develop a real-time
controller (e.g. model predictive control (MPC)). As the developed
methodology is established as a day ahead scheduling, it can be used as the
baseline using suitable forecasting methods. The controller will use these

data to fix the power mismatches in a real-time operation.

Finally, a detailed investigation of suitable communication networks to
support this framework will be useful. Different topologies, devices and
equipment could be investigated along with a deeper investigation on

communication faults and recovery strategies.

154



References

References

[1] M. Shahidehpour and J. F. Clair, “A Functional Microgrid for Enhancing
Reliability, Sustainability, and Energy Efficiency,” Electr. <J., vol. 25, no. 8,
pp. 21-28, 2012, doi: 10.1016/5.tej.2012.09.015.

[2] M. L. Tuballa and M. L. Abundo, “A review of the development of Smart Grid
technologies,” Renew. Sustain. Energy Rev., vol. 59, pp. 710-725, 2016, doi:
10.1016/j.rser.2016.01.011.

[38] Y.Yu,d. Yang, and B. Chen, “The smart grids in China-A review,” Energies,
vol. 5, no. 5, pp. 1321-1338, 2012, doi: 10.3390/en5051321.

[4] L. S. Communication, “The smart grid: An introduction,” 2011. doi:
10.1002/9781119521129.ch15.

[6] M. Jensterle, M. Venjakob, and O. Wagner, “System Integration of
Renewables and Smart Grids in Korea Supporting Germany’s Energy
Dialogue with Japan and Korea,” Wuppertal, 2019. Accessed: Jan. 05, 2021.
[Online]. Available:

www.wupperinst.orgwww.adelphi.dewww.wupperinst.org.

[6] Q. He and R. S. Blum, “Smart grid fault detection using locally optimum
unknown or estimated direction hypothesis test,” 2011, doi:

10.1016/j.egypro.2011.10.024.

[71  S. Xia, X. Luo, and K. W. Chan, “A framework for self-healing smart grid
with incorporation of multi-agents,” Energy Procedia, vol. 61, pp. 2123—
2126, 2014, doi: 10.1016/j.egypro.2014.12.090.

[8] O. Doguc and J. Emmanuel Ramirez-Marquez, “An automated method for
estimating reliability of grid systems using Bayesian networks,” Reliab.

Eng. Syst. Saf., vol. 104, pp. 96-105, 2012, doi: 10.1016/j.ress.2012.03.016.

[9] A. Colmenar-Santos, M. A. Pérez, D. Borge-Diez, and C. Pérez-Molina,
“Reliability and management of isolated smart-grid with dual mode in
remote places: Application in the scope of great energetic needs,” Int. J.

Electr. Power Energy Syst., vol. 73, pp. 805-818, 2015, doi:

155



References

[13]

[18]

10.1016/j.ijepes.2015.06.007.

Y. K. Penya, J. C. Nieves, A. Espinoza, C. E. Borges, A. Pefia, and M. Ortega,
“Distributed semantic architecture for smart grids,” Energies, vol. 5, no. 11,

pp. 48244843, 2012, doi: 10.3390/en5114824.

L. Gelazanskas and K. A. A. Gamage, “Demand side management in smart
grid: A review and proposals for future direction,” Sustain. Cities Soc., vol.

11, pp. 22-30, 2014, doi: 10.1016/j.s¢s.2013.11.001.

R. W. Uluski, “The role of advanced distribution automation in the smart
grid,” in IEEE PES General Meeting, PES 2010, 2010, pp. 1-5, doi:
10.1109/PES.2010.5590075.

C. B. A. Kobus, E. A. M. Klaassen, R. Mugge, and J. P. L. Schoormans, “A
real-life assessment on the effect of smart appliances for shifting households’
electricity demand,” Appl. Energy, vol. 147, pp. 335-343, 2015, doi:
10.1016/j.apenergy.2015.01.073.

N. H. Motlagh, M. Mohammadrezaei, J. Hunt, and B. Zakeri, “Internet of
things (IoT) and the energy sector,” Energies, vol. 13, no. 2, pp. 1-27, 2020,
doi: 10.3390/en13020494.

A. Mahmood et al., “Home appliances coordination scheme for energy
management (HACS4EM) using wireless sensor networks in smart grids,”
in  Procedia Computer Science, 2014, vol. 32, pp. 469-476, doi:
10.1016/j.procs.2014.05.449.

Y. Ota, H. Taniguchi, J. Baba, and A. Yokoyama, “Implementation of
autonomous distributed V2G to electric vehicle and DC charging system,”
Electr. Power Syst. Res., wvol. 120, pp. 177-183, 2015, doi:
10.1016/j.epsr.2014.05.016.

F. Mwasilu, J. J. Justo, E. K. Kim, T. D. Do, and J. W. Jung, “Electric
vehicles and smart grid interaction: A review on vehicle to grid and
renewable energy sources integration,” Renew. Sustain. Energy Rev., vol. 34,

pp. 501-516, 2014, doi: 10.1016/j.rser.2014.03.031.

S. M. Hasnain and N. M. Alabbadi, “Need for thermal-storage air-

156



References

(22]

(26]

conditioning in Saudi Arabia,” Appl. Energy, vol. 65, no. 1-4, pp. 153164,
2000, doi: 10.1016/S0306-2619(99)00107-5.

“About Thermal Storage Air Conditioning.”
https://www.hptcj.or.jp/e/learning/tabid/367/default.aspx (accessed Jan. 17,
2021).

L. Stastny, L. Franek, and Z. Bradac, “Time synchronized low-voltage
measurements for smart grids,” in Procedia Engineering, 2015, vol. 100, pp.

1389-1395, doi: 10.1016/j.proeng.2015.01.508.

R. Rehan and M. Nehdi, “Carbon dioxide emissions and climate change:
Policy implications for the cement industry,” Environ. Sci. Policy, vol. 8, no.

2, pp. 105-114, 2005, doi: 10.1016/j.envsci.2004.12.006.

J. R. Petit et al., “Climate and atmospheric history of the past 420,000 years
from the Vostok ice core, Antarctica,” Nature. 1999, doi: 10.1038/20859.

H. Lund and B. V. Mathiesen, “Energy system analysis of 100% renewable
energy systems-The case of Denmark in years 2030 and 2050,” Energy, vol.
34, no. 5, pp. 524-531, 2009, doi: 10.1016/j.energy.2008.04.003.

Y. Liu, Y. Yu, N. Gao, and F. Wu, “A Grid as Smart as the Internet,”
Engineering, vol. 6, no. 7, pp. 778-788, 2020, doi: 10.1016/j.eng.2019.11.015.

I. International Energy Agency, “World Energy Outlook EXECUTIVE
SUMMARY,” Paris, 2018. [Online]. Available:
https://webstore.iea.org/download/summary/190?filename=english-weo-

2018-es.pdf.

Tea, “IEA Renewable Energy Working Party,” Sittard, 2002. Accessed: Jan.
14, 2021. [Online]. Available:
https:/library.um.edu.mo/ebooks/b1362376x.pdf.

J. Kantenbacher, Renewable Energy. Elsevier Inc., 2010.

I. Colak, G. Fulli, S. Bayhan, S. Chondrogiannis, and S. Demirbas, “Critical
aspects of wind energy systems in smart grid applications,” Renew. Sustain.

Energy Rev., vol. 52, pp. 155-171, 2015, doi: 10.1016/j.rser.2015.07.062.

157



References

(29]

[31]

A. Zahedi, “A review of drivers, benefits, and challenges in integrating
renewable energy sources into electricity grid,” Renew. Sustain. Energy Rev.,

vol. 15, no. 9, pp. 4775-4779, 2011, doi: 10.1016/j.rser.2011.07.074.

J. Lee and F. Zhao, “GWEC Global Wind Report 2019,” 2020. [Online].
Available: https://gwec.net/wp-content/uploads/2020/08/Annual-Wind-
Report_2019_digital_final_2r.pdf.

A. Jager-Waldau, “Snapshot of photovoltaics—February 2019,” Energies,
vol. 12, no. 5, 2019, doi: 10.3390/en12050769.

S. R. Sinsel, R. L. Riemke, and V. H. Hoffmann, “Challenges and solution
technologies for the integration of variable renewable energy sources—a
review,” Renew. Energy, vol. 145, pp. 2271-2285, 2020, doi:
10.1016/j.renene.2019.06.147.

R. A. Rodriguez, S. Becker, G. B. Andresen, D. Heide, and M. Greiner,
“Transmission needs across a fully renewable European power system,”
Renew. Energy, vol. 63, pp. 467-476, 2014, doi:
10.1016/j.renene.2013.10.005.

E. Pean, M. Pirouti, and M. Qadrdan, “Role of the GB-France electricity
interconnectors in integration of variable renewable generation,” Renew.

Energy, vol. 99, pp. 307-314, 2016, doi: 10.1016/j.renene.2016.06.057.

J. Wong, Y. S. Lim, J. H. Tang, and E. Morris, “Grid-connected photovoltaic
system in Malaysia: A review on voltage issues,” Renew. Sustain. Energy

Rev., vol. 29, pp. 535-545, 2014, doi: 10.1016/j.rser.2013.08.087.

M. Behrangrad, “A review of demand side management business models in
the electricity market,” Renew. Sustain. Energy Rev., vol. 47, pp. 270-283,
2015, doi: 10.1016/j.rser.2015.03.033.

D. O. Akinyele and R. K. Rayudu, “Review of energy storage technologies for
sustainable power networks,” Sustain. Energy Technol. Assessments, vol. 8,

pp. 74-91, 2014, doi: 10.1016/j.seta.2014.07.004.

Eurelectric, “Ancillary Services Unbundling Electricity Products — an

Emerging Market,” Brussels, 2004.

158



References

(39]

[43]

L. Maeyaert, L. Vandevelde, and T. Doring, “Battery Storage for Ancillary
Services in Smart Distribution Grids,” 2003. doi: 10.1016/j.est.2020.101524.

X. Lu, S. Bahramirad, J. Wang, and C. Chen, “Microgrids: A Reliable ,
Resilient,” vol. 28, no. 10, 2015.

Z. Li, M. Shahidehpour, F. Aminifar, A. Alabdulwahab, and Y. Al-Turki,
“Networked Microgrids for Enhancing the Power System Resilience,” Proc.
IEEE, vol. 105, no. 7, pp. 1289-1310, 2017, doi:
10.1109/JPROC.2017.2685558.

N. Hatziargyriou, “Special issue on microgrids and energy management
Microgrids,” Int. Trans. Electr. energy Syst., vol. 21, no. 2, pp. 1139-1141,
2010, doi: 10.1002/etep.

S. A. Taher, M. Zolfaghari, C. Cho, M. Abedi, and M. Shahidehpour, “A new
approach for soft synchronization of microgrid using robust control theory,”
IEEE Trans. Power Deliv., vol. 32, no. 3, pp. 1370-1381, 2017, doi:
10.1109/TPWRD.2016.2596106.

J. S. Giraldo, J. A. Castrillon, J. C. Lopez, M. J. Rider, and C. A. Castro,
“Microgrids Energy Management Using Robust Convex Programming,”
IEEE Trans. Smart Grid, vol. 10, no. 4, pp. 4520-4530, 2019, doi:
10.1109/TSG.2018.2863049.

V. S. Tabar and V. Abbasi, “Energy management in microgrid with
considering high penetration of renewable resources and surplus power
generation problem,” Energy, vol. 189, p. 116264, 2019, doi:
10.1016/j.energy.2019.116264.

N. P. Padhy, “Unit commitment - A bibliographical survey,” IEEE Trans.
Power  Syst., wvol. 19, mno. 2, pp. 1196-1205, 2004, doi:
10.1109/TPWRS.2003.821611.

F. N. Lee, “A FUEL-CONSTRAINED UNIT COMMITMENT METHOD,”
vol. 4, no. 3, pp. 1208-1218, 1989.

E. W. Gibbons, “a Global Optimization Method for Scheduling,” no. 7, pp.
1986-1993, 1986.

159



References

[49]

(53]

[56]

[57]

H. Haroonabadi, “Unit Commitment in Power Market Considering Demand
Response and Stochastic Wind Generation,” Int. J. Eng. Res., vol. 3, no. 10,
pp. 564-569, 2014, doi: 10.17950/ijer/v3s10/1003.

A. Tuohy, S. Member, P. Meibom, E. Denny, and M. O. Malley, “Unit
Commitment for Systems With Significant Wind Penetration,” IEEE Trans.
Power Syst., vol. 24, no. 2, pp. 592—-601, 2009.

R. Jiang, S. Member, J. Wang, Y. Guan, and A. Sets, “Robust Unit
Commitment With Wind Power and Pumped Storage Hydro,” IEEE Trans.
Power  Syst., wvol. 27, mno. 2, pp. 800-810, 2012, doi:
10.1109/TPWRS.2011.2169817.

R. Palma-Behnke et al., “A microgrid energy management system based on
the rolling horizon strategy,” IEEE Trans. Smart Grid, vol. 4, no. 2, pp. 996—
1006, 2013, doi: 10.1109/TSG.2012.2231440.

C. Zhao, J. Wang, J. P. Watson, and Y. Guan, “Multi-stage robust unit
commitment considering wind and demand response uncertainties,” IEEE
Trans. Power Syst., vol. 28 mno. 3, pp. 2708-2717, 2013, doi:
10.1109/TPWRS.2013.2244231.

C. W. Gellings, “The Concept of Demand-Side Management for Electric
Utilities,” Proc. IEEE, vol. 73, no. 10, pp. 1468-1470, 1985, doi:
10.1109/PROC.1985.13318.

U S Department of Energy, “Benefits of Demand Response in Electricity
Markets and Recommendations for Achieving Them,” 2006. [Online].
Available: file:///C:/Users/SATELLITE/Google Drive/Referencias
Doctorado//U.S. Department of Energy (DOE) - 2006 - Benefits of Demand
Response in Electricity Markets and Recommendations for Achieving

Them.pdf.

N. Oconnell, P. Pinson, H. Madsen, and M. Omalley, “Benefits and
challenges of electrical demand response: A critical review,” Renew. Sustain.

Energy Rev., vol. 39, pp. 686—699, 2014, doi: 10.1016/j.rser.2014.07.098.

G. Strbac, “Demand side management: Benefits and challenges,” Energy

160



References

[61]

Policy, vol. 36, no. 12, pp. 4419-4426, 2008, doi: 10.1016/j.enpol.2008.09.030.

J. Chen, F. N. Lee, A. M. Breipohl, and R. Adapa, “Scheduling direct load
control to minimize system operational cost,” IEEE Trans. Power Syst., vol.

10, no. 4, pp. 1994-2001, 1995, doi: 10.1109/59.476068.

Q. Wu, P. Wang, and L. Goel, “Direct load control (DLC) considering nodal
interrupted energy assessment rate (NIEAR) in restructured power
systems,” IEEE Trans. Power Syst., vol. 25, no. 3, pp. 1449-1456, 2010, doi:
10.1109/TPWRS.2009.2038920.

“FPL | Business | OnCall Program.”
https://www.fpl.com/business/save/programs/oncall.html (accessed Dec. 02,

2020).

A. Austria et al., “ETSA UTILITIES AIR CONDITIONER DIRECT LOAD
CONTROL PROGRAM-AUSTRALIA,” 2012.

A. Camyab, “Demand Side Response: Challenges & Opportunities for
providing equilibrium in the UK electricity market,” Eng. Technol. Ref., vol.
1, no. 1, Jan. 2012, doi: 10.1049/etr.2016.0056.

K. Kumaraswamy and J. Cotrone, “Evaluating the regulation market
maturity for energy storage devices,” Electr. <J., vol. 26, no. 10, pp. 7583,
2013, doi: 10.1016/;.tej.2013.11.003.

B. Battke, T. S. Schmidt, D. Grosspietsch, and V. H. Hoffmann, “A review
and probabilistic model of lifecycle costs of stationary batteries in multiple
applications,” Renew. Sustain. Energy Rev., vol. 25, pp. 240-250, 2013, doi:
10.1016/j.rser.2013.04.023.

7. B. Rejc and M. Cepin, “Estimating the additional operating reserve in
power systems with installed renewable energy sources,” Int. J. Electr.
Power  Energy  Syst., vol. 62, pp. 654-664, 2014, doi:
10.1016/].1jepes.2014.05.019.

J. Aghaei and M. 1. Alizadeh, “Demand response in smart electricity grids
equipped with renewable energy sources: A review,” Renew. Sustain. Energy

Rev., vol. 18, pp. 64-72, 2013, doi: 10.1016/j.rser.2012.09.019.

161



References

[67]

[71]

[74]

I. R. E. Agency, “TIME-OF-USE TARIFFS INNOVATION LANDSCAPE
BRIEF About IRENA,” 2019. Accessed: Jan. 13, 2021. [Online]. Available:

WWW.irena.org.

M. L. Nicolson, M. J. Fell, and G. M. Huebner, “Consumer demand for time
of use electricity tariffs: A systematized review of the empirical evidence,”

Elsevier Ltd, 2018. doi: 10.1016/j.rser.2018.08.040.

G. R. Newsham and B. G. Bowker, “The effect of utility time-varying pricing
and load control strategies on residential summer peak electricity use: A
review,” KEnergy Policy, vol. 38, no. 7, pp. 3289-3296, 2010, doi:
10.1016/j.enpol.2010.01.027.

S. Buryk, D. Mead, S. Mourato, and J. Torriti, “Investigating preferences for
dynamic electricity tariffs: The effect of environmental and system benefit
disclosure,” Energy Policy, vol. 80, pp. 190-195, 2015, doi:
10.1016/j.enpol.2015.01.030.

“SMART ENERGY RESEARCH BEIS CONSUMER PANEL Background to
BEIS Consumer Panel,” 2016. Accessed: Jan. 13, 2021. [Online]. Available:
https://assets.publishing.service.gov.uk/government/uploads/system/upload
s/attachment_data/file/566230/Smart_Energy_Consumer_Panel_Research_
Summary_Report.pdf.

D. Brown, S. Hall, and M. E. Davis, “What is prosumerism for? Exploring
the normative dimensions of decentralised energy transitions,” Energy Res.
Soc. Sci., vol. 66, mno. March, p. 101475, 2020, doi:
10.1016/j.erss.2020.101475.

J. Palm, M. Eidenskog, and R. Luthander, “Sufficiency, change, and
flexibility: Critically examining the energy consumption profiles of solar PV
prosumers in Sweden,” Energy Res. Soc. Sci., vol. 39, no. October 2017, pp.
12-18, 2018, doi: 10.1016/j.erss.2017.10.006.

G. Seyfang, S. Hielscher, T. Hargreaves, M. Martiskainen, and A. Smith, “A
grassroots sustainable energy niche? Reflections on community energy in
the UK,” Environ. Innov. Soc. Transitions, vol. 13, pp. 21-44, 2014, doi:
10.1016/j.e1st.2014.04.004.

162



References

[75]

[79]

[83]

G. Seyfang, J. J. Park, and A. Smith, “A thousand flowers blooming? An
examination of community energy in the UK,” Energy Policy, vol. 61, pp.

977-989, 2013, doi: 10.1016/j.enpol.2013.06.030.

Y. Parag and B. K. Sovacool, “Electricity market design for the prosumer

era,” Nat. Energy, vol. 1, no. 4, 2016, doi: 10.1038/nenergy.2016.32.

J. Zapata Riveros, M. Kubli, and S. Ulli-Beer, “Prosumer communities as
strategic allies for electric utilities: Exploring future decentralization trends
in Switzerland,” Energy Res. Soc. Sci., vol. 57, no. September 2018, p.
101219, 2019, doi: 10.1016/j.erss.2019.101219.

M. J. Fell, D. Shipworth, G. M. Huebner, and C. A. Elwell, “Public
acceptability of domestic demand-side response in Great Britain: The role of
automation and direct load control,” Energy Res. Soc. Sci., vol. 9, pp. 72—84,
2015, doi: 10.1016/j.erss.2015.08.023.

F. Friis and T. Haunstrup Christensen, “The challenge of time shifting
energy demand practices: Insights from Denmark,” Energy Res. Soc. Sci.,

vol. 19, pp. 124-133, 2016, doi: 10.1016/j.erss.2016.05.017.

L. Strupeit and A. Palm, “Overcoming barriers to renewable energy
diffusion: Business models for customer-sited solar photovoltaics in Japan,
Germany and the United States,” J. Clean. Prod., vol. 123, pp. 124-136,
2016, doi: 10.1016/j.jclepro.2015.06.120.

R. Zafar, A. Mahmood, S. Razzaq, W. Ali, U. Naeem, and K. Shehzad,
“Prosumer based energy management and sharing in smart grid,” Renew.
Sustain. Energy Rev., vol. 82, no. July 2017, pp. 1675-1684, 2018, doi:
10.1016/j.rser.2017.07.018.

A. Fichera, A. Pluchino, and R. Volpe, “From self-consumption to
decentralized distribution among prosumers: A model including
technological, operational and spatial issues,” Energy Convers. Manag., vol.

217, no. May, p. 112932, 2020, doi: 10.1016/j.enconman.2020.112932.

R. Zafar, A. Mahmood, S. Razzaq, W. Ali, U. Naeem, and K. Shehzad,

“Prosumer based energy management and sharing in smart grid,” Renew.

163



References

[87]

[90]

Sustain. Energy Rev., vol. 82, no. August 2016, pp. 1675-1684, 2018, doi:
10.1016/j.rser.2017.07.018.

J. Lloret, J. Tomas, A. Canovas, and L. Parra, “An Integrated IoT
Architecture for Smart Metering,” IEEE Commun. Mag., vol. 54, no. 12, pp.
50-57, 2016, doi: 10.1109/MCOM.2016.1600647CM.

F. Mumtaz and I. S. Bayram, “Planning, Operation, and Protection of
Microgrids: An Overview,” Energy Procedia, vol. 107, no. September 2016,
pp. 94-100, 2017, doi: 10.1016/j.egypro.2016.12.137.

M. Mohammadi, S. H. Hosseinian, and G. B. Gharehpetian, “GA-based
optimal sizing of microgrid and DG units under pool and hybrid electricity
markets,” Int. J. Electr. Power Energy Syst., vol. 35, no. 1, pp. 83-92, 2012,
doi: 10.1016/j.ijepes.2011.09.015.

S. M. Hakimi and S. M. Moghaddas-Tafreshi, “Optimal sizing of a stand-
alone hybrid power system via particle swarm optimization for Kahnouj area
in south-east of Iran,” Renew. Energy, vol. 34, no. 7, pp. 1855-1862, 2009,
doi: 10.1016/j.renene.2008.11.022.

D. B. Nelson, M. H. Nehrir, and C. Wang, “Unit sizing and cost analysis of
stand-alone hybrid wind/PV/fuel cell power generation systems,” Renew.
Energy, vol. 31, no. 10, pp. 1641-1656, 2006, doi:
10.1016/j.renene.2005.08.031.

K. Karakoulidis, K. Mavridis, D. V. Bandekas, P. Adoniadis, C. Potolias, and
N. Vordos, “Techno-economic analysis of a stand-alone hybrid photovoltaic-
diesel-battery-fuel cell power system,” Renew. Energy, vol. 36, no. 8, pp.
2238-2244, 2011, doi: 10.1016/j.renene.2010.12.003.

O. Ekren and B. Y. Ekren, “Size optimization of a PV/wind hybrid energy
conversion system with battery storage using simulated annealing,” Appl.
Energy, vol. 87, no. 2, Pp.- 592-598, 2010, doi:
10.1016/j.apenergy.2009.05.022.

M. M. A. Abdelaziz, H. E. Farag, E. F. El-Saadany, and Y. A. R. I. Mohamed,

“A novel and generalized three-phase power flow algorithm for islanded

164



References

[95]

[100]

microgrids using a newton trust region method,” IEEE Trans. Power Syst.,

vol. 28, no. 1, pp. 190-201, 2013, doi: 10.1109/TPWRS.2012.2195785.

F. Mumtaz, M. H. Syed, M. Al Hosani, and H. H. Zeineldin, “A Novel
Approach to Solve Power Flow for Islanded Microgrids Using Modified
Newton Raphson with Droop Control of DG,” IEEE Trans. Sustain. Energy,
vol. 7, no. 2, pp. 493-503, 2016, doi: 10.1109/TSTE.2015.2502482.

A. G. Tsikalakis and N. D. Hatziargyriou, “Centralized control for
optimizing microgrids operation,” IEEE Power Energy Soc. Gen. Meet., pp.
1-8, 2011, doi: 10.1109/PES.2011.6039737.

P. Francisco and D. Garcia, “Small Signal Stability For Parallel Connected,”
Electr. Eng., 2000.

N. Pogaku, M. Prodanovié, and T. C. Green, “Modeling, analysis and testing
of autonomous operation of an inverter-based microgrid,” IEEE Trans.
Power  Electron., vol. 22, mno. 2, pp. 613-625, 2007, doi:
10.1109/TPEL.2006.890003.

W. Yao, M. Chen, J. Matas, J. M. Guerrero, and Z. M. Qian, “Design and
analysis of the droop control method for parallel inverters considering the
impact of the complex impedance on the power sharing,” IEEE Trans. Ind.

Electron., vol. 58, no. 2, pp. 576-588, 2011, doi: 10.1109/TTE.2010.2046001.

U. Akram, M. Nadarajah, R. Shah, and F. Milano, “A review on rapid
responsive energy storage technologies for frequency regulation in modern
power systems,” Renew. Sustain. Energy Rev., vol. 120, no. November 2019,

p. 109626, 2020, doi: 10.1016/j.rser.2019.109626.

D. Gayme and U. Topcu, “Optimal Power Flow With Large-Scale,” IEEE
Trans. Power Syst., vol. 28, no. 2, pp. 709-717, 2013.

D. Kolokotsa et al., “On the integration of the energy storage in smart grids:
Technologies and applications,” Energy Storage, vol. 1, no. 1, p. €50, 2019,
doi: 10.1002/est2.50.

“Five Steps to Energy Storage - Innovation Insights Brief 2020,” London,
United Kingdom, 2020.

165



References

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

T. Gur, “Review of electrical energy storage technologies, materials and
systems: challenges and prospects for large-scale grid storage,” Energy

Environ. Sci., vol. 10, 2018.

0. Groger, H. A. Gasteiger, and J.-P. Suchsland, “Review—Electromobility:
Batteries or Fuel Cells?,” J. Electrochem. Soc., vol. 162, no. 14, pp. A2605—
A2622, 2015, doi: 10.1149/2.0211514jes.

P. J.Hall and E. J.Bain, “Energy-storage technologies and electricity
generation,” Energy Policy, vol. 36, no. 12, pp. 4352—4355, 2008.

M. A. Rosen, “A review of energy storage types , applications and recent
developments,” J. Energy Storage, vol. 27, no. October 2019, p. 101047, 2020,
doi: 10.1016/j.est.2019.101047.

J. F. Peters, M. Baumann, B. Zimmermann, J. Braun, and M. Weil, “The
environmental impact of Li-Ion batteries and the role of key parameters — A
review,” Renew. Sustain. Energy Rev., vol. 67, pp. 491-506, 2017, doi:
10.1016/j.rser.2016.08.039.

M. Li, J. Lu, Z. Chen, and K. Amine, “30 Years of Lithium-Ion Batteries,”
Adv. Mater., vol. 30, no. 33, pp. 1-24, 2018, doi: 10.1002/adma.201800561.

M. Tran, D. Banister, J. D. K. Bishop, and M. D. McCulloch, “Realizing the
electric-vehicle revolution,” Nat. Clim. Chang., vol. 2, no. 5, pp. 328-333,
2012, doi: 10.1038/nclimate1429.

G. Zubi, R. Dufo-Lépez, M. Carvalho, and G. Pasaoglu, “The lithium-ion
battery: State of the art and future perspectives,” Renew. Sustain. Energy
Rev., wvol. 89, mno. April 2017, pp. 292-308, 2018, doi:
10.1016/j.rser.2018.03.002.

Y. Wang et al., “Lithium and lithium ion batteries for applications in
microelectronic devices: A review,” J. Power Sources, vol. 286, pp. 330-345,

2015, doi: 10.1016/j.jpowsour.2015.03.164.

A. B. Gallo, J. R. Simoées-Moreira, H. K. M. Costa, M. M. Santos, and E.
Moutinho dos Santos, “Energy storage in the energy transition context: A

technology review,” Renew. Sustain. Energy Rev., vol. 65, pp. 800-822, 2016,

166



References

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

doi: 10.1016/j.rser.2016.07.028.

D. Wang, J. Coignard, T. Zeng, C. Zhang, and S. Saxena, “Quantifying
electric vehicle battery degradation from driving vs. vehicle-to-grid
services,” J. Power Sources, vol. 332, pp. 193-203, 2016, doi:
10.1016/j.jpowsour.2016.09.116.

B. Stiaszny, J. C. Ziegler, E. E. Kraul}, J. P. Schmidt, and E. Ivers-Tiffée,
“Electrochemical characterization and post-mortem analysis of aged LiMn
204-Li(Ni10.5Mn0.3Co 0.2)O2/graphite lithium ion batteries. Part I: Cycle
aging,” J. Power Sources, vol. 251, pp. 439-450, 2014, doi:
10.1016/j.jpowsour.2013.11.080.

S. E. Li, B. Wang, H. Peng, and X. Hu, “An electrochemistry-based
impedance model for lithium-ion batteries,” J. Power Sources, vol. 258, pp.

9-18, 2014, doi: 10.1016/j.jpowsour.2014.02.045.

J. Gomez, R. Nelson, E. E. Kalu, M. H. Weatherspoon, and J. P. Zheng,
“Equivalent circuit model parameters of a high-power Li-ion battery:
Thermal and state of charge effects,” J. Power Sources, vol. 196, no. 10, pp.
4826-4831, 2011, doi: 10.1016/j.jpowsour.2010.12.107.

Y. Gao, J. Jiang, C. Zhang, W. Zhang, and Y. Jiang, “Aging mechanisms
under different state-of-charge ranges and the multi-indicators system of
state-of-health for lithium-ion battery with Li(NiMnCo)O2 cathode,” /.
Power  Sources, vol. 400, no. 3, pp. 641-651, 2018, doi:
10.1016/j.jpowsour.2018.07.018.

R. D. Deshpande, P. Ridgway, Y. Fu, W. Zhang, J. Cai, and V. Battaglia,
“The Limited Effect of VC in Graphite / NMC Cells,” <J. ofThe Electrochem.
Soc., vol. 162, no. 3, pp. 330-338, 2015, doi: 10.1149/2.0221503]jes.

P. Keil and A. Jossen, “Calendar Aging of NCA Lithium-Ion Batteries
Investigated by Differential Voltage Analysis and Coulomb Tracking,” oJ.
ofThe Electrochem. Soc., vol. 164, no. 1, pp. 6066—6074, 2017, doi:
10.1149/2.0091701jes.

H. M. Dahn et al., “User-Friendly Differential Voltage Analysis Freeware for

167



References

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

the Analysis of Degradation Mechanisms in Li-Ion Batteries User-Friendly
Differential Voltage Analysis Freeware for the Analysis of Degradation
Mechanisms in Li-Ion Batteries,” J. of The Electrochem. Soc., vol. 159, no. 2,
pp. A1405-A1409, 2012, doi: 10.1149/2.013209jes.

C. Patsios et al., “An integrated approach for the analysis and control of grid
connected energy storage systems,” J. Energy Storage, vol. 5, pp. 48-61,
2016, doi: 10.1016/j.est.2015.11.011.

dJ. Zhu et al., “Investigation of lithium-ion battery degradation mechanisms
by combining differential voltage analysis and alternating current
impedance,” J. Power Sources, vol. 448, no. December 2019, pp. 28-30, 2020,
doi: 10.1016/j.jpowsour.2019.227575.

S. Brown, “Diagnosis of the Lifetime Performance Degradation of Lithium-
Ion Batteries Focus on Power-Assist Hybrid Electric Vehicle and Low-Earth-
Orbit Satellite Applications,” KTH, 2008.

L. A. W. Ellingsen, G. Majeau-Bettez, B. Singh, A. K. Srivastava, L. O.
Valgen, and A. H. Stremman, “Life Cycle Assessment of a Lithium-Ion
Battery Vehicle Pack,” J. Ind. Ecol., vol. 18, no. 1, pp. 113-124, 2014, doi:
10.1111/jiec.12072.

H. C. Kim, T. J. Wallington, R. Arsenault, C. Bae, S. Ahn, and J. Lee,
“Cradle-to-Gate Emissions from a Commercial Electric Vehicle Li-Ton
Battery: A Comparative Analysis,” Environ. Sci. Technol., vol. 50, no. 14, pp.
7715-7722, 2016, doi: 10.1021/acs.est.6b00830.

International Organization for Standardization (ISO), “International
Standard ISO 14044 Environmental management — Life cycle assessment

— Requirements and guidelines Management,” Work, 2006.

IS0, “14040: Environmental management-life cycle assessment—Principles

and framework,” Int. Organ. Stand., 2006.

C. K. Das, O. Bass, G. Kothapalli, T. S. Mahmoud, and D. Habibi, “Overview
of energy storage systems in distribution networks: Placement, sizing,

operation, and power quality,” Renew. Sustain. Energy Rev., vol. 91, no.

168



References

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

November 2016, pp. 1205-1230, 2018, doi: 10.1016/j.rser.2018.03.068.

Y. Ghiassi-Farrokhfal, C. Rosenberg, S. Keshav, and M. B. Adjaho, “Joint
Optimal Design and Operation of Hybrid Energy Storage Systems,” IEEE J.
Sel. Areas Commun., 2016, doi: 10.1109/JSAC.2016.2525599.

S. Koohi-Kamali, V. V. Tyagi, N. A. Rahim, N. L. Panwar, and H. Mokhlis,
“Emergence of energy storage technologies as the solution for reliable
operation of smart power systems: A review,” Renew. Sustain. Energy Rev.,

2013, doi: 10.1016/j.rser.2013.03.056.

T. M. I. Mahlia, T. J. Saktisahdan, A. Jannifar, M. H. Hasan, and H. S. C.
Matseelar, “A review of available methods and development on energy
storage; Technology update,” Renew. Sustain. Energy Rev., 2014, doi:
10.1016/j.rser.2014.01.068.

T. Kousksou, P. Bruel, A. Jamil, T. El Rhafiki, and Y. Zeraouli, “Energy
storage: Applications and challenges,” Sol. Energy Mater. Sol. Cells, 2014,
doi: 10.1016/j.solmat.2013.08.015.

F. R. McLarnon and E. J. Cairns, “Energy Storage,” Annu. Rev. Energy, vol.
14, no. 1, pp. 241-271, Nov. 1989, doi:
10.1146/annurev.eg.14.110189.001325.

J. N. Baker and A. Collinson, “Electrical energy storage at the turn of the
Millennium,” Power Eng. J., vol. 13, no. 3, pp. 107-112, 1999, doi:
10.1049/pe:19990301.

N. Spiliopoulos, N. Wade, D. Giaouris, P. Taylor, and U. Rajarathnam,
“Benefits of lithium-ion batteries for domestic users under TOU tariffs,” in
52nd International Universities Power Engineering Conference, UPEC 2017,
2017, doi: 10.1109/UPEC.2017.8231966.

S. Drouilhet and B. L. Johnson, “A Battery Life Prediction Method for
Hybrid Power Applications Preprint Work performed under task number
WE712360,” Colorado, 1997. Accessed: Dec. 30, 2020. [Online]. Available:
http://www.doe.gov/bridge/home.html.

X. Lu, S. Bahramirad, J. Wang, and C. Chen, “Bronzeville Community

169



References

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Microgrids: A Reliable, Resilient and Sustainable Solution for Integrated
Energy Management with Distribution Systems,” Electr. oJ., vol. 28, no. 10,
pp. 29-42, 2015, doi: 10.1016/5.tej.2015.11.009.

Y. Wang, C. Chen, J. Wang, and R. Baldick, “Research on Resilience of
Power Systems under Natural Disasters - A Review,” IEEE Trans. Power
Syst., vol. 31, no. 2, pp. 1604-1613, 2016, doi:
10.1109/TPWRS.2015.2429656.

G. Andersson et al., “Causes of the 2003 major grid blackouts in North
America Europe, and recommended means to improve system dynamic
performance,” IEEE Trans. Power Syst., vol. 20, no. 4, pp. 1922—-1928, 2005,
doi: 10.1109/TPWRS.2005.857942.

R. Billinton, Power system reliability evaluation. New York, 1970.

K. Jean-Paul Watson, Ross Guttromson, Cesar Silva-Monroy, Robert
Jeffers, C. Jones, James Ellison, Charles Rath, Jared Gearhart, Dean Jones,
Tom Corbet, and L. T. W. Hanley, “Conceptual Framework for Developing
Resilience Metrics for the Electricity, Oil, and Gas Sectors in the United
States,” California, 2014. [Online]. Available:
https://cfwebprod.sandia.gov/cfdocs/CompResearch/docs/EnergyResilienceR
eportSAND2014-180190.pdf.

M. Panteli, P. Mancarella, D. N. Trakas, E. Kyriakides, and N. D.
Hatziargyriou, “Metrics and Quantification of Operational and
Infrastructure Resilience in Power Systems,” IEEE Trans. Power Syst., vol.

32, no. 6, pp. 4732—-4742, 2017, doi: 10.1109/TPWRS.2017.2664141.

T. Jamieson, “Disastrous measures: Conceptualizing and measuring
disaster risk reduction,” Int. J. Disaster Risk Reduct., vol. 19, pp. 399—412,
2016, doi: 10.1016/].1jdrr.2016.09.010.

G. P. Cimellaro, A. M. Reinhorn, and M. Bruneau, “Framework for
analytical quantification of disaster resilience,” Eng. Struct., vol. 32, no. 11,

pp. 3639-3649, 2010, doi: 10.1016/j.engstruct.2010.08.008.

V. Chalishazar, S. Poudel, S. Hanif, and P. T. Mana, “Power System

170



References

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

Resilience Metrics Augmentation for Critical Load Prioritization,”

Washington, 2021. [Online]. Available: https://www.ntis.gov.

RECKON, “Desktop review and analysis of information on Value of Lost
Load for RIIO-ED1 and associated work,” 2012. [Online]. Available:
https://www.ofgem.gov.uk/ofgem-publications/47154/riioed1conresvoll.pdf.

G. A. Ajenikoko and S. O. Sangotola, “Power System Faults: A Hindrance to
Sustainability and Reliability,” Int. J. Eng. Res., vol. 3, no. 11, pp. 700-703,
2014, doi: 10.17950/ijer/v3s11/1116.

C. Wattanasakpubal and T. Bunyagul, “Design of an algorithm for detecting,
1dentifying and locating faults on inhomogeneous distribution feeders,” IET

Conf. Publ., no. 536 CP, pp. 625630, 2008, doi: 10.1049/cp:20080111.

L. Ortiz, J. W. Gonzalez, L. B. Gutierrez, and O. Llanes-Santiago, “A review
on control and fault-tolerant control systems of AC/DC microgrids,” Heliyon,

vol. 6, no. 8, 2020, doi: 10.1016/j.heliyon.2020.e04799.

Z. Wang and J. Wang, “Self-Healing Resilient Distribution Systems Based
on Sectionalization into Microgrids,” IEEE Trans. Power Syst., vol. 30, no.

6, pp. 3139-3149, 2015, doi: 10.1109/TPWRS.2015.2389753.

A. Kavousi-Fard, A. Zare, and A. Khodaei, “Effective dynamic scheduling of
reconfigurable microgrids,” IEEE Trans. Power Syst., vol. 33, no. 5, pp.
5519-5530, 2018, doi: 10.1109/TPWRS.2018.2819942.

J. Najafi, A. Peiravi, and A. Anvari-Moghaddam, “Enhancing integrated
power and water distribution networks seismic resilience leveraging
microgrids,”  Sustain., vol. 12, mno. 6, pp. 1-16, 2020, doi:
10.3390/su120621617.

Q. Zhou, M. Shahidehpour, A. Alabdulwahab, and A. Abusorrah, “Flexible
Division and Unification Control Strategies for Resilience Enhancement in
Networked Microgrids,” IEEE Trans. Power Syst., vol. 35, no. 1, pp. 474—
486, 2020, doi: 10.1109/TPWRS.2019.2932939.

J. Liu, X. Lu, and J. Wang, “Resilience Analysis of DC Microgrids Under
Denial of Service Threats,” IEEE Trans. Power Syst., vol. 34, no. 4, pp. 3199—

171



References

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

3208, 2019, doi: 10.1109/TPWRS.2019.2897499.

A. Hussain, V. H. Bui, and H. M. Kim, “Resilience-Oriented Optimal
Operation of Networked Hybrid Microgrids,” IEEE Trans. Smart Grid, vol.
10, no. 1, pp. 204215, 2019, doi: 10.1109/TSG.2017.2737024.

S. D. Manshadi and M. E. Khodayar, “Resilient operation of multiple energy
carrier microgrids,” IEEE Trans. Smart Grid, vol. 6, no. 5, pp. 2283-2292,
2015, doi: 10.1109/TSG.2015.2397318.

Y. Zhou, J. Wu, C. Long, and W. Ming, “State-of-the-art analysis and
perspectives for peer-to-peer energy trading,” Engineering, no. xxxx, 2020,

doi: 10.1016/5.eng.2020.06.002.

Y. Zhou, J. Wu, C. Long, M. Cheng, and C. Zhang, “Performance Evaluation
of Peer-to-Peer Energy Sharing Models,” in Energy Procedia, 2017, pp. 817—
822, doi: 10.1016/j.egypro.2017.12.768.

Y. Zhou, J. Wu, and C. Long, “Evaluation of peer-to-peer energy sharing
mechanisms based on a multiagent simulation framework,” Appl. Energy,

vol. 143, 2018, doi: 10.1016/j.apenergy.2018.02.089.

E. Currents and T. E. Journal, “Electricity’s Future May Be Peer-to-Peer,”
Electr. J., vol. 29, no. 1, pp. 3—4, 2016, doi: 10.1016/5.tej}.2016.01.004.

C. Long, J. Wu, Y. Zhou, and N. Jenkins, “Peer-to-peer energy sharing
through a two-stage aggregated battery control in a community Microgrid,”
Appl. Energy, vol. 226, mno. March, pp. 261-276, 2018, doi:
10.1016/j.apenergy.2018.05.097.

S. Nguyen, W. Peng, P. Sokolowski, D. Alahakoon, and X. Yu, “Optimizing
rooftop photovoltaic distributed generation with battery storage for peer-to-
peer energy trading,” Appl. Energy, vol. 228, no. June 2018, pp. 2567-2580,
2018, doi: 10.1016/j.apenergy.2018.07.042.

A. Lith, J. M. Zepter, P. Crespo del Granado, and R. Egging, “Local
electricity market designs for peer-to-peer trading: The role of battery
flexibility,” Appl. Energy, vol. 229, no. July, pp. 1233-1243, 2018, doi:
10.1016/j.apenergy.2018.08.004.

172



References

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

D. Papadaskalopoulos and G. Strbac, “Decentralized participation of flexible
demand in electricity markets - Part I: Market mechanism,” IEEE Trans.

Power Syst., 2013, doi: 10.1109/TPWRS.2013.2245686.

T. Morstyn, A. Teytelboym, and M. D. McCulloch, “Bilateral contract
networks for peer-to-peer energy trading,” IEEE Trans. Smart Grid, 2019,
doi: 10.1109/TSG.2017.2786668.

E. Sorin, L. Bobo, and P. Pinson, “Consensus-Based Approach to Peer-to-
Peer Electricity Markets with Product Differentiation,” IEEE Trans. Power
Syst., 2019, doi: 10.1109/TPWRS.2018.2872880.

J. Guerrero, A. C. Chapman, and G. Verbic, “Decentralized P2P Energy
Trading under Network Constraints in a Low-Voltage Network,” IEEE
Trans. Smart Grid, 2018, doi: 10.1109/TSG.2018.2878445.

A. Ahl, M. Yarime, K. Tanaka, and D. Sagawa, “Review of blockchain-based
distributed energy: Implications for institutional development,” Renewable

and Sustainable Energy Reviews. 2019, doi: 10.1016/j.rser.2019.03.002.

V. Brilliantova and T. W. Thurner, “Blockchain and the future of energy,”
Technol. Soc., vol. 57, pp. 38-45, 2019, doi: 10.1016/j.techsoc.2018.11.001.

R. Nepal and J. Foster, “Electricity networks privatization in Australia: An
overview of the debate,” Econ. Anal. Policy, vol. 48, pp. 12-24, 2015, doi:
10.1016/j.eap.2015.10.001.

A. Singh, A. T. Strating, N. A. Romero Herrera, D. Mahato, D. V. Keyson,
and H. W. van Dijk, “Exploring peer-to-peer returns in off-grid renewable
energy systems in rural India: An anthropological perspective on local

energy sharing and trading,” Energy Res. Soc. Sci., vol. 46, no. December

2017, pp. 194-213, 2018, doi: 10.1016/j.erss.2018.07.021.

A. Singh, A. T. Strating, N. A. Romero Herrera, H. W. van Dijk, and D. V.
Keyson, “Towards an ethnography of electrification in rural India: Social
relations and values in household energy exchanges,” Energy Res. Soc. Sci.,

vol. 30, pp. 103-115, 2017, doi: 10.1016/j.erss.2017.06.031.

F. Ecker, H. Spada, and U. J. J. Hahnel, “Independence without control:

173



References

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

Autarky outperforms autonomy benefits in the adoption of private energy

storage systems,” Energy Policy, 2018, doi: 10.1016/j.enpol.2018.07.028.

W. Tushar, T. K. Saha, C. Yuen, P. Liddell, R. Bean, and H. V. Poor, “Peer-
to-Peer Energy Trading With Sustainable User Participation: A Game
Theoretic Approach,” IEEE Access, vol. 6, pp. 62932-62943, 2018, doi:
10.1109/ACCESS.2018.2875405.

“P2P-SmarTest | Innovation and Networks Executive Agency.”
https://ec.europa.eu/inea/en/horizon-2020/projects/h2020-energy/grids/p2p-
smartest (accessed Jan. 05, 2021).

S. Chakraborty, T. Baarslag, and M. Kaisers, “Automated peer-to-peer
negotiation for energy contract settlements in residential cooperatives,”
Appl. Energy, vol. 259, no. October 2019, p. 114173, 2020, doi:
10.1016/j.apenergy.2019.114173.

H. Le Cadre, P. Jacquot, C. Wan, and C. Alasseur, “Peer-to-peer electricity
market analysis: From variational to Generalized Nash Equilibrium,” Eur.
J. Oper. Res., vol. 282, mno. 2, pp. 753-771, 2020, doi:
10.1016/j.ejor.2019.09.035.

P. Siano, G. De Marco, A. Rolan, and V. Loia, “A Survey and Evaluation of
the Potentials of Distributed Ledger Technology for Peer-to-Peer

Transactive Energy Exchanges in Local Energy Markets,” IEEE Syst. J., vol.
13, no. 3, pp. 3454-3466, 2019, doi: 10.1109/JSYST.2019.2903172.

E. Mengelkamp, J. Gérttner, K. Rock, S. Kessler, L. Orsini, and C.
Weinhardt, “Designing microgrid energy markets: A case study: The
Brooklyn Microgrid,” Appl. Energy, vol. 210, pp. 870-880, 2018, doi:
10.1016/j.apenergy.2017.06.054.

S. Thakur and J. G. Breslin, “Peer to Peer Energy Trade Among Microgrids
Using Blockchain Based Distributed Coalition Formation Method,” Technol.
Econ. Smart Grids Sustain. Energy, vol. 3, no. 1, 2018, doi: 10.1007/s40866-
018-0044-y.

V. Misra, S. Ioannidis, A. Chaintreau, and L. Massoulié, “Incentivizing peer-

174



References

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

assisted services: A fluid shapley value approach,” Perform. Eval. Rev., vol.

38, no. 1 SPEC. ISSUE, pp. 215-226, 2010, doi: 10.1145/1811099.1811064.

W. Lee, L. Xiang, R. Schober, and V. W. S. Wong, “Direct electricity trading
in smart grid: A coalitional game analysis,” IEEE <J. Sel. Areas Commun.,

vol. 32, no. 7, pp. 1398-1411, 2014, doi: 10.1109/JSAC.2014.2332112.

A. Werth et al., “Peer-to-Peer Control System for DC Microgrids,” IEEE
Trans. Smart Grid, vol. 9, no. 4, pp. 3667-3675, 2018, doi:
10.1109/TSG.2016.2638462.

C. Giotitsas, A. Pazaitis, and V. Kostakis, “A peer-to-peer approach to energy
production,” Technol. Soc., vol. 42, pp. 28-38, 2015, doi:
10.1016/j.techsoc.2015.02.002.

R. Alvaro-Hermana, J. Fraile-Ardanuy, P. J. Zufiria, L. Knapen, and D.
Janssens, “Peer to Peer Energy Trading with Electric Vehicles,” IEEE Intell.
Transp. Syst. Mag., vol. 8, mno. 3, pp. 33-44, 2016, doi:
10.1109/MITS.2016.2573178.

S. Nguyen, W. Peng, P. Sokolowski, D. Alahakoon, and X. Yu, “Optimizing
rooftop photovoltaic distributed generation with battery storage for peer-to-
peer energy trading,” Appl. Energy, vol. 228, no. July 2018, pp. 2567—-2580,
2018, doi: 10.1016/j.apenergy.2018.07.042.

K. Kusakana, “Optimal peer-to-peer energy management between grid-
connected prosumers with battery storage and photovoltaic systems,” J.
Energy Storage, vol. 32, mno. dJune, p. 101717, 2020, doi:
10.1016/j.est.2020.101717.

L. Cipcigan, P. Taylor, and P. Lyons, “A dynamic virtual power station model
comprising small-scale energy zones,” Int. J. Renew. Energy Technol., vol. 1,

no. 2, pp. 173-191, 2009, doi: 10.1504/ijret.2009.027989.

N. Nikmehr and S. Najafi Ravadanegh, “Reliability evaluation of multi-
microgrids considering optimal operation of small scale energy zones under
load-generation uncertainties,” Int. J. Electr. Power Energy Syst., vol. 78, pp.

80-87, 2016, doi: 10.1016/j.1jepes.2015.11.094.

175



References

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

P. Trichakis, P. C. Taylor, G. Coates, and L. M. Cipcigan, “Distributed
control approach for small-scale energy zones,” Proc. Inst. Mech. Eng. Part
A J. Power Energy, vol. 222, no. 2, pp. 137-147, 2008, doi:
10.1243/09576509JPE416.

N. Spiliopoulos, P. Taylor, D. Giaouris, and N. Wade, “A novel approach for
peer-to-peer exchange in microgrids with respect to carbon emissions,” in
CIRED workshop, 2018, [Online]. Available: https://www.cired-
repository.org/handle/20.500.12455/1131.

N. Spiliopoulos, D. Giaouris, P. Taylor, and N. Wade, “Resilience
Improvement From Peer-To-Peer Energy Management Strategy in
Microgrids , Considering Faults , Carbon Emissions and Economic Benefits
.., in CIRED Conference, 2019, [Online]. Available: https://www.cired-
repository.org/handle/20.500.12455/597.

Electricity North West, “The value of lost load,” 2007. [Online]. Available:
https://www.enwl.co.uk/globalassets/innovation/enwl010-voll/voll-general-

docs/voll-summary-factsheet.pdf.

“CREST Demand Model | CREST | Loughborough University.”
https://www.lboro.ac.uk/research/crest/demand-model/ (accessed Dec. 28,

2020).

“Feed-In Tariff (FIT) rates | Ofgem.”
https://www.ofgem.gov.uk/environmental-programmes/fit/fit-tariff-rates

(accessed Jan. 31, 2021).

HM-Treasury, “Financial Reporting Advisory Board Paper Discount Rates
Update,” 2017. [Online]. Available:
https://assets.publishing.service.gov.uk/government/uploads/system/upload

s/attachment_data/file/620855/FRAB_130__03__Discount_rates.pdf.

“Battery Pack Prices Fall As Market Ramps Up With Market Average At
$156/kWh In 2019 | BloombergNEF.” https://about.bnef.com/blog/battery-
pack-prices-fall-as-market-ramps-up-with-market-average-at-156-kwh-in-

2019/ (accessed Jan. 31, 2021).

176



References

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

K. Poncelet, H. Hoschle, E. Delarue, A. Virag, and W. Drhaeseleer,
“Selecting representative days for capturing the implications of integrating
intermittent renewables in generation expansion planning problems,” IEEE
Trans. Power Syst., vol. 32, mno. 3, pp. 1936-1948, 2017, doi:
10.1109/TPWRS.2016.2596803.

E. McKenna and M. Thomson, “High-resolution stochastic integrated
thermal-electrical domestic demand model,” Appl. Energy, vol. 165, pp. 445—
461, 2016, doi: 10.1016/j.apenergy.2015.12.089.

“Find minimum of constrained nonlinear multivariable function - MATLAB
fmincon.” https://www.mathworks.com/help/optim/ug/fmincon.html

(accessed Jan. 04, 2021).

“Choosing the Algorithm - MATLAB & Simulink.”
https://www.mathworks.com/help/optim/ug/choosing-the-algorithm.html
(accessed Jan. 04, 2021).

“Tolerances and Stopping Criteria - MATLAB & Simulink.”
https://www.mathworks.com/help/optim/ug/tolerances-and-stopping-

criteria.html (accessed Jan. 04, 2021).
“Carbon Intensity.” https://carbonintensity.org.uk/ (accessed Jan. 28, 2021).

N. Arregui, R. Chen, and C. Ebeke, “Sectoral Policies for Climate Change
Mitigation in the EU Sectoral Policies for Climate,” 2020.

“The World Factbook — Central Intelligence Agency.”
https://www.cia.gov/library/publications/the-world-
factbook/rankorder/2233rank.html (accessed Dec. 28, 2020).

“Data & Statistics - IEA” https://www.iea.org/data-and-
statistics?country=WORLD &fuel=Energy
supply&indicator=TPESbySource (accessed Jan. 11, 2021).

N. W. A Lidula and A. D. Rajapakse, “Voltage balancing and
synchronization of microgrids with highly unbalanced loads,” Renew.
Sustain.  Energy  Rev., wvol. 31, pp. 907-920, 2014, doi:
10.1016/j.rser.2013.12.045.

177



References

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

C. Cho, J. H. Jeon, J. Y. Kim, S. Kwon, K. Park, and S. Kim, “Active
synchronizing control of a microgrid,” IEEE Trans. Power Electron., vol. 26,

no. 12, pp. 3707-3719, 2011, doi: 10.1109/TPEL.2011.2162532.

M. Li, “Advanced Synchronization Control for Inverters Parallel Operation
in Microgrids Using Coupled Hopf Oscillators,” CPSS Trans. Power
Electron. Appl., vol. 5, mno. 3, pp. 224-234, 2020, doi:
10.24295/cpsstpea.2020.00019.

M. A. Hassan, “Dynamic Stability of an Autonomous Microgrid Considering
Active Load Impact with a New Dedicated Synchronization Scheme,” IEEE
Trans. Power Syst., vol. 33, mno. 5, pp. 4994-5005, 2018, doi:
10.1109/TPWRS.2018.2798160.

M. Faheem et al., “Smart grid communication and information technologies
in the perspective of Industry 4.0: Opportunities and challenges,” Comput.
Sci. Rev., vol. 30, pp. 1-30, 2018, doi: 10.1016/j.cosrev.2018.08.001.

S. Rani, R. Talwar, J. Malhotra, S. H. Ahmed, M. Sarkar, and H. Song, “A
novel scheme for an energy efficient internet of things based on wireless
sensor networks,” Sensors (Switzerland), vol. 15, no. 11, pp. 28603—28626,
2015, doi: 10.3390/s151128603.

S. N. Han, I. Khan, G. M. Lee, N. Crespi, and R. H. Glitho, “Service
composition for IP smart object using realtime Web protocols: Concept and
research challenges,” Comput. Stand. Interfaces, vol. 43, pp. 79-90, 2016,
doi: 10.1016/5.¢s1.2015.08.006.

A. S. Malik, “Impact on power planning due to demand-side management
(DSM) in commercial and government sectors with rebound effect-A case
study of central grid of Oman,” Energy, vol. 32, no. 11, pp. 2157-2166, 2007,
doi: 10.1016/j.energy.2007.05.004.

J. Walzberg, T. Dandres, N. Merveille, M. Cheriet, and R. Samson, “Should
we fear the rebound effect in smart homes?,” Renew. Sustain. Energy Reuv.,

vol. 125, no. July 2019, 2020, doi: 10.1016/j.rser.2020.109798.

C.Inés, P. L. Guilherme, M. G. Esther, G. Swantje, H. Stephen, and H. Lars,

178



References

[215]

[216]

[217]

[218]

[219]

[220]

[221]

“Regulatory challenges and opportunities for collective renewable energy
prosumers in the EU,” Energy Policy, vol. 138, no. December 2019, 2020, doi:
10.1016/j.enpo0l.2019.111212.

Z. Wang, X. Yu, Y. Mu, and H. Jia, “A distributed Peer-to-Peer energy
transaction method for diversified prosumers in Urban Community
Microgrid System,” Appl. Energy, vol. 260, no. 92, p. 114327, 2020, doi:
10.1016/j.apenergy.2019.1143217.

F. J. de Haro-Olmo, A J. Varela-Vaca, and J. A. Alvarez-Bermejo,
“Blockchain from the perspective of privacy and anonymisation: A
systematic literature review,” Sensors (Switzerland), vol. 20, no. 24, pp. 1—

21, 2020, doi: 10.3390/s20247171.

L. Michaels and Y. Parag, “Motivations and barriers to integrating
‘prosuming’ services into the future decentralized electricity grid: Findings
from Israel,” Energy Res. Soc. Sci., vol. 21, pp. 70-83, 2016, doi:
10.1016/j.erss.2016.06.023.

R. Jing, M. N. Xie, F. X. Wang, and L. X. Chen, “Fair P2P energy trading
between residential and commercial multi-energy systems enabling
integrated demand-side management,” Appl. Energy, vol. 262, no. January,

p. 114551, 2020, doi: 10.1016/j.apenergy.2020.114551.

D. Zhang, N. J. Samsatli, A. D. Hawkes, D. J. L. Brett, N. Shah, and L. G.
Papageorgiou, “Fair electricity transfer price and unit capacity selection for
microgrids,” FEnergy Econ., vol. 36, pp. 581-593, 2013, doi:
10.1016/j.eneco.2012.11.005.

R. Jing et al., “Multi-objective optimization of a neighborhood-level urban
energy network: Considering Game-theory inspired multi-benefit allocation
constraints,” Appl. Energy, vol. 231, no. May, pp. 534-548, 2018, doi:
10.1016/j.apenergy.2018.09.151.

R. L. Smyth et al., “Engaging stakeholders across a socio-environmentally
diverse network of water research sites in North and South America,”
Environ. Dev., mno. November 2019, p. 100582, 2020, doi:
10.1016/j.envdev.2020.100582.

179



References

[222] S. Hettinga, P. Nijkamp, and H. Scholten, “A multi-stakeholder decision
support system for local neighbourhood energy planning,” Energy Policy, vol.

116, no. July 2017, pp. 277-288, 2018, doi: 10.1016/j.enpol.2018.02.015.

[223] J. Wang et al., “Degradation of lithium ion batteries employing graphite
negatives and nickel-cobalt-manganese oxide + spinel manganese oxide
positives: Part 1, aging mechanisms and life estimation,” JJ. Power Sources,

vol. 269, pp. 937-948, 2014, doi: 10.1016/j.jpowsour.2014.07.030.

180



Appendix 1: Curve fitting coefficients

Appendix 1: Curve fitling coefficients

Table Al.1: Curve fitting coefficients for each representative day.

Curve fitting coefficient | Value
Winter
a 0.283
b, 0.0773
o 0.1898
d; 0.3186
Spring
a, 0.1735
b, 0.1967
Cy 0.2
dy 0.44
Summer
as 0.1735
b, 0.19
cs 0.3283
ds -0.017
Autumn

a, 0.3992
b, 0.02164
Ca 0.2285
d, 0.6939
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Appendix 2: Convexity proof

Appendix 2: Convexity proof

We prove that our problem is convex. Since all constraints are linear, it is
sufficient to prove that the objective function is convex. The objective
function is:

f= cheg(t,k) (1)
where

Q %
__ <cycle loss(%)(t k) . P

Cdeg(t,k) - 77% B(k) (2)

Since Pg( and #% are parameters, it is enough to prove that h= Qcyc,e losse)(tk) 1S
convex. To do so, we show that the second derivative of h, h" > 0.

h= Qcycle loss(%)(t,k) — Bl : eleme -Ah (3)
where
B, =aT’+bT +c
(4)
B,=dT +e
Moreover,
I (t
rate # (5)
cell capacity
Ah = (number of cycles)- DoD- (cell capacity) (6)
ASoC
number of cycles = @)

2(SoC,,, —SoC ;)

It is assumed that the operating SoC window of the battery is between 10%-
90%, so:

SoC,,, =0.9-(cell capacity)

8
SoC,, =0.1-(cell capacity) ©
ASOC = | - At, (SoC in Ah) 9)
Equation (7), using (8) and (9), becomes:
number of cycles = () (10)

2-0.8-(cell capacity)
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Appendix 2: Convexity proof

() _
DoD=———, (I(t) inAh
° cell capacity (1(t) in An) (11)

Equation (6), using (10) and (11), becomes:

2
Jr— @)
1.6-(cell capacity)

Equation (3), using (5) and (12), becomes:

1(t) 2
h — B .eBZ cell capacity I (t) (13)
' 1.6-(cell capacity)
We then show that A" > 0, considering battery temperatures between 0 — 80
°C (or 273.15 K — 353.15 K), I € [SoCmin, S0Cmax], and a = 8.63-106, b = -
0.00513, ¢ = 0.7631, d = -0.0067, e = 2.35 [223].

h=B .eBzcelllzfl:)lcity . 0.625- Bz ’ |2 (t) n 1.25-1 (t)
' (cell capacity)” ~ (cell capacity)

(14)

1)
h" = Bl .eBzceII capacity _ 0.625- 822 : |2 (t3) n 2.5 Bz 3 (t) . n 1.25 :
(cell capacity)’  (cell capacity)”  (cell capacity)
(15)

Functions A and A" (i.e., Qcycle 1oss and its second derivative) are illustrated
in Figure 0.1 for the above-mentioned temperature range, current range,
and coefficient values. Since A" > 0, h 1s convex. This means that cgeg(t,r) In
(2) 1s also convex, and, finally, the objective function (f) is convex, as a sum
of convex functions.

0.3 h for different temperatures g X 104 h" for different temperatures
©
\ Y
» 0.2 T @
5 S 5
o 0.1 2ag
8 27
8 ja—
@ —
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Figure 0.1: Qeycle10ss and its second derivative for the considered temperature range, current
range, and coefficient values.

183



