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Abstract

The Energy Internet (EI) is a new concept mainly related to peer-to-peer energy trad-
ing (P2PET) in a smart grid power network. It allows energy trading pairs to route
energy between each other directly. Energy routing algorithms and routing devices
are the core components of the energy internet. The effective transmission of power
between trading pairs in P2PET over the complicated EI is significantly dependent on
the deployment of an efficient energy routing algorithm. There are three main prob-
lems surrounding energy routing algorithms: subscriber matching, finding efficient
energy path and transmission scheduling. The fundamental objective of this thesis is
to focus on designing and building a realistic and efficient energy-routing approach
that handles subscriber matching, energy-efficient paths, and transmission scheduling.
Initially, we start by performing a comprehensive literature review. Firstly, we com-
bine matching prosumers and non-congestion energy efficient path selection by the
same objective function and propose an energy routing algorithm that optimizes both
energy prices and transmission losses. Then, we focus on minimizing energy transmis-
sion losses and propose the shift from single-path to multi-path-based energy routing.
The energy routing problem is formulated as a non-convex non-linear optimization
problem and a semi-decentralized multi-path energy routing approach is proposed.
For more realistic energy routing, we integrate the P2P power market constraints into
the multi-path-based energy routing and create a non-convex mixed integer non-linear
optimization problem. To solve the problem we proposed a new semi-decentralized
energy routing approach that solves effectively subscriber matching, energy-efficient

path and transmission scheduling problems.

Key words: Energy Internet, peer-to-peer energy trading, energy routers, energy
routing problem, subscriber matching, energy-efficient path, transmission scheduling,

congestion management, optimization problem.
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General Introduction

Rising energy demands in the twenty-first century, coupled with the threat of de-
pleting fossil fuel supplies and growing environmental concerns about the fuel’s role
in pollution and carbon emissions, have resulted in a major focus on investment in,
and development of clean renewable energy and low carbon technologies particularly
photovoltaic and wind energy. The rapid penetration of these distributed renewable
energy sources has marked a notable transition from a centralized traditional power
grid to a decentralized power system. Nevertheless, despite their benefits, owing to
their inherent distributed and intermittent nature the vast incorporation of distributed
renewable generation poses critical issues for grid operators regarding policy, energy
management, and operation, driving smart grid development.

To build an efficient, flexible and resilient energy system, the Energy Internet (EI)
has emerged as an extension of the smart grid to promote peer-to-peer energy trading
(P2PET) across the power system. Analogous to the information Internet, all dis-
tributed energy devices are interconnected through a mesh network of energy routers
(ERs) with bidirectional power and communication flow, where energy flow is treated
as a data packet and can be routed from a producer to a consumer. As the ability
to effectively transmit energy is the most desired aspect of the EI, energy routing
algorithms and routing devices constitute the core components of the EI. Recently
the development of ERs and energy routing protocols have progressively become a
prominent study issue in the EI which makes energy routing the next expected step
of EI expansion. Therefore, addressing the EI’s energy routing problem is a very
promising and significant field of study.

The effective transmission of power between trading peers in P2PET over the compli-
cated Kl is significantly dependent on the deployment of an efficient energy routing
algorithm. Given this context, designing an energy routing approach for P2PET
within EI is a challenging task. The designed energy routing approach should in-
corporate an appropriate subscriber-matching mechanism that allows consumers to
select the best producers to satisfy their demand, an efficient energy path selection

algorithm to determine the energy transmission path with the least loss of energy,
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and a transmission scheduling method to avoid network congestion issues for normal
ET’s operations.

Even though various algorithms have been proposed to address the energy routing
problem, including its three distinct challenges (subscriber matching, energy-efficient
path, and transmission scheduling), only a handful of existing solutions in the liter-
ature have addressed all three challenges (detailed in Chapter 2). Thus, the funda-
mental objective of this thesis is to bridge this gap by building a realistic and efficient
energy-routing approach that handles subscriber matching, energy-efficient paths, and
transmission scheduling. Because the energy routing procedure is much slower than
power transmission across transmission lines, the routing protocol should be dynamic

to adapt to the dynamic structure of EI and quick with low complexity.

In this thesis, first, a P2PET scheme is proposed. This scheme introduces a new energy
routing protocol based on meta-heuristic algorithms called the hybrid energy routing
protocol in Energy Internet. The proposed protocol addresses the three energy routing
issues: subscriber matching, energy-efficient paths, and transmission scheduling. In
which the best producers for each consumer with the non-congested minimum loss

path are determined.

Subsequently, focusing on tackling energy-efficient path and transmission scheduling
issues, a new formulation for the energy-efficient path issue is proposed as a non-
convex, non-linear optimization problem based on multi-path energy routing. To solve
this problem a new semi-decentralized energy routing algorithm that incorporates
graph theory and non-convex nonlinear programming, is designed. The algorithm
consistently produces an efficient multi-path solution for a particular energy trading
pair, taking into account the power flow direction constraint and precisely comput-
ing power losses during transmission. For possible path conflict scenarios caused by
simultaneous decentralized energy routing decisions, a centralized algorithm with a

new ranking concept is proposed.

Finally, focusing on solving the energy routing problem, including subscriber match-
ing, energy-efficient paths, and transmission scheduling. The energy routing problem
is formulated as a non-convex mixed-integer non-linear optimization problem that
minimizes the consumer’s energy cost. A new semi-decentralized energy routing ap-
proach that incorporates graph theory and meta-heuristics is introduced to allow each
consumer to select the best producers that minimize the energy cost, the amount of
power to get from each one, and the least energy transmission cost paths between
the energy trading pair while respecting the market and network physical constraints.

The simulation results demonstrate the effectiveness of the proposed algorithms.
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Outline of the Thesis

The substance of this thesis is structured as follows:

Chapter 1 introduces the evolution phases of power systems, following their history
from traditional power systems to the EI. It presents the EI, its essential compo-
nents, and technologies, with a categorization of current ERs. Following that, the
chapter discusses the energy routing problems with an explanation of its three major

challenges.

Chapter 2 provides an overview of research that has studied energy routing algo-
rithms. It gives a detailed study of existing power routing algorithms as well as a
novel classification of them that addresses their limitations, which can benefit a large

audience with an interest in this field of study.

Chapter 3 provides the primary hypotheses that will drive our research. It describes
the common aspects that underlie the approaches employed in Chapters 4, 5, and 6.
These factors include the mathematical formulation of the energy routing problem,

system components and parameters, and simulation tools used.

In Chapter 4, a hybrid energy routing protocol to address the three energy rout-
ing issues: subscriber matching, energy-efficient paths, and transmission scheduling
is proposed. The proposed protocol combines the power losses and energy prices in
the same objective function and selects the best producer for each mono-source or
multi-source consumer with the free congestion energy efficient path. The efficiency
of the proposed energy routing algorithm is evaluated by performing thorough simu-
lations and comparing its performance to that of previously developed energy routing

algorithms.

In Chapter 5, the mathematical energy routing model in Chapter 3 is expanded to
include multi-path power transmission and Power Flow Direction constraint (PFD).
Due to the non-convexity of the PFD constraint, the energy routing problem is trans-
formed into a non-convex non-linear optimization problem. A semi-decentralized en-
ergy routing algorithm is proposed to determine an efficient free-congestion multi-path
solution for a particular energy trading pair while respecting the network’s physical
constraints including the PFD and capacity constraints. For possible path conflict sce-
narios caused by simultaneous decentralized energy routing decisions, a path conflict
management algorithm is employed by an NSO. The efficiency of the proposed energy
routing algorithm is evaluated by performing thorough simulations and comparing its

performance to that of previously developed energy routing algorithms.



Chapter 6 introduces a new P2P energy trading framework. It enhanced the math-
ematical energy routing model in Chapter 5 by integrating the trading market con-
straints to the multi-path energy routing, which makes the problem a constrained
non-convex mixed-integer non-linear optimization problem to optimize the total en-
ergy cost. A novel semi-decentralized energy routing approach that uses graph theory
and metaheuristic methods to match the prosumers and select the free-congestion
least-cost paths. The energy transmission paths are determined based on their trans-
mission costs rather than their energy losses. The simulation results demonstrate the
effectiveness of the suggested semi-decentralized energy routing approach in solving

the energy routing issues.

Chapter 6.5 concludes the thesis by reviewing the contributions and making sugges-

tions for further research.



Part 1

State of the art






Chapter 1

Evolution of Power Systems and

the Energy Internet

The work in this chapter and Chapter 2 has been published in The Journal of Su-
percomputing since 2024 [4]: Sara Hebal, Djamila Mechta, Saad Harous, and Lemia
Louail. A comparative study of energy routing algorithms to optimize energy trans-
mission in energy internet. The Journal of Supercomputing, pages 1-57, 2024. inter-
net. The Journal of Supercomputing, 2024.

This chapter provides an overview of power systems, focusing on the Energy Internet
(EI). Tt investigates the issues of energy routing inside the EI, emphasizing the key
needs for energy routers and efficient energy routing algorithms. The chapter empha-
sizes the significance of establishing sophisticated energy routing algorithms to enable

smooth energy distribution in the EI.

1.1 Background on power system

For decades, traditional power systems have met the energy needs of consumers for
their homes and businesses effectively. However, the over-reliance on fossil fuels (crude
oil, coal, and natural gas) to fulfil the rising energy demand has led to several unde-
sirable results, including natural resource depletion, increasing pollution, impending
climate change, with an increase in the generation and service prices. To fulfil cur-
rent and future energy demands, practically all nations have shifted their attention
to renewable energy sources and low-carbon technology as one of the most promising

solutions. The integration of renewable energy sources has led to a transition in the
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power system structure from centralized power systems to the advent of the energy in-
ternet, passing through distributed generation systems, smart grids, and peer-to-peer
energy trading systems (Figure 1.1).
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FiGURE 1.1: Development of power systems.

1.1.1 Conventional centralised power system

Most countries’ conventional electric power systems have been designed in the manner
depicted in Figure 1.2. Large-scale power plants, also known as generation stations,
such as thermal, hydro, and nuclear power plants, generate electricity. The electricity
flows in one direction from the power plant to the end consumers through transmis-
sion and distributed systems. In the transmission system transformers increase the
voltage to high levels to reduce power losses, while substation transformers reduce
the voltage level at the distribution system, where energy is provided to customers
[5]. The electricity market is frequently arranged in a unidirectional manner. Genera-
tion companies often sell massive amounts of electricity to wholesale retailers. Then,
these retailers sell smaller amounts of electricity to end consumers [6]. Consumers are

charged according to the amount of power they use during a certain period (in kWh).

Despite the central energy system’s effectiveness in satisfying customers’ demands to

this day, it has several shortcomings that must be addressed. A single component
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FIGURE 1.2: Conventional centralized power system.

failure in the power system can have a huge influence on the entire system, pro-
ducing power generation issues, local power outages, and even widespread blackouts.
Furthermore, absolute reliance on fossil fuels for energy generation has significantly
contributed to environmental pollution and the developing issue of climate change,
as burning fossil fuels for electricity generation is the main source of greenhouse gas
emissions [7]. Besides, it is commonly acknowledged that fossil fuels will be depleted

and will become extremely costly to use.

1.1.2 Distributed generation

In response to increased pollution caused by traditional centralized energy systems’
use of fossil-fired power plants, growing energy demand, and rising energy costs, al-
most all countries have shifted their focus to replacing these sources with renewable
and environmentally friendly energy sources. Renewable energy generators are gen-
erally significantly smaller than fossil-fuelled and nuclear-powered generators. With
the exception of large-scale hydropower generators and big offshore and onshore wind
farms, most renewable energy generators are far smaller than fossil fuel generators
and nuclear power [8], and so produce significantly less energy. Because high-voltage
transformers and switchgear are expensive, small renewable energy generators can-
not be integrated into the transmission system. As a result, these generators must
be linked to the distribution network. This type of generation is referred to as a
distributed generation. In distributed power generation (DG) also called decentral-
ized generation and embedded generation, electricity is generated at the distribution
level using renewable energy sources (RESs) and low-carbon technologies such as solar
panels, wind turbines, combined heat and power, and fuel cells [8]. These RESs are
distributed across the grid to enable the production and transfer of energy from vari-
ous locations to consumers, where consumers equipped with small-scale RESs such as
photovoltaic systems and battery storage can also produce power and are known as

prosumers. The increasing penetration of such RESs has shifted the grid’s centralized
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structure to a distributed structure. Figure 1.3 illustrates a distributed generation
power system.
DG systems [9] improve network efficiency, reduce CO5 emissions and minimize energy
costs and power losses throughout transmission and distribution networks compared
to typical centralized power systems. However, due to the volatility and intermittency
of RESs, these systems cannot ensure energy self-balancing [10].
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FI1GURE 1.3: Distributed generation power system.

1.1.3 Smart grid

The proliferation of distributed energy resources has several advantages including;:

m Lowering the carbon emissions
m Decreasing the energy transmission losses and cost

m Decreasing the load placed on the main grid, by meeting a portion of the demand

through local energy generation.

However, since solar and wind are the most widely utilized sources and their gen-
eration fluctuates and depends on weather conditions; switching the grid’s energy
production from traditional approaches to full dependence on RESs cannot totally
ensure energy balance. Furthermore, incorporating such RESs into the power system

with its real-time operation is highly difficult [11], their power fluctuation can lead
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to voltage violation, reverse power flow, missing transmission grid capacity, or insuffi-
cient generation adequacy [12-14]. Energy storage systems (ESSs) may be utilised as
a critical solution to alleviate the challenges connected with RESs while integrating
them into the power system network [15]. ESSs are intended to be charged during
periods of low energy demand and discharged during times of high consumer demand
[16]. Accordingly, EESs refers to a process of converting electrical energy from an elec-
trical power network into a form that may be stored and converted back to electrical
energy as necessary [17]. The integration of ESSs enables stable renewable generation
and rapid regulation.

To ensure the smooth operation of power systems, RESs and ESSs must be intercon-
nected to the utility grid and managed utilising sensing capabilities combined with
information and communication technology, resulting in Smart Grid [18]. As stated
by the National Institute of Standards and Technology (NIST), USA, the smart grid
(SG) is” A modernized grid that enables bidirectional flows of energy and uses two-way
communication and control capabilities that will lead to an array of new functionalities
and applications”. SG, also known as intelligent grid, is an advancement of the cen-
tralised grid that is currently being investigated, developed, and installed throughout
the world. The SG involves bidirectional communication and power flow between the
utility supplier and its consumers, advanced smart devices and smart houses, smart
meter technology, advanced communication and control technologies, and computa-

tion intelligence [19-21]. Figure 1.4 represents the structure of Smart Grid.
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FIGURE 1.4: Smart Grid structure.

Various strategies, such as Demand Response (DR) technology and home energy man-
agement systems (HEMS), were proposed in the SG using information and commu-
nication technology to increase energy efficiency and create successful coordination

between local distributed renewable generation units and power systems. In DR, the
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utility grid uses real-time electricity prices to persuade consumers to reduce their
demand. Consumers, on the other hand, use HEMS and try to schedule their con-
sumption based on real-time pricing and their consumption information in order to
minimise their electricity bills [22]. DR and HEMS lower consumers’ electricity bills
and shift electricity demand from on-peak to off-peak periods.

A number of initiatives have been implemented in an effort to further minimise the
carbon footprint and reliance on the main grid. Feed-In Tariffs [23], carbon taxes,
and other financial instruments have all been proposed in many nations as ways to
promote the development and penetration of renewable energy generation and encour-
age traditional consumers to become prosumers. A prosumer is an active consumer
equipped with RESs like rooftop solar panels, micro-wind turbines, and domestic bat-
tery storage, and actively controls their energy consumption, production, storage and
share [24]. Figure 1.5 represents an illustration of consumers and prosumers in the
SG. The power generated by RESs is capable of not only meeting load requirements
but also of feeding excess power produced to the electricity grid when supply exceeds
load demand. Prosumers inject their excess and unused power into the grid using
Feed-in-Tariff rate scheme (FiT)[23]. FiT is a price-driven strategy designed to en-
courage the increased use of RESs, enables prosumers to sell excess surplus energy
to the grid (or, alternatively, to retailers) at a fixed price per unit of energy, and can

also purchase energy from the grid if there is a shortage [23, 25].
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FIGURE 1.5: Illustration of Consumers and Prosumers in SG.

1.1.4 Peer to peer energy trading system

With the FiT scheme, prosumers in most countries now have two alternatives for
their excess energy production: they may either inject it into the grid for monetary
compensation (FiT) or store energy in a battery storage device for later use. Because

of the fast and unexpected penetration of small-scale renewable energy generators
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by consumers, governments started reducing the FiT rates. The substantial disparity
between the rising retail prices and FiT rates for consumers has resulted in the closure
and decline of FiT in many countries, making investment profitability questionable
[26]. Batteries, on the other side, remain excessively expensive and unprofitable for
the majority of consumers [27]. Therefore, it is essential to create prosumer-centric
schemes that can increase prosumers economic benefits and motivate them to use
distributed RESs more effectively.

In this regard, Peer-to-Peer Energy Trading (P2PET) has been proposed as a novel
market paradigm which enables a direct electricity exchange among prosumers and
consumers without the interaction of a central authority unit (such as a utility com-
pany) while increasing their economic benefits [28]. Apart from injecting the electric-
ity into the grid at a given price defined by the grid operator (FiT), P2PET allows
prosumers to sell their surplus electricity to a set of trading partners that could be
consumers who do not have RESs such as PV systems or other prosumers whose cur-
rent demand exceeds their generation [29)].

The primary focus of P2PET is to disrupt the centralised electrical grid architecture
by enabling direct energy delivery and communication amongst different prosumers
with distributed RESs. P2PET has the ability to benefit prosumers, consumers, and
the utility grid. Consumers and prosumers with energy needs can purchase energy
from other prosumers at a cheaper rate compared to utility grid tariffs, while pro-
sumers with a surplus can increase their income by selling their excess power at a
higher price than FiT rates [30]. Furthermore, it permits them to set their own
selling and purchasing prices as well as the energy source. Accordingly, P2PET is
a decentralized, open and competitive energy market. The electricity market is no
longer monopolised by a limited number of large-scale utility corporations because of

P2PET. Figure 1.6 represents the concept of P2PET system.
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FIGURE 1.6: Peer-to-Peer Energy Trading.

In addition to the created financial benefits for individual consumers and prosumers,
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P2PET can also maximize the advantages of the distributed generation, such as mak-
ing better use of RESs, reducing the dependency on the main grid, keeping the power
system resilient to outages and stabilizing the electricity supply [31, 32]. Since most
P2PET markets are anticipated to emerge in grid-connected systems [33], they must
fit and complement the current energy systems [34].

P2PET platforms have been created in industrialised countries including sonnenCom-
munity in Germany [35], Piclo in United Kingdom [36], Vandebron in Netherlands [37],
PowerLedger in Austrilia, Yeloha [38] and TransActive grid [39] in USA.

1.1.5 Energy Internet

Despite the usage of an intelligent network with many interesting features, current
research reveals that the SG still has considerable limits including the insufficient
utilisation of energy forms such as chemical, biomass, and heat systems, the reliance
on existing structures, that further outcomes in inefficient routing or scheduling, and
the security vulnerabilities [40, 41]. The concept of Energy Internet (EI) has emerged
in recent years, with the objective of reducing and eliminating many of the SG’s con-
cerns. EI, also known as the Internet of Energy, Global Energy Internet, and the
Future Smart Grid was initially proposed by Rifkin and Tsoukalas’s studies. The
American economist Jeremy Rifkin initially put out the idea of EI as the third in-
dustrial revolution in his book "The third industrial revolution: how lateral power is
transforming energy, the economy, and the world’ [42]. According to Jeremy Rifkin,
the EI is an energy system integrated with internet technology to make efficient use
of renewable energy while enhancing energy efficiency and reliability of the power sys-
tem. While Tsoukalas envisioned and introduced the EI as the SG’s successor [43, 44]
EI can be viewed as a multi-energy correlated network that connects multiple energy
networks such as power grid, natural gas network, cooling and heating system, en-
ergy storage systems, distributed energy generation, and different loads, etc [45-47].
EI incorporates current SGs, the Internet of Things (IoT), renewable energy, storage
devices, electric vehicles (EV), big data processing, and other advanced technologies
such as smart monitoring and intelligent management [44, 48, 49]. Figure 1.7 repre-
sents a vision of the EI. While Table 1.1 provides a comparison between the SG and
EL

Today, the EI is the focus of extensive, continuous research. The literature on EI en-
compasses a variety of interpretations, conceptualizations, models, and perspectives.
Although all proposed EI models have many similar characteristics, no clear, exact,

and comprehensive global definition of EI exists. However, there is a consensus that
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FIGURE 1.7: Vision of the Energy Internet.

the main focus of EI is to provide a sustainable and robust energy system that en-
hances access to scalable and distributed RESs and increases the efficiency of energy
transmission. Simply, EI is the Internet of energy systems for large-scale energy shar-
ing. The EI concept was inspired by the information internet. As a result, certain
aspects of the information internet, such as plug-and-play mechanisms, information
routers, open-source software platforms, and so on, have been imitated by the EI
[51, 52]. However, EI sets itself apart in terms of network structure, features, services
offered, various equipment types, and how it employs internet technology for informa-
tion exchange to promote bidirectional power and money transfers [45, 53|. Table 1.2
shows a comparison between features of information internet and EI.

Currently, there is no operational EI model around the world. However, several
El-related projects have been launched in industrialised nations, such as the future
renewable electric energy delivery and management (FREEDM) system project in
USA [54], the E-energy project in Germany [55], the digital-power grid project in
Japan [56].

As previously stated, the EI supports a variety of energy sources and forms. The en-

ergy flow in this study is stored and distributed as electrical energy. Also, the terms
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TABLE 1.1: Comparison between SG and EI

Smart Grid

Energy Internet

m Electric power system

m One type of energy (electric energy)

m Bidirectional information and communica-
tion flow

m Information system is based on industrial
control system

m Feed-in-tariff scheme for energy sharing be-
tween prosumers and utility grid

m Distributed generation

m Smart meters are widely used

m Cover a small-scale energy system (regional
system)

m Researches focus on local energy consump-
tion and control

m International standards available, such as
IEC 61850 [50]

Electric power system, transportation sys-
tem, natural gas system

All types of energy (Electric energy, thermal
energy and chemical energy)

Bidirectional information and communica-
tion flow

Uses an open information network (Internet)

Peer-to-Peer energy trading market where
prosumers can share energy among them-
selves and with the utility grid

Distributed generation
Energy Routers are the core component

Wide-scale energy system (internet of power
systems)

Focus on creating an interconnected, robust
and reliable power system with an increase of
energy efficiency (generation, transmission,
and consumption) and an efficient use of dis-
tributed RESs

No standards are available

TABLE 1.2: Comparison between EI and Information Internet

Information Internet

Energy Internet

m Share information (Data)

m Information generation using Servers (Application
servers, web servers, etc)

m Access for all

m Two-way of information and communication

m Connects different computers and servers
m Communication subnet (wired and wireless)
m Mesh network

m Storage using buffers, short-term or long-term
memory

m Data is constantly created, retransmitted and
stored

m Controls nodes and Routers

m Only information internet

Share energy (Electricity)

Energy generation using renewable and non-
renewable distributed energy sources

Access for all

Two-way of information, communication and
power flow

Connects different forms of energy networks
Transmission and distribution power lines
Mesh network

Storage using batteries, ultra-capacitors

Energy can not be regenerated and retransmitted
but it can be stored

Controls nodes, smart meters and Energy Routers

Combines IoT, information internet, large data
processing, power electronics, smart technologies
and devices.
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energy and power are used to refer to electricity.

1.1.5.1 Structure of Energy Internet

The idea behind the EI is to connect all different types of distributed energy resources
in a way that is open and interconnected, much like the Internet, to enable bidirec-
tional power flow and large-scale P2PET [57]. The architecture of the EI is similar
to that of the information Internet and comprises large and small-scale distributed
power generation systems (e.g., solar, wind, combined heat and power, geothermal),
conventional energy power plants, ESSs (advanced batteries and super capacitors),
EVs, consumers, also referred to as loads (e.g., smart homes, buildings, industrial
users), and prosumers (consumers equipped with RESs such as rooftop solar panels
or micro wind turbines) connected in a mesh network through energy routers [57-60].
Energy Routers (ERs) are considered to be the primary component of EI as they are
responsible for energy routing in addition to other functionalities such as information
exchange, energy conversion, scheduling and control, etc [10]. Since large-scale EI is
structured into smaller-scale local area Els [3] (microgrids), forming a hierarchy of
three levels: distribution network level, microgrid level, and user level [10]. Conse-
quently, energy transfers in EI are predicted to occur at different levels; hence, ERs
are expected to be deployed at different levels [10, 57]. Based on their implemen-
tation level, ERs are classified into two categories: user-level ER and grid-level ER.
The user-level ER is a low-voltage ER connected directly to the user and acts as a
HEMS, providing coordinated control of the user’s RESs, ESS, and loads [61, 62], and
connecting the user (it could be house with or without RESs, EV charging station, an
office, etc) to the grid. Consumers, prosumers, distributed energy sources, and ESSs
at the microgrid level are connected through grid-level ERs, which are also used to
interconnect several microgrids at the distribution network level. Figure 1.8 shows

the EI structure with the two categories of ERs.

1.1.5.2 Key elements and technologies of Energy Internet

EI is one of the world’s largest and most complicated infrastructures proposed by
mankind. It provides a fresh concept and vision for boosting the performance of
the electrical grid in power generation, transmission, distribution, consumption, stor-
age, and monitoring. This section discusses critical technologies that can aid in the

implementation of the EI.
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1. Smart Grid: is a crucial dimension of the EI. It combines a connected power

system, an intelligent network, and smart monitoring in order to enhance energy
usage [63]. The spread of intelligence by the deployment of smart houses and
buildings, with smart appliances, smart meters, and intelligent energy manage-
ment systems, allows for more accurate monitoring and precise control of energy
usage. Users may monitor and control the amount of power utilised by their
household appliances by using smart HEMSs [64]. Smart meters work together
with the smart HEMSs providing real-time information about energy consump-
tion, rooftop solar production, available capacity of ESSs, energy pricing and
much more [65]. For the EI, SG will offer energy prediction, control and obser-

vation.

. Energy Router: is a fundamental and active technological component for

achieving a functional EI infrastructure. It is often referred to as an electric
energy router or power router, that combines information exchange and power
transmission. ER is a sort of electrical equipment capable of multi-directional
power transmission and active power flow regulation [66]. Real-time communi-
cation among power devices and dynamic adjustments of energy flows in trans-
mission and distribution networks by rerouting energy flows are two of ER’s
main functions [67, 68]. The future renewable electric energy delivery and man-
agement system center (FREEDM) was the first to propose the ER concept [54].
In addition to the real-time information exchange and the dynamic routing of
energy flows, ER is a multi-functional device that has other functionalities such
as voltage regulation, multiform energy conversion, reactive power compensa-

tion, and power quality regulation [69]. These functions are still accomplished in
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current electrical networks in Algeria by switches, disconnectors, transformers,
and reclosers, most of which are operated manually.

In order to exchange energy effectively at the right frequency, electric current,
and voltage, whether as direct current (DC) or alternating current (AC), ER
must interact with the numerous attached users (such as distributed RESs,

ESSs, loads), and other ERs [70].

ERs are still in their infancy and are the topic of significant research and de-
velopment. As a consequence of continuous research on ER architecture, design
modelling, functionalities, and control mechanisms, four different types of ER

designs have been generated, which are described in further detail below.

m Solid State Transformer based ER (SST-based ER): is a commonly
used ER model in several EI models. It is the first ER model that FREEDM
center [54] has suggested. The SST-based ER converts different energy
forms and voltage levels in the distribution network or microgrid [10]. As
shown in Figure 1.9, SST-based ER consists of three principle modules:
the energy management module (energy control center), power electronic
conversion module (Solid State Transformer), and multiple plug-and-play

interfaces [71].

Energy management
module (control center)

Power electronic conversion module (SST)

— N
istribution o |HVAC [N MVDC LVDC |= LVACT
o =1 AC load
network £ = ~ =

DC bus

T
Storage } DC load W

FIGURE 1.9: The structure of SST-based ER [10, 54, 68, 71]

Renewable
anergy

Using information flow, the energy management module may realise com-
munication, power routing, and management. There are two forms of com-
munication: intra-communication, which occurs within the ER between
the controller, solid-state transformer (SST'), and each electrical port, and
inter-communication, which occurs between various ERs [67]. The power
electronic conversion module (SST) is a type of power electronic equipment,
whose primary function is to convert electricity from the high voltage in

transmission lines to various levels of low voltage that are appropriate for
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usage by electrical appliances. Actually, the SST has many more function-
alities than just a voltage step-down function including power conversion,
integration of RESs, and reactive power compensation [10, 54]. This SST
is typically composed of a succession of sub-transformers interconnected in
a three-stage topology to convert voltages [68]. The first stage is the high-
voltage AC/DC power conversion stage, which converts the high-voltage
alternating current (HVAC) to medium-voltage direct current (MVDC).
The MVDC is then transformed to a regulated low-voltage direct current
(LVDC) using the middle-frequency DC/DC converter stage, which gen-
erates a regulated DC bus and allows the direct connection of distributed
energy sources such as RESs, ESSs, etc. Whereas the DC/AC inverter stage
produces a low-voltage alternating current (LVAC) that can be utilized for
connecting AC loads or grids. These three-stage sub-transformers are tied
to a variety of electrical ports that serve as plug-and-play interfaces. Var-
ious electrical appliances as well as energy networks can be connected to
each interface or port, as long as the combined power does not exceed the
interface’s capacity restrictions. The SST with three-stage topology pro-
vides isolation between its input and output ports, reducing the number of
components engaged in power conversion and boosting the overall system'’s
power density and reliability [72]. It has also the ability to regulate both
active and reactive power, voltage compensation and fault isolation [71].
SST-based ER only supports electrical energy [73] and is suitable for trans-
mission, distribution, and microgrid networks, indicating that it is a grid-
level ER.

Multi-Port Converter based ER (MPC-based ER) is constructed
from a control center and a set of ports with bidirectional converters inter-
connected with a common DC bus that serves as an energy transmission
intermediary. As shown in Figure 1.10, the two types of MPC-based ER
are DC MPC-based ER and AC/DC MPC-based ER (hybrid MPC-based
ER). The DC MPC-based ER has only DC ports or interfaces and routes
energy through DC/DC converters. AC/DC MPC-based ER, on the other
hand, uses AC/DC hybrid power ports to route energy through AC/DC,
DC/AC, and DC/DC converters [74]. MPC-based ER allows the connec-
tion and control of all kinds of DESs (RESs,ESSs, ...) and loads and
attains a higher degree of reuse and integration [10]. It is usually used in
low-voltage home distribution systems and serves as an interface between
the consumer and the distribution grid. MC-based ER is now referred to as

a "home energy router” since it is equipped with home energy management
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techniques that allow for intelligent power flow routing and control within
the home [75, 76].

Energy management Energy management
module (control center) module (control center)

DC bus

P DC micro- Distribution P AC micro-
DC/DC network AC/DC AC/DC grid
DC bus

DC/DC DC/DC DC/DC DC/AC DC/DC DC/DC DC/DC
[Renewab\e] { Storage ] [ DC load ] {AC load J E?enewab\e} [ Storage } [ DC load J
energy energy

(a) DC MPC-based ER (b) AC/DC MPC-based ER

FIGURE 1.10: The structure of MPC-based ER, (a) DC MPC-based ER, (b)
AC/DC MPC-based ER [10, 68, 71, 74]

Power Line Communication based ER (PLC-based ER) is de-
picted in Figure 1.11, where energy and information can be transmitted
over the same transmission line. The use of PL.C technology in the ER has
the following benefits: no need to rewire the network, lower ER volume
and cost, and lower communication costs [68]. However, It has also sig-
nificant disadvantages, including loud noise, constrained bandwidth, signal
attenuation, low transmission rate, and no communication fallbacks in the
incident that the power line is broken or damaged [73, 77]. The PLC-
based ER’s main principle is to send power in the form of energy packets
[73]. Each energy packet would be preceded by a header containing the
address of the source and destination devices and ended with a footer that
may contain the synchronisation signal for the ER [78-80], similar to an
information packet on the internet. PLC-based ER makes use of mul-
tipath transmission and time division of energy flows [81], which is not
possible with conventional PLC technology. By using the time-division
multiplexing (TDM) mechanism, energy packets are multiplexed through-
out a transmission line. Then, individual energy packets are separated out
at the receiving end of the transmission line using ER and routed to the

appropriate end users (load destination).

Switch Array based ER (SA-based ER) is a newly suggested design
that is primarily centred on a switch array. It functions as a HEMS and
is typically used in low-voltage household distribution systems. As shown
in Figure 1.12, SA-based ER is composed of input and output ports for
power sources and loads respectively, two AC buses separated with a switch

array, one of them is connected to the grid and loads while the other one is
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FIGURE 1.11: The structure of PLC-based ER [10, 68, 74, 81].

connected to the distributed energy sources such as RESs, ESSs, EVs, and
small diesel generator, in addition to a DC bus with a AC/DC converter
[82]. The switch array allows load-switching capabilities for efficient energy

utilization by maximizing the use of renewable energy [83].
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FIGURE 1.12: The structure of SA-based ER [82].

Table 1.3 represents a comparison between the different ER designs.

Despite the significant differences in the suggested models of ERs, they share
comparable functional perspectives aimed at increasing large-scale renewable
energy utilization and efficient power flow transmission. Currently, the devel-
opment of ER is in the pilot implementation stage and still needs a lot of effort

before it can be widely used.

. Distributed energy sources (DESs): are the cornerstone of EI including

small and modular energy sources with a limited capacity of 30 MW or less and
are often situated close to the end-users. These DESs are classified into three

different categories:

m Renewable energy sources such as rooftop solar panels, wind turbines,

micro-hydro plants, biomass generators, and fuel cells.
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TABLE 1.3: Comparison between the different ERs designs

ER ER Components ER Functions Application level Proposed
Model ERs
m SST m Solid state trans- Bidirectional energy flow m A grid level m [67],
E;Eed former Bidirectional information flow router used in: g%
» DC/DC converter Integration of multiple distributed en- m Transmission
m AC/DC converter ergy sources system
m Multiple Ports Flexibility control of active and reactive m Distribution sys-
ower tem
m DC bus p . .
m Control center Conversion of multiple energy forms to = Microgrid system
satisfy multiple types of energy demand
Conversion of different voltage levels
(voltage compensation)
Isolation between input and output
ports
n MPC m DC/DC converter Bidirectional energy flow m Household  dis- m [74],
. m AC/DC converter Bidirectional information flow tribution system [75],
ER (user level [76],
m Multiple Ports Integration of multiple distributed en- router) [84],
a DC bus ergy sources [85]
a Control center Cor.wersion f)f multiple energy forms to
satisfy multiple types of energy demand
Isolation between input and output
ports
Acts as a home energy management sys-
tem providing an intelligent control and
routing of energy flows inside the home.
Provide bidirectional power flow among
neighbors or main grid
n PLC m Time division mul- Bidirectional energy flow m Household  dis- m [81]
Ezged tiplexer Bidirectional information flow Erlbutlon syﬁteni
user eve
= Router Integration of multiple distributed en- router)
m Multiple ports ergy sources
m Transmission line Use the energy packet mode
m Control center Use the time division multiplexing
m Battery storage mechanism
Information and energy are transmitted
in the same transmission line
Acts as a home energy management sys-
tem providing an intelligent control and
routing of energy flows inside the home.
Provide bidirectional power flow among
neighbors or main grid
Provide an ER with lower volume and
cost and network with simple wiring
m SA m Smart switches Bidirectional energy flow m Household  dis- m [82],
based m AC/DC converter Bidirectional information flow tribution system [33],
ER ] . ) o (user level (86]
m Multiple ports Integration of multiple distributed en- router)
a DC bus ergy sources
a AC bus Optimize the use of renewable energy

Control center

by the switch array.

Acts as a home energy management sys-
tem, providing intelligent control and
routing of energy flows inside the home.

Provide bidirectional power flow among
neighbors or main grid

Operates in connected and isolated
modes.
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m Non-renewable energy sources such as natural gas turbines, combus-

tion turbines, diesel generators and micro-turbines.

m Energy storage systems such as batteries and aggregated EVs.

The dependency on conventional fossil fuel-based generating systems decreases
as more and more RESs are incorporated into the EI. Since these RESs are
becoming more affordable and with low or no carbon emissions, there is now
a tremendous increase in their utilization worldwide. RESs may be used to
generate electricity, provide cold /heat, and provide other energy services that
traditional energy sources provide [8]. Wind and photovoltaic energy are the
most advanced, cost-effective, and widely employed RESs. The wind power sys-
tem, which uses the wind source to generate electricity, is regarded as the first to
be competitive with traditional power plants. Wind turbines transform the ki-
netic energy of the wind into mechanical power, which is subsequently converted
into electricity by generators. The size of the wind turbine and the wind speed
affect the power production. The most pervasive and plentiful energy source
on the planet is solar energy, and grid-connected PVs are now the renewable
energy technology with the greatest growth rate, increasing by 40 % annually
year over year [8]. In a solar power system or photovoltaic system, solar panels
generate DC energy by absorbing sunlight through photovoltaic cells composed
of semiconductor materials and converting it to usable AC energy with the aid
of inverter technology.

Since RESs have not been sufficiently developed to supply the entire demand,
and their energy output is extremely variable and unpredictable due to climate
and geographical location, RESs must be integrated alongside other comple-
mentary technologies such as energy storage systems. However, the integration
of DESs brings significant challenges to EI including commercial, technical, and
safety issues [87], among which we mention the voltage and frequency fluc-
tuations, the increasing power losses, the high computation burden, and the
communication topologies [88, 89]. For an efficient and sustainable EI, DESs
specially RESs should be integrated with advanced control, metering, communi-
cation, and other improved related technologies that can promote the develop-
ment of renewable energy technologies, such as energy storage, DC, and power

electronics technologies

. Energy storage systems (ESSs): a substantial portion of the EI consists

of distributed ESSs, whether they are in a fixed or mobile installation. ESSs
can be found in EVs, residential, commercial, or industrial buildings, either in-

dividually or as a group [90]. As previously mentioned, the incorporation of
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RESs into EI brings new challenges in energy management due to their fluc-
tuation, variability, intermittency, and dependence on weather conditions. For
instance, wind turbines may perform poorly in calm weather, solar panels may
be unproductive in cloudy weather, and RESs may occasionally produce too
much energy, overloading the system. As a result, ESSs are seen as a ground-
breaking solution to RESs integration issues, to optimize energy management,
and to balance energy generation and consumption [91]. ESSs are primarily
intended to gather energy from numerous sources, convert it into another form,
and store it as required for a variety of uses. ESSs serve as an energy buffer
that can be installed either by the utility company as a backup supply or by the
consumer as a battery backup, they charge during low energy cost period and
discharge during high cost period, which lowers the cost of electricity for users
by supplying power during times of peak demand and generates some financial
benefits for users by trading their excess energy to the grid [90]. Furthermore,
it provides grid support during peak hours by ensuring an uninterrupted power
supply to avoid potential blackouts. In terms of the forms of stored energy,
electrical energy storage techniques are mechanical, chemical, thermal, kinetic
mechanical, electrochemical, and electric-magnetic field storage [92]. There are
now a variety of energy storage technologies available, including flywheel energy
storage devices, supercapacitors, compressed air, pumped hydro, and small-scale
batteries. Authors in [91] provide a classification of ESSs based on the form of
energy stored.

ESSs can be used in EI to reduce peak demand, address the intermittent nature
of a large share of RESs, enhance the capability of grid frequency regulation, cre-
ate a reliable supply and improve grid reliability, stability and efficiency [93, 94].
By 2030, the need for ESSs is predicted to quadruple from its current level [95].

5. Electric Vehicles integration (EVs): The majority of the energy used in
today’s transportation system comes from fossil fuels like gasoline and diesel.
Transportation systems are a major source of air pollution, so many countries
are electrifying their transportation systems by introducing electric vehicles as
a renewable energy alternative for the transportation sector. Electricity for EV
charging stations can be supplied from the grid or directly from a PV system
which increases the use of RESs [96]. EVs use one or multiple batteries, fuel
cells, and ultracapacitors as energy sources [97]. With the introduction of EVs,
plans were established to employ EV batteries as mobile energy storage units in
order to reap the full benefits of EV integration in grid infrastructure. There-

fore, according to their charging state EVs can be both consumers and producers
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(prosumers) in the grid since they have the ability to store energy using their
batteries and feed it back into the system as required [98]. This is known as
vehicle-to-grid technology (V2G). V2G technology creates a bidirectional en-
ergy flow between EV and the grid, allowing the EV to serve as a backup power
supply in the grid by supplying power during peak demand periods [99].

EVs are critical components of the EI since they connect a transportation net-
work to an electrical network. The integration of EVs with V2G technology in-
creases the usage of renewable energy, lowers greenhouse gas (GHG) emissions
for the transportation industry, provides potential income for vehicle owners,
and enhances grid stability, reliability, efficiency, and power quality [100, 101].
However, uncoordinated widespread EVs usage has the potential to alter the
load profile, change the scheduling of power sources, reduce the quality of the
electricity, and lead to other issues with power regulation [97, 102]. Hence, in-
telligent and efficient EV energy management systems are required for efficient
EV integration in the EI.

. Plug-and-play interface: An open interface between electronic components

and the EI is the plug-and-play interface. It simplifies communication so that
El-connected devices may be identified anytime, anywhere. It aids in the quick
and simple detection of power devices such as loads, DERs as soon as they are
connected to the EI, much like information transfer using an USB device in
personal computers [53, 73]. There are many interface types (AC/DC) that the
plug-and-play interface can have. In an EI, plug-and-play functionality is vital

to automatically connect the different DESs and loads to the grid.

. Energy conversion and multi-energy interconnection: The EI is a multi-

energy network that connects networks for gas, heat, and electricity. The inte-
gration of diverse forms of energy enables the optimization of the entire energy
system [93]. Multiple forms of energy conversion, such as the conversion of
heat /electric power into chemical/mechanical energy and storing it for later
use, power-to-gas systems, combined heat and power systems, and power-to-
heat systems, permit the coordinated operation of several energy networks and

improve the utilization of energy resources.

. Reliable communication technologies: The combination of energy and

communication infrastructure is critical to the success of EI. The bidirectional
flow of information between energy components, customers, prosumers, and the
utility grid will increase the amount of data that must be transferred and pro-

cessed [93]. Also, efficient P2PET and efficient operation of EI will need a secure,
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reliable, fast and efficient information collection, processing and transmission.

Therefore, advanced information and communication technologies are required.

9. Peer-to-Peer energy trading platforms: P2PET (detailed in Section 1.1.4)
provides several potential advantages, including the potential to decrease peak
demand, promote the deployment of RESs, lower overall operating and invest-
ment costs, especially for ESSs, give consumers and prosumers options that are
consistent with community values (prosumers are free to autonomously choose
their energy-sharing settings, including how much energy to give and at what
price, as well as who and when to share it with), and enhance energy efficiency
and reliability of the grid [28, 103, 104]. To encourage prosumers to trade their
redundant energy and to build a secure and trustworthy decentralized energy
market, effective P2PET platforms are required. Recently, numerous researchers
have been working on designing P2PET platforms and relevant technologies,

such as game theory, auction theory, and blockchain have been used.

1.2 Energy routing problem

The EI is primarily reliant on P2PET amongst prosumers, resulting in a convoluted
power flow characteristic of the entire system in which power flows from several sources
via multiple paths. Since electricity is transferred between prosumers or energy trad-
ing pairs through the physical distribution network, uncoordinated energy injection
and exchange between prosumers have the potential to exceed the network voltage
limit [33], create the reverse power flow [105], violates power lines capacity and over-
heads the power system [106], jeopardizing the network’s safe and efficient function-
ing [107]. Additionally, throughout the power transmission process in P2PET, power
losses in the network lines are unavoidable [108] and will increase with the increasing
number of P2P energy transactions between prosumers. The construction of several
redundant power lines between the prosumers is the first method that proposes it-
self for reducing power losses, voltage, and capacity violations; however, this method
raises the cost and complexity of the power grid. Hence, the key question that has
yet to be answered is: how to establish the optimal power delivery path for a certain
power transaction between prosumers to maintain the stability of the power grid?
This introduces the energy routing problem.

The energy routing problem is defined as the problem of determining an efficient
transmission path with the least transmission losses for transporting power between

energy trading pairs that may be situated in various geographical locations [2, 3]. The
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effective transmission of power over the complicated EI is significantly dependent on
the deployment of an efficient energy routing algorithm. In several regards, energy
routing varies from data routing and optimal power flow (OPF) problems. The most
significant differences are summarized in Table 1.4.

TABLE 1.4: Comparison between Information routing, energy routing, and optimal
power flow problem.

Information routing problem Energy routing problem Optimal power flow problem

In the Information Internet

The objective is to determine the
optimum transmission path for
data between network nodes

Minimize distance, cost, or time
for data delivery between 2 or
more nodes

Information routing is demand
dominated

The source and destination of the
data packet are predefined

The waste data packet can be re-
generated

It is possible to buffer, save or de-
lay the data during the transmis-
sion process.

Overflow can result in significant
time delays and data packet loss.

In the EI

The objective is to determine the
best transmission path for P2P
energy trading pair

Minimize the power transmission
loss between a specific energy
trading pair

Energy routing is demand domi-

nated

The source of energy in energy re-
quest is not predefined

The waste energy can not be re-
generated

There is no possibility of buffer-
ing, saving, or delaying the en-
ergy during energy transmission.

Energy overflow may cause over-
heating, devices destruction, or

m In the traditional power system

m The objective is to identify

the optimal operating parameters
(such as voltage, injected power,
etc) to minimize the operation
and generation cost of energy

m Reduce the overall transmission

loss of all power supplies in a cen-
tralized manner.

even a complete system shut-
down.

In conjunction with power conversion and regulation functions, ERs should be outfit-
ted with precise energy routing algorithms to properly transmit power in the network.
Energy routing algorithms have three major challenges [57, 109]: subscriber matching,

finding an efficient path, and transmission scheduling.

1.2.1 Subscriber matching (Pair matching)

Energy routing is driven by demand and occurs when consumers who are short on
energy, also known as buyers in P2PET, submit energy requests to the ER [1].Since
the consumer does not know in advance from which supplier -also referred to as
producer or seller- they will purchase their needed energy, the energy requests do not
include a destination address. Consumers choose to engage in energy trading with
the best suppliers who can meet their power needs. Suppliers or sellers, on the other

hand, are free to decide how and with whom they will exchange their excess energy.
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Therefore, how to match various energy buyers and sellers is a critical question that
must be solved. For that, an appropriate subscriber matching mechanism is required
to match producers and consumers with different demand and supply requirements
creating what we know as power transactions, where each power transaction contains
the source and the destination with the power amount to be transmitted.

It is important to note that energy routing can occur between one consumer and
one producer (one-to-one mode) or it can occur between one consumer and several
producers, as is the case for heavy loads like EVs, where a single producer cannot
meet the EV’s energy needs; one producer could also supply several consumers at the
same time (many-to-many mode) [1]. As a result, energy routing protocols should

have an efficient subscriber matching phase between producers and consumers.

1.2.2 Energy efficient path

Power exchange in a P2PET system may increase losses [106] since power signals
are acutely vulnerable to transmission loss. Numerous variables, like the impedance
of the power lines, energy conversion losses, pre-existing power in power lines, etc.,
can have an impact on power transmission loss (detailed in Chapter 3). However,
many energy trading algorithms do not provide sufficient technical arguments for how
they avoid or even ignore the losses brought on by P2P energy transactions. EI is
also a mesh network with various energy transmission paths that may be utilized to
transport power between pairs. Each path suffers from power transmission loss. As
a result, it is vital to limit transmission loss by determining the most energy-efficient
path for transmitting power between trading pairs. The energy-efficient path is the
path with minimum power loss (detailed in Chapter 3). It is important to note that
the path with the least power loss is not always feasible for power transmission if
the power lines and ERs constructing the path cannot sustain the power rate, type,
and capacity of the power to be transferred, since this may result in overheating and
failure [1]. Therefore, energy routing protocols should provide a valid energy-efficient

path taking into account the physical constraints of the grid network.

1.2.3 Transmission scheduling (congestion management)

Transmission congestion compromises the reliability, safety, and stability of power
systems, as well as their economic viability, and it worsens with the growing incorpo-
ration of distributed RESs [110]. Congestion arises when transmission networks fail

to transfer all intended power transactions based on the load demand owing to system



30 1.3. Conclusion

operational limitations breaches [111]. Congestion also occurs when electricity flows
in a transmission line exceed its capacity limit, resulting in an overload (overflow)
[112]. An overload can cause catastrophic damage to system equipment (due to over-
heating), as well as outages, blackouts, and a complete system to breakdown. The
fundamental reason for transmission congestion and overflow, according to various
definitions, is the transmission network’s physical and system limits.

The unregulated and unrestricted energy transactions in the P2PET system may
generate network congestion [113]. Since determining the energy-efficient path for
different energy transactions without considering the network’s physical capacity con-
straints may result in overloading the path in the event that the transmitted power
exceeds the capacity of the path [109]. Congestion can also be caused when there are
simultaneous power transmissions between pairs where each pair chooses its trans-
mission path independently of the others at the same time [3]. Therefore, routing
all P2P energy transactions in the EI becomes a difficult and complicated task. To
this end, energy routing protocols should provide efficient congestion management
schemes that prevent power systems from becoming congested and ensure safe and
efficient energy transmission.

As a result, for efficient P2PET in EI, the designed energy routing protocols have
to provide three main functions: subscriber matching, an energy-efficient path, and

transmission scheduling.

1.3 Conclusion

This chapter has presented a detailed overview of the evolution of power systems,
from traditional grids to the introduction of the EI. It described the structure, main
components, and technologies of the EI, with a special emphasis on ERs and their
categorization. The chapter followed by outlining the thesis’s main topic: energy
routing and its associated challenges, including subscriber matching, energy-efficient
path, and transmission scheduling. Energy routing algorithms that successfully han-
dle these three crucial challenges must be developed to accomplish efficient energy
transfer within the EI. The following chapters will review the literature on energy
routing algorithms, analyze their efficacy in addressing energy routing challenges,
and introduce new energy routing approaches to optimize energy routing within the

ElL



Chapter 2

Energy Routing Algorithms in

Energy Internet: An Overview

The problem of energy routing in EI has received a lot of attention in recent years from
the scientific community, and several energy routing algorithms have been proposed.
Therefore, this chapter provides an overview of research that has studied energy rout-
ing algorithms. We give a detailed study of existing power routing algorithms, as well
as a novel classification of them, which can benefit a large audience with an interest
in this field of study.

2.1 Classification of energy routing protocols

The ability to safely pack and transfer energy units where and when needed is the
most desired aspect of the EI. Therefore, several energy routing algorithms have been
suggested in the literature to enable effective power transfer in EI. It is notable that
both the virtual circuit mode and the energy packet mode have been employed for
energy transmission in different energy routing protocols. Energy is split into several
energy packets in the energy packets transmission mode, and each energy packet can
be sent from the source to the load along different paths [114, 115] depending on the
state of the grid. This mode of energy transmission allows high utilization of power
lines, but it could increase the switching power loss of converters resulting from the
path-changing process [1]. When operating in virtual circuit mode, a virtual circuit
is established between the source of energy and the load by reserving all necessary
ER ports and transmission lines along the transmission path [116]. Energy is then

delivered through this circuit until the load is disconnected. It uses fewer power lines

31



32 2.1. Classification of energy routing protocols

than energy packet mode [1]. As energy transmission between loads and sources is
typically continuous unless the load is unplugged, the virtual circuit mode is the most
often used transmission mode in many algorithms.

According to the literature currently available, Five different methods are used to
create energy routing algorithms: EVs-based, Graph theory, Game theory, Auction
theory, and optimization-based algorithms. Figure 2.1 shows the classification of

different energy routing protocols.
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FiGure 2.1: Classification of energy routing protocols in EI.

2.1.1 EVs-based routing algorithms

With the advent of EVs with energy storage capabilities, some researchers have advo-
cated using EVs in power transmission to facilitate effective power transfer in the EI,
which develops the Electric Vehicle Energy Internet (EVEI)[117]. Instead of utilizing
power lines to carry energy, EVs in EVEI are used to store, transfer, and distribute
energy from RESs toward consumers that require it. In the planned EVEI, battery-
powered charging stations serve as ERs to take energy from one EV and deliver it to
another EV. Authors in [98] proposed a heuristic energy routing algorithm in EVEIL.
The algorithm determines the best path to transport renewable energy using EVs
from generation points to the charging station to be used by other EVs. The EVEI
is represented by a hypergraph, and the best path is the path with the minimum
power loss. Power loss occurs at each charge-discharge process of the EV and it is
about 10% for each charge-discharge [118]. Authors in [119] prove that the routing
and charging-discharging process of EVs is an NP-hard problem and introduce a dis-
tributed approximate algorithm that determines the routing with the scheduling of

EVs charging-discharging process.
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Even though the EV-based power routing was the first technique for power transmis-
sion proposed in the EI, using EVs to transport energy has some drawbacks, such as a
lengthy charging and discharging process, issues with traffic, the need for more ESSs
and charging stations which increase the cost, and the most important is that energy
transmission using EVs taking a long time compared to transmitting energy through

power lines.

2.1.2 Graph theory-based routing algorithms

Graph-based approaches are one of the strategies used to create energy routing algo-
rithms. The majority of the routing algorithms in this category are concerned with
locating the energy-efficient path, with the physical transportation network being
represented by a graph and the energy-efficient path issue being defined as the graph
theory shortest path problem. Basically in the graph network, nodes represent the
ERs and edges are the power lines that connect these ERs. It could be a directed
or underacted, weighted or unweighted graph. Several shortest path algorithms have
been used to solve the energy efficient path problem, such as the Dijkstra algorithm,
Bellman-Ford algorithm, Depth First Search algorithm (DFS), exhaustive search al-
gorithm, etc.

An energy routing protocol for an energy local area network is put forward in [1]. This
protocol introduces an energy-efficient path algorithm with a source allocation mech-
anism for heavy loads. The efficient path algorithm runs in two phases. As previously
stated in graph theory-based algorithms, the network is represented as a graph in the
first phase, and to prevent overflow and congestion problems, any power lines and
ERs that do not satisfy the load power are removed from the graph before comput-
ing the path. In the second phase, the energy minimum loss path is calculated after
traversing and comparing all the possible paths. For the source allocation mechanism
for heavy loads, a combination of source sets is created, and the number of sources
in each set should be fewer as possible. The best set with the amount of power to
get from each source in the set is determined based on the total transmission power
loss caused. The routing protocol is dynamic and uses the OSPF for information ex-
change but the efficient path algorithm is exhaustive and time-consuming, especially
in huge networks, the source allocation for heavy load cases has a high complexity
and is time-consuming since it compares all the possible set combinations, also the
congestion management technique used could remove the minimum loss path.
Dijkstra algorithm has been used in [120, 121] to solve the energy-efficient path prob-

lem. In [120] authors firstly suggested a modified minimum spanning tree method
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that determines the ideal cable architecture between ERs in EI in order to decrease
the complexity of power line connections and EI building costs. Then, the Dijkstra
algorithm is used to determine the non-congestion minimum loss path between energy
trading pairs. However, the aforementioned algorithm assumes the load and source
pairs of an energy transaction directly, which is not optimal when there are several
loads and sources present at the same time. While an energy routing mechanism based
on real-time transactions was proposed by authors in [121]. To match suppliers and
buyers in the energy network, writers created a real-time subscriber matching mech-
anism in the initial stage of the algorithm. Based on the price and transmission time,
the subscriber matching mechanism identifies the source and destination of power flow
as well as its amount and transmission time. The proposed mechanism is executed
by the producer or the consumer that sends its bidding information including the
available or requested power amount to other ERs in the network. After determining
the energy trading pairs, the Dijkstra algorithm is used to compute the minimum
energy loss path for each pair from their own perspectives. The power packet method
was employed to tackle the transmission scheduling and congestion problem. In other
words, when there is congestion, energy is split and a portion of it is delivered over
the optimal path, while the remainder is sent through the sub-optimal path. The
subscriber matching is based only on the price and is carried out at each node fol-
lowing its perspectives, which reflects the convenience of either the producer or the
consumer. Other factors, such as power loss, the profitability of the two sides of the
pair, etc., should also be taken into consideration in the subscriber matching process.
Hemalatha, et al. [122] used the Bellman-Ford algorithm to find the energy minimum
loss path with alternating paths between generation units and end users for reconfig-
uring the electricity system in the event of outages or blackouts. The Bellman-Ford
algorithm is a single-path method that requires more time to compute in a large net-
work than the Dijkstra algorithm does.

Razi, et al. propose a centralized graph theory-based energy routing protocol in [2].
In contrast to the previously mentioned energy routing protocols, which focus on
minimizing the power loss of an energy transaction, the proposed protocol focuses on
minimizing the total energy loss resulting from all energy transactions in the system
and addresses the simultaneous multi-source and multi-load scenario. The protocol
treats subscriber matching, energy-efficient path, and transmission scheduling prob-
lems. In the subscriber matching process, a combination of loads is created in which
each load has a different priority in each set (containing all the loads in the network)
to determine which load should be satisfied in the first place to get the total minimum
power loss. Then for each load in each set, starting with the load with the highest

priority all the possible paths to the different energy sources are calculated using the
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Depth-First Search traversing algorithm (DFS). After that, the best source for each
load in the set is the source with the minimum loss path. The same process is re-
peated for each set. The optimal solution is obtained by comparing the different set’s
solutions. For congestion management, the protocol uses the energy packet mode. To
put it another way, the protocol identifies energy sources and schedules energy trans-
actions in accordance with the overall power loss experienced by the network. Despite
the method’s advantages, many details were not considered in subscriber matching
such as the price, profit, and the strategic decision-making of peers. Furthermore,
centralized routing methods put all of the computational efforts on a control center
which demands high computational resources and time, especially in large systems,
which makes them unsuitable for real-time energy trading.

Unlike previous studies, and in order to avoid the congestion resulting from simultane-
ous energy transmissions, authors in [3] proposed a semi-decentralized energy routing
algorithm to solve the minimum loss transmission problem. The proposed algorithm
is divided into two parts: the fully distributed part and the centralized part. In the
fully distributed part each pair in the proposed routing protocol searches for the min-
imum loss path in a fully decentralized way without considering the path selection of
other pairs. In order to determine the minimum loss path, first the DFS is used to
get all the paths that connect the pair. Then, the optimal path selection problem is
formulated as a non-linear programming problem and solved by using the Lagrange
multipliers method, which yields a multipath solution with splitting energy. After
each pair independently selects the optimal paths, paths information are sent to the
network control center to check for path overlapping cases. This process represents
the centralized part in which if a path overlapping occurs between multiple pairs, the
network control center centrally creates a coalition between all the affected pairs with
the objective of minimizing the total transmission loss by recalculating new paths for

them. The matching process was not examined in this study.

2.1.3 Game theory-based routing algorithms

Game theory is a mathematical technique that examines how players make strategic
decisions in competitive situations where each player’s choice of action influences and
depends on that of the other players [123]. As P2PET in EI provides a competi-
tive energy market among prosumers with conflicting interests, game theory has been
extensively used as a useful analytical tool for modelling and analyzing prosumers
interactions in the P2PET system. This category of energy routing algorithms pri-

marily addresses the subscriber matching problem. In which prosumers (producers
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and consumers) compete in a game (such as the Stackelberg game, the Coalition
game, etc.) to establish the trading pairs while maximizing their benefits. The au-
thors of [34] suggested a P2P energy trading strategy based on a Stackelberg game to
demonstrate how selling energy between peers might assist the centralized power grid
in lowering generating costs during peak demand periods. In this Stackelberg game,
the centralized power system (center) represents the leaders while prosumers are the
followers. Under the suggested strategy, prosumers would only participate in P2P
energy trading when the grid price is extremely high during peak hours. Prosumers
use a double auction scheme to participate in a coalition formation game to form two
different coalitions. In the first one, prosumers exchange their energy using the auc-
tion price, and the subscriber matching technique employed is the same as presented
in [33]. While the second coalition comprises the remaining prosumers, they trade at
a mid-market price, and the subscriber matching process is the same as in [124]. The
fundamental drawback of this protocol is that prosumers are only permitted to ex-
change energy with one another during peak hours; otherwise, they must trade energy
with the centralized power grid (FiT scheme). Furthermore, the matching process did
not consider network constraints (voltage and capacity constraints), power losses of
power transactions, social welfare, etc.

Another P2PET mechanism was proposed in [33]. In which the suggested subscriber
matching algorithm prioritizes participating prosumers (sellers and buyers) by ar-
ranging them according to the lowest selling price for sellers and registration order for
buyers. In the second phase of the algorithm, sellers” supply and buyers’ demand are
adjusted to achieve a balance between overall demand and supply. Each buyer on the
buyers set will be matched with one or more sellers from the sellers set in the final
phase according to their demand. The mid-market rate method is used to determine
the trading price of each energy transaction, as a result, each power transaction has its
trading price. The energy transaction pairs are constructed in a centralized manner
based on the sellers” and buyers’ priorities given by the selling price and registration
order of buyers. As more prosumers join the network, the protocol’s execution time
will highly increase. The collapse of the central unit also results in the breakdown of
the whole energy trading system. Furthermore, power losses and network limits (such
as capacity and voltage restrictions) are not taken into account in this study.
Authors in [30, 124] introduce P2PET strategies based on canonical coalition games
to match producers and consumers in EI. In the first scheme, prosumers trade their
energy using a mid-market rate price mechanism (a price between the FiT and grid
market prices). While in the second scheme, authors assume the absence of stor-
age devices, therefore, the peer-to-peer energy trading occurs only during sunshine

hours employing a mid-market rate price mechanism. The authors of these studies,
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like many others that have suggested P2PET strategies, did not detail how peers are

matched in their suggested schemes.

2.1.4 Auction theory based routing algorithms

On the other hand, prosumers in auction-based techniques participate in the market
by submitting offers/bids to an auctioneer, the auctioneer determines the price, power
amount, and the two trading sides of each energy transaction. An auction mechanism
is suggested in [125] with the goal of increasing sellers’ profits in P2PET. Where
transmission costs, buyers’ bid , and operating costs are taken into consideration.
Based on their profit, suppliers can choose whether to sell or conserve their energy
under the suggested mechanism. Peers are matched using a profit maximization
algorithm, in which the supplier arranges buyers’ demand in ascending order and
selects the lowest demand as the selling energy in the first phase. In the second phase,
the supplier calculates its profit based on buyers’ bid, transmission cost, and operating
cost for each buyer and chooses the buyer with the highest profit that meets the line
and capacity constraints. The algorithm is repeated until the supplier’s surplus energy
is sold or the profit goes negative. The suggested approach is supplier-centric, with
the goal of increasing supplier profits while disregarding buyer interests. Furthermore,
the process is intended for a single supplier with several buyers, which is not the case
in practice. Lines capacity constraints are considered in this work, however, the path
selection approach is not described.

Another double-sided auction mechanism is proposed in [126], in which sellers with
surplus energy submit their offers to the auctioneer and buyers bid on the demand.
The auctioneer matches sellers and buyers by determining the energy amount to be
traded in conjunction with the trading price. The auction begins only if the buyer’s
bid exceeds the seller’s offer; otherwise, no transaction occurs between the seller and
buyer. The auction method establishes a trading price range, and consumers who
fall outside of this range are excluded from the auction and do not participate in
the trading market. For the purpose of matching peers, a group of buyers is formed
for each seller whose bid is higher than the seller’s offer. Using the same principle,
a group of sellers is formed for each buyer. The suggested system addresses two
distinct scenarios. In the first, the total demand exceeds the total surplus energy;
the auctioneer ranks the sellers in ascending order depending on their offers. The
auctioneer then selects for each seller from its buyers’ group the buyer with the equal
demand of the seller’s surplus energy; otherwise, the selected buyer is the one with the

greatest demand from the group. This loop will be continued until the seller’s surplus
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energy is depleted. For the second scenario, the total demand is lower than the total
surplus energy; buyers are arranged in descending order according to their demand.
The auctioneer selects for each buyer from its sellers’ group the seller with the equal
surplus energy as the buyer’s demand; otherwise, the seller with the least offer from
the group is chosen. This sequence will be repeated until the buyer’s demand is
fulfilled. Using the random value approach, the auctioneer chooses a random price
between the seller-buyer pair’s offer and bid to determine the trading price for each
created pair. In this study, prosumers primarily trade among themselves, leaving some
sellers without the opportunity to sell their excess energy and certain buyers without
the ability to satisfy their needs. Network constraints are not considered during the

matching process.

2.1.5 Constrained optimization-based routing algorithms

The technique of maximizing or minimizing an objective function with regard to one
or more variables while taking into account the constraints of those variables is known
as constrained optimization. In EI, the energy routing problem in many research has
been considered as a constrained optimization problem that aims for example to min-
imize the power losses, maximize the profit, minimize the energy cost, etc. Several
optimization techniques have been used to solve the energy optimization problem such
as consensus, bioinspired, and new optimization techniques such as the work in [127].
Since a multi-agent system (MAS) is defined as a collection of computational units
known as agents with some level of autonomy and the capacity to make autonomous
decisions, the energy network is typically depicted as a MAS in optimization-based
routing protocols in several studies [128, 129]. The agents possess intelligence; they
can observe their surrounding environment and behave to achieve goals in accordance
with environmental performance metrics [130].

Khorasany et al [127] introduced another subscriber matching and negotiation mecha-
nism in P2PET. This mechanism allows prosumers to agree on the quantity of energy
to be exchanged as well as the trading price while optimizing their economic sur-
plus. The authors assume the existence of a public database where any prosumer
may publish his offer and browse the offers of other prosumers. In trade, sellers begin
by offering their maximum generation capability, while buyers submit their minimal
demand. Grid operator compensates power losses during energy exchange for transac-
tion fees that are split evenly between the supplier and buyer. Each buyer constructs
a vector of potential partners by ranging in ascending order all sellers that can provide

its energy demand according to their price offering while considering transaction fees.
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Following that, the buyer submits its vector to the selected sellers and negotiates the
amount and price of energy with them. The negotiation mechanism used a greedi-
ness factor. After receiving the buyers’ vector seller does the same process except for
the range, in this case, is in descending order. Prosumers who did not match in the
P2PET trades with the grid operator.

2.1.5.1 Consensus-based routing algorithms

As far as we are aware, very few researchers have suggested consensus-based solu-
tions to energy routing issues. Most of them focused on the problem of choosing an
energy-efficient path. Authors in [131] introduce a new discrete biased-min consen-
sus algorithm to solve the energy routing problem. In this work, the energy routing
problem is formulated as an optimal routing discovery problem. The algorithm de-
termines the best supplier with the energy minimum loss path while avoiding line
congestion. The DC-micro grid is represented by an undirected graph. Consumers
send energy requests to other prosumers by using a discrete max consensus algorithm.
Prosumers with surplus energy (suppliers) calculate the minimum transmission loss
by using the discrete biased-min consensus. The minimal loss path is found by recur-
sively searching the communication network for the parent nodes. Finally, consumers
use the discrete min consensus algorithm to choose the supplier with the minimum
transmission loss. For congestion control, the power loss of power lines that could
not transport the entire quantity of energy is set to infinity. The proposed algorithm
provides a single path for each energy transaction and ignores power lines with limited
capacities. Additionally, the authors did not address the heavy load scenario.

Another discounted min-consensus algorithm is proposed by Yinliang et al in [129] to
solve the energy routing problem. The algorithm determines the best supplier with
the minimum power loss. It has similar steps to the previous one [131] and replaces
the discrete biased min consensus with the new discount min consensus algorithm.
Additionally, the algorithm handles the heavy load situation and creates a combina-
tion of power suppliers for the heavy load. When the selected source with the lowest
power loss is inadequate to meet the consumer demand, the algorithm determines
the remaining demand power and runs the calculation again with the new demand.
The cycle continues until the consumer demand is met. For congestion management,
the power loss ratio of power lines that couldn’t transfer the full amount of power is
adjusted to the value one to prevent them from being part of the path. The presented
algorithm is adaptive to topology changes and requires just information transmission

between neighbors via P2P communication. The transmission loss of a path is directly
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related to the transmission loss of power lines and ERs (detailed in Chapter ?77); how-
ever, the power loss of ERs is not factored in this method. Furthermore, neither of
the protocols [129, 131] takes into account simultaneous energy transmission, which

might lead to power system congestion.

2.1.5.2 Bio-inspired based routing algorithms

The aforementioned algorithms based on different methods such as consensus, game
theory, graph theory, etc, consider the energy routing problem as an optimization
problem and aim to find the optimal solution for it. However, the major disadvantage
of these algorithms is the increasing time required for obtaining the solution, partic-
ularly in large complex systems. Recently in order to reduce the computational com-
plexity, nature-based algorithms also known as bio-inspired algorithms have evolved
to solve the energy routing problem [132]. As is well known, bio-inspired algorithms
are metaheuristics that compromise optimality to find a near-optimal solution for the
most challenging optimization problems with less computational effort. The applica-
tion of metaheuristic algorithms in energy routing is new, and only a few protocols
have been established such as the slime mould optimization-based energy routing
protocol proposed in [133]. The protocol provides a subscriber matching mechanism
between the prosumers with the minimum cost energy path. The minimum cost path
is obtained by using the slime mould optimization algorithm. The path cost is the
sum of the cost of power lines constructing the path. The authors didn’t go into detail
on how the cost of power lines is calculated. For the subscriber matching based on the
requirement and cost of energy, the proposed slime mould algorithm combined with
the Hungarian matching algorithm to determine the best supplier for each consumer.
The power losses of energy transactions are not considered in this work.

A bee colony-based energy routing algorithm is introduced in [134]. The suggested
algorithm aims to reduce the total power losses and costs of the whole network. It
chooses the best producer for each consumer while minimizing the energy transmis-
sion cost. The cost of the path depends on the power loss of the path and the energy
price of the producer. The proposed algorithm is executed at the central controller,
this later determines a set of producers for each consumer with the energy mini-
mum loss path between them. The producer is chosen for subscriber matching based
on its pricing and transmission power loss to the consumer. Since population-based
metaheuristic methods provide a set of feasible solutions with the best one between
them, in the case where the consumer is a heavy load, the algorithm selects the solu-

tion (producer) with the highest available power and the lowest power loss as the first
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source to get energy from, and the remaining power is supplied by the other solutions.
Furthermore, in the multi-producer multi-consumer scenario, the algorithm creates a
combination of consumers where the consumer priority differs in each set, and it gives
the preference of minimizing price rather than minimizing power loss in cases where
the available power exceeds the demand, whereas in the opposite case, the preference
is to minimize power loss. Another artificial bee colony-based energy efficient path
algorithm is proposed by the work in [132], where minimum loss energy transmis-
sion paths are determined based on the energy losses of ERs and power lines. The
proposed protocol used both virtual circuits and energy packet transmission modes.

Subscriber matching was not considered in this work.

According to the literature featured in this chapter, the majority of the algorithms
given as a solution for the energy routing problem addressed energy-efficient path and
transmission scheduling issues (congestion). Nevertheless, initiatives that promoted
P2PET platforms and designs focused on the subscriber matching process. As shown
in Table 2.1, authors in different works proposed the use of deterministic methods
such as Dijkstra, DFS, Bellman-Ford, and exhaustive search traversal algorithms for
determining the minimum energy loss path. These algorithms provide a single mini-
mum loss path. The fundamental drawback of these algorithms is that it takes more
time to find the solution to huge and complicated power systems. For that, several
academics have recently focused on the application of bio-inspired algorithms.
Moreover, without proper technical explanations, most of the algorithms that solved
the subscriber matching issue (see table Table 2.2), which are based on game theory,
auction theory, and so on, ignored the energy losses incurred by P2P energy trans-
actions. Since P2PET markets are expected to be developed in grid-tied systems,
matching participants in EI without considering routing and grid constraints could
lead to an increase in power losses, congestion issues, and even the failure of the
system. Therefore, grid constraints and power losses should be integrated into the
matching process.

There are currently few studies on congestion management in the distribution system
that take P2PET into account. In fact, energy routing is a useful method for avoid-
ing congestion and scheduling energy transactions in the EI. As shown in Table 2.3,
according to the works cited in this chapter, two congestion management techniques
are employed by the various protocols to schedule energy transactions and prevent

congestion problems.

m Method 1: To prevent congested lines from being part of the selected path,

all the power lines and ERs that could not transmit the power are ignored
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TABLE 2.1: A comparison of existing energy-efficient paths algorithms

Ref Year Based on Algorithm Structure Weaknesses
1] 2017  Graph theory exhaustive search Decentralized High complexity, high computation time, the opti-
traversal algorithm mal path could be removed by using the proposed
congestion method

[120] 2018  Graph theory Dijkstra Algorithm Decentralized The source and load pairs are directly assumed,
Dijkstra is a single path algorithm with high com-
plexity in large networks

[121] 2019  Graph theory Dijkstra Algorithm Decentralized Dijkstra is a single path algorithm with high com-
plexity in large networks.

[122] 2012  Graph theory Bellman-Ford  algo- Centralized Did not consider the existence of P2P energy trans-

rithm actions, only for the reconfiguration of the power
system.

2] 2020  Graph theory DF'S algorithm Centralized High computation complexity and time, complex
selection routing algorithm that compares all the
possible paths (exhaustive search algorithm).

3] 2022  Graph theory DFS with Lagrange Semi- Compares all the possible paths before determin-

multiplier method decentralized ing the best one, resulting in considerable time de-
lay for large systems.

[131] 2018  Consensus Discrete biased min Decentralized ignore paths with small capacities, heavy load case

consensus algorithm is not considered.

[129] 2019  Consensus Discounted min con- Decentralized Power losses of ERs are not factored, possi-

sensus algorithm ble power congestion resulting from simultaneous
transmissions between different pairs.

[133] 2020  Bio-inspired slime mould algorithm Decentralized Power losses of ERs and power lines are not in-
cluded in the cost of the paths, possible power
congestion resulting from simultaneous transmis-
sions between different pairs.

[134] 2022  Bio-inspired bee colony based algo- Centralized The obtained solution in large networks are near-

rithm

optimal solutions.
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TABLE 2.3: A comparison of existing congestion management techniques
Congestion management methods
Method 1 Method 2
References  [1], [131], [129] [120], [121], [2], [3], [134]
Weaknesses Power lines with small capaci- Guaranty the congestion pre-

ties are ignored leading to un-
evenly distributed transfer of
energy between them, which
could result in higher losses
and possible network conges-

vents in the single trading pair
case only, otherwise overlap-
ping paths could occur, result-
ing in higher losses and possi-
ble network congestion.

tion. Its effectiveness can not
be guaranteed in simultaneous
power transmission by differ-
ent pairs

and deleted from the graph network before calculating the efficient path [120].
Following the same principle with a slight change, instead of deleting power lines
that could not transmit the power, set their power loss ratio to the value 1 or
infinity before calculating the efficient path [129, 131]. Transmit power using

virtual circuit mode.

m Method 2: After calculating the energy-efficient path, if it is insufficient to
transmit the whole amount of energy, another or more paths are added to trans-
port the power. The power, in this case, is split into energy packets; the efficient
path transmits its maximum capacity and the remaining power is transmitted

through the added paths (sub-optimal paths).

Additionally, energy routing protocols suggested in the literature are separated into
two structures: centralized and distributed, with each structure having its own ad-
vantages and disadvantages. A control center unit performs energy routing, including
subscriber matching, energy-efficient path, and transmission scheduling, in central-
ized energy routing algorithms. This control center designs carefully energy routing
from the perspective of the entire system, ensuring that system power losses are kept
to a minimum, physical limits of EI are met, and congestion concerns are avoided
efficiently. The solutions found are globally optimal. Nevertheless, the fundamental
drawback of centralized algorithms is that all of the network’s computational re-
quirements are placed on a single unit, which expands execution time, especially for
large-scale systems, and necessitates a lot of communication that can violate network
users’ right to privacy. Besides that, decisions in energy management, particularly
subscriber matching, are made primarily based on the preferences of the control cen-

ter, which contradicts the concept of P2PET, in which participants play an active
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TABLE 2.4: A comparison of the solving problems by the existing energy routing

protocols
Ref Year Solved Problem
Subscriber Matching Energy Efficient Path Transmission Scheduling Heavy load scenario
1] 2017 v v v
[120] 2018 v v
[121] 2019 v v v
(122] 2012 v
2] 2020 v v v v
3] 2022 v v v
[34] 2019 v
[33] 2019 v
[125] 2019 v
[126] 2021 v
[131] 2018 v v v
[129] 2019 v v v v
[133] 2020 v v
[134] 2022 v v v v

role in the P2PET market. Power systems with P2PET markets are very dynamic,
and centralized approaches may be ineffective in dealing with unanticipated topo-
logical changes. As a result, various studies have looked into decentralized routing
algorithms.

Subscriber matching, energy-efficient path, and transmission scheduling are all ac-
complished at the level of distinct ERs individually in decentralized energy routing
algorithms. In this structure, ERs (or players) make decisions based on their own
perspectives without taking into account the decisions of other participants. This
will reduce the control center’s computational burden. In contrast to a centralized
structure, the provided solutions are not necessarily globally optimal. As calculating
the paths and contracting the energy transactions at the same time by different ERs
individually may result in overlapping paths. The overlapping path situation will
result in a larger overall transmission loss for every extra unit of power added and
even line congestion (detailed in Chapter 3).

Contrary to popular assumption, power routing does not just examine the search
for the least loss paths between sources and loads in a power network; rather, it
compromises the matching of power sources and loads with the selection of the non-
congestion least loss paths. Energy routing protocol should combine the subscriber
matching process with the selection of non-congested least loss paths. Table 2.4 re-
sumes the solved problems by each routing protocol. Furthermore, energy routing
decisions are time-consuming when compared to power transmission over transmis-
sion lines; additionally, matching market participants in a P2PET system should be
in near real-time to ensure power availability; thus, energy routing protocols with low

computational time are required.
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2.2 Conclusion

This chapter analyzed, categorized, and assessed the strengths and drawbacks of the
existing energy routing algorithms within the EI. While the majority of the energy
routing algorithms focus on identifying non-congested energy-efficient paths, sub-
scriber matching is typically addressed in separate P2PET studies. Only a few algo-
rithms address all three essential routing issues: subscriber matching, energy-efficient
paths, and transmission scheduling (congestion control). However, these algorithms
frequently focus on either power losses or trading costs, while disregarding other
P2PET criteria in the EI. Future energy routing algorithms should consider various

aspects to create a more holistic and efficient EI.
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Chapter 3

System description and problem

formulation

This chapter is an introduction to our many contributions. It explains the basic
hypotheses on which our study is founded, and summarizes the aspects shared by the

three chapters 4, 5, and 6.

3.1 System components and parameters

EI is one of the world’s largest and most complicated infrastructures proposed by
mankind. It is a multi-energy network that connects electrical power grids, natural
gas networks, and cooling and heating systems. As previously mentioned, the energy
flow in this study is stored and distributed as electrical energy.

In this thesis and as shown in Figure 3.1, EI is considered as a mesh network that
connects by using ERs and power lines: large and small-scale distributed power gener-
ation systems (such as solar and wind power plants, combined heat and power plants,
and geothermal power plants), conventional energy power plants (referred to as tra-
ditional producers), ESSs (advanced batteries and super capacitors), EVs with their
charging stations, consumers (referred to as loads such as smart homes, hospitals,
buildings, and industrial users) and prosumers. Prosumers are proactive consumers
who have RESs; in this work, they are referred to as smart houses with rooftop solar
panels or micro-wind turbines and ESS. Prosumers can participate in the EI as both
producers and consumers of energy. They serve as producers when there is an excess
of their local energy production; when there is a shortage, they behave as consumers.

Figure 3.1 shows an example of the desired structure of the EI with ERs.
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FIGURE 3.1: An example of the desired structure of the EI with ERs.

The time of RESs generation, at the prosumer level, relies on weather conditions
(electricity output from solar plants depends on the quantity of direct sunshine, while
power production from wind turbines depends on wind speed), and it often only par-
tially fulfils the household demand. Therefore, prosumers have three alternatives for
their excess RESs production: store it in a battery storage system for later use, or
trade it with the utility company and inject it into the grid for monetary compensa-
tion (FiT scheme), or, through the P2PET market, prosumers may sell their excess
energy to neighbors who do not own a RESs system (consumers) or whose current
consumption exceeds their production (other prosumers). As the financial benefits of
trading energy with the utility company are limited, prosumers choose to store energy
for later use if they have ESSs, which are still costly, or trade it with other prosumers
and consumers in the network rather than selling it to the utility company using the
FiT scheme.

Moreover, we assume that consumers who do not own a RESs system or prosumers
with a shortage of energy generation prefer to buy energy from neighboring prosumers
with surplus generation at low unit prices rather than buying from the utility com-
pany at high unit prices. While the utility company serves as a backup trader in
the P2PET market, it either provides unlimited electricity supply to the grid using
traditional power plants or through distributed power generation systems when pro-
sumers’ local RESs do not generate enough electricity to cover local demand. It has
unlimited storage capacity to absorb surplus electricity bought from the prosumers
when their local production surpasses local demand, this will maintain the stability
of the system.

The majority of P2PET projects and initiatives today physically transport energy
across distribution networks set up by the traditional grid (utility companies); hence,

P2PET markets need to be beneficiary to utility companies. In the proposed EI, we
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assume that prosumers or trading peers should pay a subscription fee to the utility
company to access its network for P2PET.

It is vital to note that throughout the rest of this thesis, we adopt the terms producers
or sellers for prosumers with excess energy, and the terms consumers and buyers for
prosumers with a shortage of energy.

ERs are essential for establishing a networked P2PET system and managing bidirec-
tional data and power flow. They can have several legs (connected to multiple power
lines) that enable the construction of a distribution network with multiple energy
distribution paths (a mesh topology). Due to the fact that RESs, ESSs, consumers,
and prosumers may have diverse requirements for interface types (AC or DC), volt-
age levels, power levels, and power quality criteria, and considering that the power
distribution architecture in the EI can use a DC interface through low-voltage (LV)
or medium-voltage bus (MV), AC interface, or a combination of both, this thesis in-
troduces a hybrid AC/DC power distribution architecture. The basic aim is to reduce
the requirement for energy conversion between AC and DC forms, thereby increasing
efficiency. This is accomplished by deploying multi-port SST-based ERs. Figure 1.9
in Chapter 2 represents the used multi-port SST-based ER structure, while Table 3.1,
and Table 3.2 show the ERs and power lines parameters used in the network in Fig-

ure 3.1.

TABLE 3.1: Energy router parameters used in the EI system in Figure 3.1

ER Capacity PS5, (kW) Efficiency (eff) || ER Capacity PS5, (kW) Efficiency (ef f)
R, 20 0.98 Rg 18 1

Ry 15 0.98 R, 20 1

Rs 10 1 Rg 18 0.98

Ry 15 0.98 Ry 20 0.98

Rs 15 1

TABLE 3.2: Power line parameters used in the EI system in Figure 3.1

Power line Capacity PS, (kW) Resistance () Voltage (V)

Ly_g 30 0.6 400
Ly_3 20 0.64 400
Lo_5 20 0.51 400
Ls_7 45 0.94 400
Ly 24 0.19 400
Ls_g 20 0.45 400
Lg_7 40 0.24 400
Lg_g 30 0.21 400
L7 g 30 0.21 400
Lg_g 32 0.6 400

As shown in Figure 3.1, EI is a mesh network where energy flows from multiple

sources through multiple paths with bidirectional power and information flows. As
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energy routing is driven by demand and the energy source is unknown in advance, ERs
are needed to store power information tables about all connected devices, ERs, and
power lines rather than the minimum loss path routing tables [57]. Furthermore, EI
is a dynamic network in which many metrics can change, such as energy generation,
consumption, prices, trading pairs, transmission paths, connected and disconnected
components, the availability of power lines and ERs capacities, etc. With all these
changes, the EI network has to stay up to date. Therefore, ERs must share any change
in the network by updating their storing tables and sharing them with each other.

In this thesis, we assume that information exchange and energy forwarding are han-
dled by the ERs. Using the energy routing protocol, the ER will autonomously select
the trading pairs (producers-consumers) with the non-congestion minimum loss path

between them.

3.2 Graph theory model of the system

Graph theory has been widely and successfully used to model diverse systems in a
variety of domains. The system objects are represented by a set of nodes, and the
particular relationships between some of the pairs of objects are stated by lines con-
necting these pairs of nodes. Recently, graph theory has been increasingly applied
to model the power system in order to solve the energy routing problem (see Chap-
ter 2). EI in this thesis is represented by a connected undirected weighted graph
G ={V,E, W}, where:

m V is the set of nodes in GG, which represents the energy routers of the network

V ={R;,Rs,...,R,}.

m F is the set of edges in G, which represents the transmission lines (power lines)
connecting ERs, E' = {L;;, ...}, where L;; is the power line that connects router
R; to router R;. Two nodes (ERs) R;, R; of G are adjacent, if L;; € E.

m W describes the adjacency matrix of the network W = (wj;)nxn, which reflects
the network topology with the weights of both ERs and power lines of EI as

shown in equation (3.1).

Lij ek
Wy = WR, 7 :j (31)
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Weight w, ; may have varied meanings depending on the demands of various
optimization objectives. In this study, wy,; is the weight of the edge L;;, which
represents the power loss of the power line that connects energy routers R; and
Rj. While wg, is the weight of ER R;, which represents its power loss. Both
weights of power lines and ERs are determined by equations (3.4), (3.5) and
(3.6)

Figure 3.2 represents the graph model of the EI shown in Figure 3.1.

Wiq

Wy

F1GURE 3.2: Graph model of the EI shown in Figure 3.1.

3.3 Mathematical model of the concerned problem

Typically, energy management problems are solved as an optimization problem with
one or more objective functions and multiple constraints. One of El's energy man-
agement difficulties is the energy routing problem. Routing energy from sources to
loads in the EI, as indicated in Chapter 1, entails matching loads to energy sources
and selecting a non-congestion path with minimum energy loss between the matched
peers.

EI is a mesh network. There may be many paths to transmit energy between energy
trading prosumers (sources and loads). Each path suffers from power transmission
loss. The minimum loss path is the path with the minimum energy transmission loss.
In our case, the weight on each edge and a node represents the power loss; therefore,

finding the path with the minimum energy transmission loss is the selection of the
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minimum-weighted path. W;Oi(;l (in Equation (3.2)) represents the power transmis-

sion loss of a path p from the source s to the load .
f = min(Whah) (3.2)

The power transmission loss of a path is determined by two major factors: the power

line losses (w; ;) and the ER losses (w;) that comprise the path.

Whsol — Z w; + Z w; j (3.3)
Ri€p L; j€p

The power loss in an ER is determined by the amount of power transmitted through it,
the conversion efficiency of its electronic converters, and the power cable transmission
losses. For simplicity, based on previous studies in the literature ([1, 3, 120, 121,
135]), the conversion efficiency of ER electronic converters is assumed to be constant.
Because the power cables inside the ER are relatively short, power losses are omitted.
Therefore, the ER power loss is a linear function of the transmitted power (Equation
(3.4)). Where eff;, Ps_; represent the conversion efficiency of energy router R; and

the transmitted power from the source s to load [, respectively.
w; = (1 — effz) X Ps—l (34)

It should be noted that in AC transmission systems, the power line loss is proportional
to the active and reactive power. The resistance value is significantly higher than the
inductance value on low-voltage transmission lines because of the lower conductor
cross-sectional area and conductor spacing. The inductance value may be neglected
in this case, therefore, the loss is mostly influenced by active power. While the power
line loss in DC transmission systems is essentially proportional to the active power.
Therefore, the power line loss between ERs R; and Rj is calculated using Equation
(3.5).

wij = — x P?, (3.5)

Where, 7;;, Vi; and P,_; denotethe resistance, voltage, and transmitted power of the
power line that connects ERs R; and R;, respectively. In fact, Equation (3.5) is not
applicable in the presence of a pre-existing power (P;;) in the power line. Equation

(3.6) is used in this instance to compute the loss on the power line.

Tig
wy = 5 x (Pt + Py)* = P 30
ij
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The total power loss of a transmission path between two prosumers (source-load pair)
is the sum of the power losses of all ERs and power lines that build the path (see
Equation (3.3)). However, the transmitted power can be split into multiple energy
packets and transmitted through different paths (N, ). In this case, the total transmis-
sion loss is the sum of the transmission losses of the different paths used to transmit
the total power. It is calculated using Equation (3.7), where WE:* ! denotes the

transmission loss of the k™ path.

Np
Tl =Y (W) (3.7)
k=1

Finding the minimal loss path does not imply that it will be used to transport energy;

rather, the energy minimum loss path must meet the following constraints:

m A path’s power loss should be less than the transmitted energy.

Whoa < Poy (3.8)

m The transmitted power should not surpass the path’s maximum capacity. It
is the minimum between the lowest interface capacity of ERs and the lowest
capacity of power lines that formed the path.

Ps—l S min (PLines,c’ ERs,c) (39)

s—l s—l

m A power line’s total power transferred should not exceed its available capacity.
> Prur) < F, ) (3.10)

m The total power flowing into the same ER interface should not surpass the

interface capacity.
YPr.r;,) < Pp, (3.11)

m In case the power is transmitted in different paths, the total power loss of dif-

ferent paths should not exceed the transmitted power.

Np

> (W) < P (3.12)

k=1

m Every time the preexisting or transmitted power is altered in the network, the

available capacity of ERs and power lines must be updated in order to adapt
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to real-time power transactions and avoid congestion. The ERs and power lines

capacities are updated using Equations (3.13) and (3.14).

Py = Pl ZP@u)

PG, ) < P

(3.13)

i)

p
Plgy = Py — D _ Fln,
(Ri) (Ri) kz:: (R:) (3.14)
C Tc
P(Ri) = P(Ri)
where, P(CLM) and Pp_denotes the available capacity of power line L; ; and energy
router R; respectively, while P(TLf ,yand P L€ are their maximum capacities. P(kLi 3

and P(’“Ri) signifies the pre-existing power over power line L, ; and energy router

R; in the k% path that includes them.

It is important to note that, to simplify the computation of power loss and the search
for the lowest loss path, existing routing algorithms often assume that the transmitted
power throughout the entire path is always constant. However, the resultant path
power loss is higher than the actual path loss because, in the actual operation of the
EI, the power progressively decreases with the transmission path, as illustrated in

Figure 3.3.

Psy=Psy-Wp-Wp3 \ Psy=Ps-W7-W7g
Psi=Ps-W3-Ws7 Psy=Ps-Wg-Wgg

FIGURE 3.3: Graphical depiction of power conversion and transmission losses along
the path.

For the subscribers matching process, there is no standard mathematical formulation
of the problem, and different models have been proposed in the literature. In the
different models, subscriber matching was treated as an optimization problem with
different objective functions, some of them aimed at minimizing prices, others aimed
at minimizing transmission losses, etc, taking into account different criteria.

Whenever the objective function is used in the subscriber matching modelization, it

must adhere to the following constraints:
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m If the source (producer) is matched with multiple loads (consumers), the total
amount of selling electricity (Ps_;) should not exceed the existing power of the

source (prosumer) (Py).

k
0<> P <P (3.15)
=1

m If the consumer is matched with multiple sources (prosumers), the total amount
of buying electricity (Ps—;) should not exceed the demand energy of the load

(consumer) (P).

k
0<) Pi<P (3.16)

s=1
m If the consumer is a heavy load that must be matched with several sources
(prosumers), the number of sources should be kept as low as possible to reduce
the complexity of the selection process while boosting the system’s reliability,

security, and robustness [1].

The power received by the load is less than the load demand due to transmission
losses. These transmission losses should be considered in Equations (3.15) and (3.16)
to ensure that loads receive their precise demand without deficit. Because the power
sources are unknown in the first place, the power losses are initially unpredictable,
in this case, the energy routing equations can only be solved recursively, significantly
increasing the complexity and volume of the computations [2]. For this reason, the
literature has basically moved away from incorporating losses in power equilibrium
equations and instead assumes that these power transmission losses are compensated
with the utility grid for a compensation fee, or compensated by the prosumers (energy
sources), by setting aside a percentage of their output as a reserve for losses compen-
sation. In this work, we presume that power transmission losses are compensated
with the utility grid for a compensation fee paid by the consumer.

We assume that only one directional power flow is permitted between two ERs through
the same power line (Power flow directional constraint PFD) since simultaneous bidi-
rectional power flow between them might result in a reverse power flow and alter the

direction and routing of the power flow.
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3.4 Simulation tools and scenarios

Many analysis cases with various network architectures and scenarios have been im-
plemented in Matlab R19a using a laptop with an i5-10210U CPU running at 2.11
GHz and 8G of RAM to evaluate and confirm the performance of our contributions.
We selected Matlab for our simulations since it is the most commonly used simula-
tion program in the literature to address the energy routing issue, as well as for its

simplicity, modularity, and flexibility.

3.4.1 Basic data

Multiple EI structures ranging in size from small to big and complicated ones were
employed in simulations to assess the efficiency of our suggested contributions. These
EI structures are all drawn from the literature and are assumed to mimic real-world
distributed systems. In addition to the network shown in Figure 3.1 with its parame-
ters summarized in Tables 3.1 and 3.2; Figures 3.4, 3.5, and Tables 3.5, 3.6, 3.3, and
3.4 represent the networks structure, ERs, and power line parameters of the modified
EI from the IEEE 14-Bus and IEEE 30-Bus systems used in [116] and [135], respec-

tively. The network structures in Figures 3.2 and 3.5 are commonly employed

FiGURE 3.4: Graph model of the EI modified from IEEE 14-Bus system.

TABLE 3.3: Energy router parameters used in the EI system in Figure 3.4

ER Capacity PS5, (kW) Efficiency (eff) || ER Capacity PS, (kW) Efficiency (eff)
Ry 32 0.98 Ry 65 0.97
R, 130 0.97 Ry 65 0.98
R; 130 0.98 Ry 65 0.98
Ry 130 0.96 Ry 32 0.99
R 130 0.97 Ryy 65 0.97
R 32 0.98 Ry 130 0.98
R; 65 0.98 Ry 130 0.98
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TABLE 3.4: Power line parameters used in the EI system in Figure 3.4

Power Capacity Resistance Voltage | Power Capacity Resistance Voltage
line PG, (kW) () (V) |line PG, (kW)  (9) (V)

Li o 65 0.01938 400 Le_11 20 0.09498 400

Li s 32 0.05406 400 Lg—12 130 0.12291 400

Ly 3 130 0.04699 400 Le_13 32 0.06615 400

Ly 4 32 0.05811 400 L7g 65 0.11021 400

Ly 5 130 0.05695 400 L7y 32 0.19038 400

Ly 4 70 0.15701 400 Lo 19 130 0.03181 400

Ly 5 70 0.0.1335 400 Lo_14a 25 0.12711 400

Ly 70 0.01227 400 Lip-11 70 0.08205 400

Ly g 32 0.01303 400 Lis_13 65 0.22092 400

Ls ¢ 65 0.11202 400 Lis 14 70 0.17093 400

FiGURE 3.5: Graph model of the EI modified from IEEE 30-Bus system.

TABLE 3.5: Energy router parameters used in the EI system in Figure 3.5

ER Capacity Efficiency || ER Capacity Efficiency
Pgy (kW) (eff) Pgy (kW) (cff)
Ry 130 0.98 Rig 32 0.98
Ry 130 0.98 Rz 32 0.98
Rs 130 0.98 Rig 16 0.98
Ry 130 0.98 Rig 32 0.98
Rs 130 0.98 Ry 32 0.98
Rg 130 0.98 Ry 32 0.98
R 130 0.98 Rao 32 0.98
Ry 32 0.98 Ros 16 0.98
Ry 65 0.98 Roy 16 0.98
R 65 0.98 Ros 16 0.98
Ry 65 0.98 Rog 16 0.98
Ry 65 0.98 Ror 65 0.98
Ry 65 0.98 Rosg 65 0.98
Ry, 32 0.98 Rag 16 0.98
Rys 32 0.98 R 16 0.98
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TABLE 3.6: Power line parameters used in the EI system in Figure 3.5

Power Capacity Resistance Voltage || Power Capacity Resistance Voltage
line PG, (kW)  (Q) (V) |line PG, (kW) () (V)
Ly 130 0.0192 400 Lis_135 65 0.105 400
L3 130 0.0452 400 Lis 14 32 0.1231 400
Loy 25 0.057 400 Lis_15 32 0.0662 400
Lo_5 130 0.0472 400 Lis_15 32 0.0945 400
Lo g 25 0.0581 400 Lyy—15 16 0.221 400
L34 130 0.0132 400 Lis—15 16 0.1073 400
Ly g 25 0.0119 400 Lis_93 16 0.1 400
Ly 13 65 0.257 400 Lig_17 16 0.0524 400
Ls_7 70 0.046 400 Lig_19 16 0.0639 400
L¢_7 130 0.0267 400 Lig_90 32 0.034 400
Lg_s 20 0.012 400 Loi_9o 16 0.0116 400
L¢_g 65 0.522 400 Loy_9y 16 0.115 400
Le_10 32 0.351 400 Log_9y 16 0.132 400
Le_os 32 0.0169 400 Loy_95 16 0.1885 400
Lg_os 32 0.0636 400 Los_96 16 0.2544 400
Lg_1p 65 0.1243 400 Los_o7 16 0.1093 400
Lg_1; 65 0.0831 400 Lo7_9g 65 0.0678 400
Lyp—17 32 0.0324 400 Lo7_99 16 0.2198 400
Lig—20 32 0.0936 400 Lo7_30 16 0.3202 400
Lig—o1 32 0.0348 400 Log_30 16 0.2399 400
Lyg_9o 32 0.0727 400

in various studies conducted in the literature ([1, 2, 120, 121]. They are small, but
they are beneficial for preliminary testing and development of energy routing proto-
cols, they may not give a true depiction of how these energy routing protocols would
behave on larger, more sophisticated EI networks. As EI is a large and complex net-
work, it is critical to test energy routing protocols on a range of network sizes and
topologies to assure their effectiveness and scalability in real-world circumstances. To
further study and assess the effectiveness of energy routing algorithms for larger and
more complicated EI networks, and given the lack of real data on EI networks, we
opted to use simulated data. In particular, we used the IEEE 39 Bus [136], the IEEE
118 Bus and 201 Bus systems depicted in Figures 3.6, 3.7 and 3.8, respectively, where
the parameters of the ERs and power lines have been established based on the values
provided by the prior systems as summarized in Tables 3.7, 3.8, 3.9, 3.10, 3.11, 3.12,
and 3.13.
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TABLE 3.7: Energy router parameters used in the EI system in Figure 3.6

R25

F1GURE 3.6: Graph model of the EI modified from IEEE 39-Bus system

()
R18 R17
N

R26

ER Capacity Efficiency | ER Capacity Efficiency
Pip (kW) (eff) Pir (kW) (eff)

Ry 132 0.98 Ry 127 0.99
Ry 132 0.99 Roo 148 0.97
R 135 0.98 Ros 148 0.99
Ry 135 0.97 Roy 134 0.98
Rs 142 0.99 Ros 135 0.99
Rg 126 0.98 Rog 149 0.97
Ry 120 0.98 Ror 129 0.99
Rs 142 0.99 Rog 146 0.98
Ry 126 0.98 Ry 149 0.99
Ry 135 0.97 Rso 112 0.98
Ry 121 0.99 R3 126 0.97
Ry 128 0.98 R3o 101 0.99
Ry 135 0.98 Rs3 116 0.98
Ry 135 0.99 R34 100 0.97
Ris 135 0.99 R 122 0.99
Ry 136 0.98 R 143 0.98
Ri; 136 0.97 Rs; 113 0.98
Rig 148 0.98 Rss 116 0.99
Ry 133 0.99 Rs39 130 0.98
Ry 124 0.98
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TABLE 3.8: Power line parameters used in the EI system in Figure 3.6

Power Capacity Resistance Voltage || Power Capacity Resistance Voltage
line PG, (kW) (Q) (V) |lime  PS, (kW) (Q) (V)
Ly 132 0.1243 400 Lyy15 135 0.1050 400
L3 130 0.0945 400 L5116 111 0.2399 400
Ly_3 127 0.1243 400 Lig_17 136 0.0340 400
Lo 95 110 0.3202 400 Lig_19 133 0.0452 400
Lo 30 112 0.3510 400 Lig_o 113 0.0348 400
L34 135 0.2399 400 Lig_o4 118 0.1050 400
Ly s 121 0.2210 400 Lir_1s 148 0.2399 400
Ly_; 120 0.2544 400 Li7_97 129 0.0120 400
Ly1q 122 0.1000 400 Lig_o9 124 0.0119 400
L5 126 0.0936 400 Lig_33 116 0.2198 400
Ls_g 142 0.2399 400 Log—34 100 0.0324 400
Le—7 120 0.1050 400 Loy_9o 127 0.0324 400
Le—11 104 0.0116 400 Los_93 148 0.0524 400
L3 126 0.0267 400 Log 35 122 0.1320 400
L7_g 115 0.2544 400 Log_o4 134 0.0348 400
Lg_o 129 0.0727 400 Los 56 143 0.0119 400
Lg_39 120 0.0192 400 Los_96 135 0.0936 400
Lyp—11 121 0.0169 400 Los_s57 113 0.1320 400
Lyp—13 135 0.0936 400 Log_o97 113 0.3510 400
Lyp_3p 101 0.0662 400 Log_os 100 0.0119 400
Ly 117 0.0662 400 Log_o99 149 0.1000 400
L3 128 0.0452 400 Log 99 146 0.0169 400
Ly314 135 0.1231 400 Log_35 116 0.2544 400
35 .
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3.4.2 Analyses scenarios

In real-world electric systems, unexpected events can occur, such as an overflow in
a power line, sudden changes in the grid parameters, etc. In order to ensure the
reliability, robustness, and efficiency of an energy routing algorithm in EI, it is essential
to validate its performance under different scenarios and conditions. For that, we

propose the following simulation cases:

m Case 1: Single predetermined source-load pair:
In this case, to assess the path selection phase of the different energy routing
algorithms, it is assumed that the source-load trading pair and the required
energy transfer amount (the energy transactions) are fixed and predefined before
the path selection phase. The different EI networks introduced earlier in this
chapter are used for simulation. Within each network, the nodes (ERs) located
at the opposite edges of the graph were deliberately chosen as source-load trading
pairs to expand the array of potential paths between these selected pairs. This
allows a thorough assessment of the routing algorithms’ ability to select the most

efficient path among a variety of available paths, particularly in large networks.

m Case 2: Single load multiple sources
Since matching loads with sources and creating energy transactions is a signif-
icant phase of the energy routing algorithms, this case is dedicated to investi-
gating the matching decisions made by the different algorithms. Therefore, it
presupposes the existence of a single load with multiple energy sources in the

network that could fulfil the energy request by the load.

m Case 3: Heavy load (multi-source consumer)
A heavy-load, also known as a multi-source consumer, is a consumer whose
demand cannot be met by a single energy source (producer-prosumer), and in

this situation, many producers should be chosen to meet its energy request.

m Case 4: Multi-loads multi-sources
In this particular scenario, the presence of multiple consumers and producers
in the network is assumed, with the possibility of having a non-overlapping,

overlapping, or simultaneous transmission schedule.

— Case 4-1: Non-overlapping transmission time
The network consumers have different transmission times which means it
does not have any overlap. Taking as an example the network in Figure 3.1,

assuming that we have two consumers connected to R; and R,, with T}
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(9:00-10:00) and Ty (11:00-12:00) as the transmission time of consumers
connected to R; and Ry respectively. As T; and T, do not have any
overlap, the energy source and energy transmission path taken by the first

consumer will not affect the second one.

Case 4-2: Overlapping transmission time Unlike the previous case,
the network consumers, in this case, have a partially overlapping transmis-
sion time ( for example 7; from 10:00 to 11:00, T from 10:20 to 11:20).
In this case, the pre-existing power over the power lines selected for the
first transaction in 7'; will be increased. This will lead to major changes
in the power loss in those lines. As a result, the decision made by early
consumers with earlier transmission time will influence the path and source

selection of later consumers with late transmission time.

Case 4-3: Simultaneous transmission time

Whereas the network consumers in this case have the same energy transmis-
sion time. The multiple consumers could choose the same producer. Also,
path overlapping may occur when consumer and producer pairs choose
their transmission paths independently at the same time. An example of
an overlapping transmission path is shown in Figure 3.9, where the se-
lected transmission paths between R; — Ry and Ry — Rg overlap. This
will increase the power loss of the paths and could even lead to an over-
flow, congestion problem, or reverse power flow in cases where the path is

selected to transmit power in opposite directions (detailed in Chapter 5).

'R3 k----! R7 -
\_’, )\_,

_ __ Overlapping transmission path

Transmission path between R, and Rg

Pij Transmitted power

FIGURE 3.9: Diagram illustrating the scenario of path overlapping between multiple
energy trading pairs.

It’s worth noting that all of these distinct scenarios have been implemented within

the different EI architectures outlined earlier in this chapter.
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3.5 conslusion

This chapter provided the groundwork for our proposed energy routing approaches.
We investigated several EI topologies, identified essential components and factors,
created a graph theory model, and introduced a mathematical model of energy trans-
mission losses to address the energy routing problem. Finally, we selected appropri-
ate simulation tools and scenarios to evaluate our suggested solutions. The following
chapters use this groundwork to introduce and evaluate the proposed energy routing

approaches.






Chapter 4

Hybrid Energy Routing Protocol
for EI

The work in this chapter has been published in Energies Journal since 2021 [137]:
HEBAL, Sara, MECHTA, Djamila, HAROUS, Saad, et al. Hybrid energy routing
approach for energy internet. Energies, 2021, vol. 14, no 9, p. 2579.

To ensure a controllable and reliable EI, this chapter first presents a P2PET scheme
and introduces a new energy routing protocol based on meta-heuristic algorithms
called the hybrid energy routing protocol in Energy Internet. The proposed proto-
col addresses the three energy routing issues: subscriber matching, energy-efficient
paths, and transmission scheduling. In which the best producers for each consumer
with the non-congested minimum loss path are determined. In contrast to prior re-
search, multiple networks with varying sizes and scenarios have been used to evaluate
the performance of the energy routing protocol in complex networks in terms of power
losses, cost, and computation time and compared to existing algorithms in the liter-
ature. The simulation results demonstrate the effectiveness of the suggested energy

routing protocol.

4.1 Introduction

The most coveted feature of the EI is the ability to accurately package and deliver
energy units when and where required. Accordingly, the performance of EI relies
on the proper and effective transfer of power, a process that is highly impacted by
the implementation of appropriate energy-routing algorithms. Thus, ERs within the

EI need to be equipped with effective energy-routing protocols. Most of the energy

73
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routing algorithms stated and discussed in Chapter 2 address the energy routing prob-
lem as an optimization problem, employing diverse deterministic approaches such as
graph theory, game theory, and consensus to find the optimal solution. Nevertheless,
the significant drawback of these deterministic methods, particularly when applied
to large and complex systems, is the increasing time involved in achieving a solu-
tion. As a result, as mentioned in Chapter 2, as bio-inspired algorithms provide
high-quality solutions for complex optimization problems in low computational time,
several recent researchers have resorted to bio-inspired algorithms to handle the en-
ergy routing problem, with the aim of reducing computational complexity. Motivated
by these analyses, we propose in this chapter a hybrid energy routing protocol that
uses ACO and PSO algorithms to select the best producer for each consumer with
the non-congested minimum loss path. The proposed protocol is detailed in Section
4.2. Evaluation and numerical simulation of the developed energy routing protocol
are discussed in Section 4.3. This section investigates various scenarios involving net-
works of varying sizes, with a special emphasis on larger networks that have not been

previously studied.

4.2 Hybrid energy routing protocol in Energy In-

ternet

The energy routing problem is different from the data routing problem (as outlined in
Table 1.4). Thus, the particular features of energy routing must be taken into consid-
eration while designing energy routing protocols. By considering these features, we
conceptualized in this chapter the energy routing problem as an optimization prob-
lem. The main objective of this optimization is to minimize both power transmission
losses and the cost of energy between producers and consumers in the EI. In fact, the
EI network architecture, components, and parameters used are described in detail in
Chapter 3. In order to solve the energy routing problem, we start our contributions
by introducing a centralized P2PET architecture. This architecture features a key
component known as the “Broker” (refer to Figure 4.1) and aims to provide a con-
trollable energy trading system. A thorough discussion of the broker’s functions will
be furnished in the following section. The remaining contributions of the proposed

hybrid energy routing protocol are resumed as follows:
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m A subscriber matching mechanism is introduced to match producers and con-
sumers while taking into consideration, the energy available, demand, and net-
work physical constraints aiming to minimize both energy cost and transmission

losses.

m An energy PSO algorithm is introduced to determine the amount of power to
get from a set of producers for a heavy load (multi-source consumer) while
minimizing the total power cost and transmission losses. The aim of using the

PSO is to get an efficient and less computational subscriber matching algorithm.
m A pruning mechanism is used to prevent congestion issues.

m An ACO-based energy routing algorithm is proposed to find the least loss path
between a trading pair [138].

4.2.1 Subscriber Matching Mechanism

The subscriber matching mechanism allows the construction of energy transactions,
including the trading pair of consumer-producer and the traded power amount. In the
proposed centralized P2PET architecture, it is assumed that the Broker maintains the
producers’ and consumers’ profiles, encompassing information such as energy pricing,
transmission duration, and the quantity of available/required power. To avoid the
possibility of a single point of failure in the broker system, we have included a backup
broker who will smoothly take over in the case of a detected failure. Additionally, it
is presumed that the energy trading process adopts an intraday trading strategy , in
which the trading interval occurs before the actual consumption and delivery time by a
predetermined time frame, such as 30 minutes. The intraday trading will ensure power
availability at the producer level, decrease the need for large-capacity batteries, and
allow participants to adapt quickly to the dynamic fluctuations of energy availability,
demand, and system conditions. The following steps outline the proposed subscriber

matching mechanism:

m Prosumers, who generate more energy than they consume, known as producers
or sellers, communicate with the broker by providing critical information com-
prising the amount of available energy, the time frame, and the energy trading

price at the beginning of the trading slot.

m Prosumers, who generate less energy than they consume - essentially those in

need of more energy - as well as conventional consumers without RESs, submit
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Distributed RESs ESS

~ Sy A
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I - ) e/Consumer
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’
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! ’ ’/
f R »

y=ie
R5 R6 . ED l/_
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e e By~ > Iji]

Broker

Traditional generator

FIGURE 4.1: An example of the proposed centralized P2PET architecture.

an energy request indicating the required energy amount and time frame to their

directly associated ERs.
The associated ER forwards this energy request to the broker.

The broker evaluates energy requests based on their submission time and creates
a list of all producers/prosumers who can supply the whole needed energy within
the stipulated timeframe for each consumer request, and in this case, the con-
sumer is a “mono-source”. Otherwise, if there isn’t a producer/prosumer who
can fulfil the consumer’s energy request in the system, the consumer is classi-
fied as a “heavy-load” or “multi-source consumer” that needs multiple sources
to meet its request. In such cases, the broker generates a list of all available

producers/prosumers whose timelines align with the consumer’s time frame.

The generated list is forwarded by the broker to the ER associated with the

consumer.

Once the ER associated with the consumer receives the list of possible produc-
ers, it runs the subscriber matching mechanism to decide from which producer
the energy will be purchased. As illustrated in Algorithm 4.1, the matching
mechanism relies on the consumer type, which is defined by the list of potential

producers and their surplus power.

In the Mono-source consumer case, each producer in the list can supply the

whole demand of the consumer. The ER uses the first case in the subscriber
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Algorithm 4.1: Subscriber Matching Mechanism

Input: ¢ // the identify of consumer
P, // the requested energy of consumer
L // the list of possible producers
Output: Flitness // the Fitness value
/* check if the consumer is a heavy load */
Fitness <0
if /heavyLoad(c) then
/* case 1: Mono-source consumer */

fori+1tol do
// l:the number of producers in list L

cost,, < calculatecost(L(i), P,)
Weesp <= ACObased ERP(L(i), ¢, P.)
Fitness, (i) < a x Weep + (1 — ) x Cost,,
/* Select the best producer with min Flitness */
| Fitness = min(Fitness))

else
/* case 2: Heavy load (multi-source consumer) */

C¢ « createCombination(P., L)

for i <~ 1 to m do
/* Determine the power amount to get from each set to achieve the minimum

Fitness */
Fitnessg(i) <~ EPSOA(C?(i),c, P.)
/* Select the best producers set with the min Flitness */

| Fitness <= min(Fitness)

matching mechanism and calculates the fitness value (Fitness,) to each pro-

ducer p in the potential producers’ list using Equation (4.1).
Fitness, = a X Weep + (1 — ) x Cost,, (4.1)

Cost, = Price, x P. x Time (4.2)

Where: 0 < a <1, cost, and W, symbolize, in sequence, the energy cost and
the power transmission loss of the minimum loss path between the consumer and
the producer. The minimum loss path is generated by the ACO-based energy
routing protocol described in detail in Section 4.2.2. As indicated in Equation
(4.1), the objective function involves two criteria that need to be minimized:
energy cost and energy transmission losses. These two criteria are connected
through a factor denoted as “a”, which indicates the relevance (weight) assigned
to each criterion, according to the broker’s preferences. The broker adjusts the
a value depending on the overall system generation and demand. If the total
energy generation exceeds the total demand, the broker reduces the « value

while prioritizing cost. On the contrary, if the total energy generation falls
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short of demand, the broker raises the « value, prioritizing the minimization of

power loss.

Based on Equation (4.3), the ER selects the producer with the lowest fitness
value. It informs the broker to validate the created energy transaction and
updates its data.
Minimize (Z Fitnessp) (4.3)
peL
The ER creates the virtual circuit for the selected producer. Each ER in the
virtual circuit will update its data and share it with the rest of the ERs in the

system.

Whereas, in Multi-source consumer (heavy load) case, none of the poten-
tial producers can fulfil the entire required energy amount. Consequently, the
subscriber matching mechanism executed by the ER will opt for multiple pro-
ducers to satisfy the consumer’s energy request. As outlined in references [1, 2],
it is advisable to keep the number of producers selected for a single consumer as
minimal as feasible. This will reduce the complexity of the subscriber matching
system while increasing grid stability and assuring its security and durability.
Therefore, it is assumed that a single consumer cannot obtain energy from more

than three producers.

Using the list of potential producers (L), First, a combination set C¢ of produc-

ers is formed.

S P11 P12 ... DPin
CfL _ Sa _ P21 P22 ... DPon
Sm mx1 Pm1i Pm2 -+ DPmn mxn

Each set S in the combination set C consists of a specific number of producers
(n), whose combined available power is sufficient to fulfill the consumer’s en-
ergy request (Equation (4.4)). The construction of this combination set enables
strategic power transmission scheduling between the customer and the selected
producers. This involves identifying the best sequence of producers to start
with, with the aim of minimizing both total power loss and energy costs. This
strategy has the ability to greatly reduce total power loss and congestion in the

system.
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pe1Pe >= P, k€ L (4.4)

m The energy particle swarm optimization algorithm (EPSOA) is then used to
determine the required power amount to get from each producer within set Sy
to satisfy consumer demand while minimizing the fitness value of the set (see
Equation 4.5).

Fitnessg, = Xi" | Flitness,, (4.5)

m This step is repeated for each set Sy, present in C7,, and the set with the minimum

fitness is selected to power the consumer (Equation (4.6)).

Fitnessmim = ming—1._m(Fitnesss,) (4.6)

m The suggested energy particle swarm optimization algorithm (EPSOA) is de-
picted in algorithm 4.2. The EPSOA starts with the generation of k particles.
Each particle (X;) represents the amount of power allocated by each producer
in the set S to meet the energy demand of the consumer. The initial power
amount allocated from producers 1 to (n — 1) in the set S is chosen randomly
within their generation boundaries, while the n'* producer delivers the remain-
ing power to meet the consumer’s demand. The algorithm calculates the fitness
value for each particle by employing Equations (4.5) and (4.1). It then initi-
ates the pbest (personal best) and gbest (global best) values and proceeds to
adjust the position (X) and velocity (V) of each particle in every iteration using

Equations (4.7) and (4.8) while respecting the following constraints.
X=X+ v (4.7)

VIt = wV! + Cyry[pbest; — X[ + Cyra[gbest’ — X|] (4.8)

C1: The particle’s total power should be equal to the consumer’s energy de-
mand.
¥ Xy =P

C2: The extracted power from producer j inside particle + must be within the

capacity of the producer, which corresponds to its available power.

0< X, <P,
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Algorithm 4.2: Energy Particle Swarm Optimization

Input: ¢, P., S
Output: gBest
Initialize the PSO parameters (k,n, C;, Cy, and w)

/* Initialize the random positions of each particle (X;) */

for each particle v in the swarm do
Initialize randomly its position (X;) while respecting constraints C1 and C2
Initialize velocity (V;) randomly

for each producer j in the set S do
Calculate the Cost of getting X;; power amount from producer j,

according to Equation (4.2)

Calculate the best path for transmitting X;; power amount from producer
j using ACO-based energy routing protocol

Evaluate the fitness value (Fitness(X;;)), according to Equation (4.1)

Evaluate the fitness value (Fitness(X;)) of the position X;, according to
Equation (4.5)

| Initialize pBest to its initial position pbest(i) +— X (7)

Initialize the gbest as the particle with the minimum fitness value

/* Repeat until terminal criteria is met */

ite 1

while (ite <= maxit) && !(error criteria) do

for each particle © in the swarm do

Update particles’s velocity V; according to Equation (4.8)

Update particle’s position X; according to Equation (4.7)

Use a limiter to ensure that the new particle’s position X; respect
constraints C1 and C2

for each producer j in the set S do
Calculate the Cost of getting X;; power amount from producer j,

according to Equation (4.2)

Calculate the best path for transmitting X;; power amount from
producer j using ACO-based energy routing protocol

Evaluate the fitness value (Fitness(X;;)), according to Equation (4.1)

Evaluate the fitness value (Fitness(X;)) of the position X;, according
to Equation (4.5)

f Fitness(X;) < Fitness(pBest;) then
Update the pBest of particle i: pBest(i) < X;
if Fitness(X;) < Fitness(gBest) then

L Update the gBest of the swarm: gbest < X;

o

1+ 1+1
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m The ER determines the best set of producers with all necessary data, including
the required power from each producer and the best path to each producer inside
the best set. Similarly to the mono-source consumer case, the ER informs the
broker of its trading decision. Following broker approval, the ER performs the
necessary updates, establishes the circuits, and begins energy transfer from the

selected producers.

The consumer-producer pairs generated by the subscriber matching mechanism must
comply with the constraints (3.15) and (3.16).

4.2.2 ACO-based Energy Routing Algorithm

Most of the energy-routing algorithms used in the literature to find the energy min-
imum loss path between a trading pair use graph theory methods, which have high
computational time in huge networks. In order to address the computational com-
plexity, we proposed the use of metaheuristic algorithms to solve this problem. As
the Ant Colony Optimization algorithm (ACO) has shown effective applicability in
solving a wide range of routing problems, including Wireless Sensor Network Rout-
ing [139], Vehicle Routing Problem [140], and Traveling Salesman Problem [141], etc.
We propose an ACO-based energy routing algorithm in this section. The proposed
algorithm is executed by ERs to determine the non-congestion energy-efficient trans-
mission path between a trading pair (the producer-consumer pair). As detailed in
Chapter 3, the energy-efficient transmission path is the energy minimum loss path
(see Equation (3.2)), while the total energy loss along a transmission path connecting
a consumer-producer pair is the sum of power losses along all ERs and power lines
constituting the path (see Equation (3.3)). As highlighted in Chapter 3, it’s cru-
cial to emphasize that the energy minimum loss path should satisfy the constraints
(3.8),(3.9),(3.10),(3.11) and (3.12).

The flowchart depicted in Figure 4.2 illustrates the fundamental concept and imple-
mentation of the proposed ACO-based energy routing protocol. While the relevant
parameters are presented in Table 4.1. The sequential steps of the ACO-based energy

routing algorithm are as follows:

1. Initially, following the explanation provided in chapter Chapter 3, the ERs use
network information and graph theory concepts to construct a connected undi-
rected weighted graph that serves as a representation of the network power

system.
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FIGURE 4.2: ACO-based energy routing protocol (ACO-ERP).

2. Upon receiving the energy transaction information including the transmitted
power amount F,, and the producer identity, a pruning mechanism is initiated.
This mechanism is executed before the energy minimum loss path selection
and aims to prevent the power system from congestion and failure. It involves
applying constraints (3.9),(3.10), and (3.11) to remove all power lines and ERs
that are incapable of transmitting F,,. Consequently, a new sub-graph denoted
G2 is deducted.

3. According to P,, and using Equations (3.4) and (3.6), the power loss of each
power line and ER in the G2 is calculated.
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TABLE 4.1: ACO-ERP’s flowchart parameters

Symbol

Description

G={E,V,W}

G2 = {E2,V2, W2}

P

cp

BestPath

WBestPath
maxlt

maxAnt
anty,

Wantk.
consER
prodER
Vi

F(Vi)

The EI corresponding graph model, E,V, W represents the
set of nodes and edges that consist of the graph G with their
weights, respectively.

The new graph of EI resulting from the pruning mechanism.
The transmitted power between the producer-consumer pair
The energy-efficient path (energy minimum loss transmission
path)

The total power loss of BestPath

[terations maximum number

Ants maximum number

The k' path, which is the energy transmission path between
the consumer-producer pair determined by an ant k

The total power loss of the path k

The consumer associated ER

The producer associated ER

The current node (ER) where the ant is allocated

A neighbor of node V; (ER;)

A set of one-hop neighbors of a node V; (FR;)
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4. The minimum path selection method is founded on ACO principles. Consumers

and producers/prosumers; in this metaphor, perform the roles of an ant nest
and a food source, respectively. Ants are used to identify the best path be-
tween them. They communicate and move toward the food source using a
chemical signal called a pheromone. The path with the highest concentration of
pheromone becomes the favoured option used by ants among the various paths,
typically indicating the shortest path. Certain ants release more pheromones
in nature when the food source is plentiful or of higher quality, and the path
is extremely efficient. Consequently, the pheromone level on a path is precisely
proportional to its power transmission loss. Equation (4.9) reflects the quantity
of pheromone deposition on an edge (power line) L;; by ant k, where Wrath
represents the power transmission loss associated with the transmission path

that includes the line L;;.
1

Wpath

When ant £ chooses the line L;;, the amount of pheromone on that particular

Aty = (4.9)

line is adjusted per Equation (4.10), where n stands for the number of ants that
have selected the line L;;.

[
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The ER establishes the ant colony’s initial settings during this step, compris-
ing the number of iterations, the number of ants, and the initial pheromone

concentration.

. Each ant moves along the graph, from one node to the next (beginning with

the consumer-associated ER) until it reaches the producer-associated ER (the
destination node). Using the roulette wheel method, the subsequent node (ER)
is chosen by computing a probability for each neighbouring node. As outlined
in Equation (4.11), two factors impact this probability: the concentration of
pheromone associated with the probably next node and the power loss sustained
when travelling to that node, where o and 8 are two parameters that control,
respectively, the importance of the pheromone intensity (7;;) and the quality of
the power line (7;;). F; is the list of neighbors of node v; in the graph G2, while
Equation (4.12) outlines the quality of the power line Lj;.

Y (. )8
Prob;; = (7is) <Z’J> . (4.11)
Yier (i) (0ij)
1
R 4.12
7]] wi—l—wzj ( )

. When an ant’s selected path violates the constraint (3.8), indicating that the

power loss of this selected path exceeds the transmitted power, a mechanism
called “pheromone devaporation” is initiated. In this mechanism, the pheromone
level associated with this path is reduced by 5% to discourage other ants from

selecting the same path.

. The method iterates several times, with each iteration comprising the selection

of an energy-efficient path (denoted by set S in Figure 4.2). Concurrently, the

pheromone level is adjusted in accordance with Equations (4.9) and (4.10).

. As specified by Equation (3.2), the most energy-efficient path within set S is the

one with the least power transmission loss.

A virtual circuit is established using the selected energy-efficient path for the trans-

fer of energy between the producer-consumer pair. The adoption of the pruning

process, as well as information sharing between ERs during circuit generation, along

with capacity constraint validation prior to circuit construction, successfully mitigates

congestion and overhead problems.
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4.3 Numerical Simulation and Result Analysis

In this section, detailed numerical simulations will be employed to assess the per-
formance of the proposed hybrid energy routing protocol in different scenarios using
different EI networks, covering the three main energy routing problems: subscriber
matching, energy-efficient path, and transmission scheduling.

It’s important to note that within this context, as mentioned in Chapter 3, a “load”
refers to shortage-energy prosumer , while a “source” refers to a surplus-energy pro-
sumer . Additionally, if an ER is directly linked to a load, it is considered as a load.
On the contrary, if it’s connected to an energy source, it is considered an energy source

in the network.

4.3.1 Single predetermined source load pair

To initiate the evaluation process of the proposed energy routing algorithm, we start
by evaluating the performance of the ACO-based energy routing algorithm in small
and large networks. For that, the networks described in Chapter 3 in Figures 3.5, 3.7
and 3.8 with their detailed parameters in Tables 3.5, 3.6, 3.9, 3.10, 3.11,3.12, and 3.13
are used for simulation to allow a comparison between the energy routing algorithms
in [2], [1], and the proposed ACO-based energy routing algorithm in this chapter. As
illustrated in Tables 4.2 and 4.3 the source load pair and the amount of transmitted
power are determined in each network. It is assumed that the preexisting power in
this case equals zero.

In the network in Figure 3.5, the scenario of power transmission from ER; to ERsg
is simulated for two power levels, 10 kW and 2 kW. The simulation results are given
by Tables 4.2, 4.3, in which it can be seen that irrespective of the growing power
loss caused by the increasing amount of transmitted power between FR; and ERgg,
exhaustive search algorithm in [1], DFS algorithm in [2], and the proposed ACO-based
algorithm choose the same single transmission path (1 — 2 — 6 — 28 — 27 — 25 — 20)
for both 2 kW and 10 kW since there are no other single paths in the network with
a lower loss than the currently selected path. It is notable that the ACO-based al-
gorithm demonstrated a 61.4 % reduction in computational time compared to the
exhaustive search algorithm, and 54.4% compared to the DFS algorithm.

The power line Lss_»7 initially has a capacity of 16 kW. A pre-existing power of 10
kW on this line decreases its capacity to 6 kW, restricting the capacity of the path
1 =-2—=6—28— 27— 25— 26 to 6 kW, making it unable to transmit the re-
quired 10 kW between ERs 1 and 26. Choosing this path will overload the power line
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TABLE 4.2: Simulation results of single predetermined source load pair in multiple
networks (Exhaustive-search [1], DFS [2]).

Traiding Transmitted  Evaluation

Network . Exhaustive search DFS
pair power (kW)  parameters
Path 1=22=0—28—=27—25—206 1=22=0—28—=27—25—206
2 TL (kW) 0.293 0.293
CT (s) 2.25 2.24
Path 1—=2—=0—28—=27—25—206 1—=2—=0—28—=27—25—206
10 TL (kW) 1.728 1.728
3.5 1— 26 CT (s) 2.28 2.10
p ) 95 P oF \ op 1—=2—=6—28—27—25—26
o Ez;‘t}(ka) 1—)2*)()%1():22‘;)%24—)&)%&3 1%2%6%10?8;23?%2/,%25%26
r . B D
Propss = 106W - op (s) 2.08 4.36
Path 28 = 27 — 32 = 23 = 24 =10 28 = 27 — 32 =23 =24 =70
— 69 = 49 — 51 — 58 — 69 = 49 — 51 — 58
28 — 58 5 TL (kW) 1.083 1.083
3.7 CT (s) 1080 980
Path 112 — 110 — 103 — 100 — 98 — 80 — 81 — 68 112 — 110 — 103 — 100 — 98 — 80 — 81 — 68
— 65 = 38 = 30 — 17 — 16 — 12 — 117 — 65 = 38 = 30 — 17 — 16 — 12 — 117
112 — 117 14 TL (kW) 5.874 5.874
CT (s) 1075 970
92 — 67 — 65 — 69 — 58 — 16 — 72 92 — 67 — 65 — 69 — 58 — 16 — 72
Path — 71 = 20 = 56 — 147 — 143 — 136 — 71 = 20 = 56 — 147 — 143 — 136
— 156 = 158 — 128 — 159 — 179 — 176 — 156 = 153 — 128 — 159 — 179 — 176
92 — 176 15 TL (kW) 6.721 6.721
3.8 CT (s) 864 629
Path 200 - 91 -1 —12 =3 =11 — 14 — 10 200 - 91 =1 —12 =3 =11 — 14 — 10
— 9= 87— 88 = 66 — 67— 65— 69 — 9= 87— 88 = 66— 67— 65— 69
201 — 69 12 TL (kW) 3.738 3.738
CT (s) 506 478

Lss_o7 and create congestion. To avoid congestion issues, the proposed ACO-based
algorithm uses a pruning mechanism that prunes out the ERs and power lines that
couldn’t carry the 10 kW, including the power line Lss_o7. As a result, a different
path (I - 2 — 6 — 10 — 22 — 2/ — 25 — 206) was chosen, although with a larger
transmission loss (2.261 kW). This path, on the other hand, had a capacity of 16 kW,
allowing the 10 kW to be successfully transmitted. The same results are obtained with
the algorithm in [1] but with more execution time. The DFS algorithm in [2] uses the
data packet mode and executes the algorithm multiple times to find multiple paths to
transmit the power in multiple paths. This results in more execution time, especially
in large and complex networks, making it unfeasible for real-time and near-real-time
energy trading.

Networks in Figures 3.7 and 3.8 are used to evaluate the proposed energy routing
algorithm’s efficacy on large networks that offer a vast array of power routing options
(paths) compared to the first network. As shown in Tables 4.2 and 4.3 different trad-
ing pairs with different power transmission amounts are used in each network. The
results show that the ACO-based energy routing algorithm outperforms the exhaus-
tive search and DFS algorithms in larger networks, giving the minimum energy loss
path with much less computing time (50% less), making it ideal for near-real-time
and real-time energy routing in vast networks. Even the poorest solution discovered
by the ACO-based energy routing algorithm represents a path that falls within the
top 10% of the best paths within the network.
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TABLE 4.3: Simulation results of single predetermined source load pair in multiple
networks (the proposed ACO-based algorithm).

The proposed ACO-based algorithm

thworkTrad.ing Transmitted Evaluation Best Worst
pair power (kW)  parameters
Path 1220628272526
2 TL (kW) 0.293
CT (s) 0.83
Path 1 —=2—=6—=28—=27—25—20
10 TL (kW) 1.728
. op CT (s 0.88
35 1= " Path() TS 2565102052 5255 20
- . TL (kW) 2.261
Pry . =10kW  op ®) i i
Path 28 = 27— 32 =23 = 2/ —= 70 28 = 27 — 25 — 2324 — 10
— 69 = 49 = 51 — 58 — 69 = 49 — 51 — 58
28 — 58 5 TL (kW) 1.083 1.093
37 CT (s) 9.67 11.30
Path 112 — 110 — 103 — 100 — 98 — 80 — 81 — 68 112 — 110 — 103 — 100 — 98 — 80 — 81 — 68
=65 =38 =380 — 17— 16 - 12 — 117 =65 =38 =80 — 17— 15— 1, — 12 — 117
112 — 117 14 TL (kW) 5.874 6.109
CT (s) 13.38 14.05
92 = 67 = 65 — 69 — 58 = 16 — 72 92 = 67— 60688 —87T—=9— 10— 14
Path — 71 = 20 = 56 — 147 — 143 — 136 — 11 -3 =12 =1 — 91 = 201 — 189 — 158
— 155 — 158 — 128 — 159 — 179 — 176 — 181 — 185 — 165 — 169 — 173 — 179 — 176
92 — 176 15 TL (kW) 6.721 7.303
3.8 CT (s)
Path 200 91 -1 —=12—=3—=11 =14 — 10
— 9 = 87 = 88 — 66 — 67 — 65 — 69
201 — 69 12 TL (kW) 3.738
CT (s) 21

4.3.2 Single load multiple sources

The process of matching energy sources to loads and establishing energy transactions
is an integrated part of the energy routing protocol. To evaluate the matching process
of the proposed energy routing protocol, taking the network depicted in Figure 3.5,
we assume the presence of five sources FRy, FRs, ERg, FRy5, and ER,; each with
distinct power capacities of 18 kW, 12 kW, 11 kW, 15 kW, and 10 kW respectively.
These energy sources are associated with different prices for supplying power, which
are 0.056 $/kWh, 0.078 $/kWh, 0.068 $/kWh, 0.065 $/kWh and 0.041 $/kWh, re-
spectively, and must supply 10 kW power demand by load FR;s. We presume that
all energy sources, except FRg, have a similar transmission time as the load. As the
transmission time of FRg doesn’t align with the required timeframe of the load, the
broker will exclude the ERg from the list of potential sources for load EFR;g as it
cannot provide the requested power within the necessary timeframe.

As depicted in Table 4.4, the work outlined in [121] consider the subscriber matching
and energy-efficient path as two separate optimization problems where source-load
pairs are formed prior to the selection of energy transmission paths. The matching
process is primarily price-based, leading to the selection of ERsy, which offers the
lowest price but incurs the highest power loss (1.584 kW) compared to other sources.
On the other hand, the subscriber matching process employed in references [1] and
2] is power loss-based, where exhaustive search and DFS algorithms are first used to
find the energy-efficient path to each potential source in the network, selecting the

one with the minimal power transmission loss, which is in this case ERs. However,
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it is important to highlight that ERs; comes with the highest price. On the contrary,
the proposed energy routing protocol incorporates both power loss and price con-
siderations into a single objective function for subscriber matching. After receiving
the list of possible producers from the broker, FR;g starts the matching process by
calculating the fitness value of each energy source in the list and selecting the one
with the minimum fitness value (see Table 4.5), in this case, ER,. This selection
offers more beneficial pricing (28.2%) than the methods in [1] and [2]. Additionally,
it outperforms the algorithm’s selection in [121] in terms of power efficiency (26.76%

reduced power loss).

TABLE 4.4: Comparison of source selection in the case of single load multiple

sources.
. Energy Transaction Price Transmission Power loss
Algorithm
source power (kw) ($/kw) Path (kw)
[1] 6 0.78 6 =4 —12 15— 18 1.131
[121] 27 10 041 27528 —6—4 —12—>15— 18 1.584
[2] 6 0.78 6 —4— 12— 15— 18 1.131
[137] 2 0.56 2 =4 —=12—15—18 1.160

TABLE 4.5: The source selection of the proposed hybrid energy routing protocol in
the case of single load multiple sources (o = 0.5).

Load Transaction Energy Price Transmission Power loss Fitness Selected
power (kw) source ($/kw) Path (kw) value  source
2 0.56 24 —=12—15—18 1.160 0.86
18 10 6 0.78 6 —4 =12 =15 — 18 1.131 0.95 9
25 0.65 25 =24 — 23 =15 — 18 1.329 0.98
27 0.41 27T =28 =6 — 4 — 12 = 15 — 18 1.584 1.004

4.3.3 Heavy load (multi-source consumer)

A P2PET in EI permits a single source to power numerous loads. Similarly, a load can
acquire the required power from one or more sources. To evaluate the performance of
the proposed energy routing algorithm when dealing with heavy loads in the system,
we assume the presence of an EV connected to FR;, with the same set of producers
as mentioned earlier (ERy, ERg, ERs5, and ERyy). As per the European EV charging
standard IEC 61851 [1], the power requirement of the EV is 22 kW and none of the
network available sources can entirely fulfil this request, therefore the EV is classified
as a heavy load. In this case, after receiving the ER;,” power request, the broker
creates a list that contains all the possible producers that can transmit power at the
same timeframe of ER;; (L = {ERs, ERg, FRy5, ERy7}). Given the power data from

the sources in the set L, at least two sources are required to provide the load FR;;
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with the requested power. By receiving the list L, ER;; creates a combination set C'

as follows:
S1 ERy, FERg
So ER, FERoy
CfR”: S3 _ ERy, FERy
S4 ERG ER2
Stz 12x1 Elyr By 12x2

This specific combination creates a source allocation scheduling strategy, setting the
priority order for assigning sources and paths, which reduces the total power loss.

For each set S; the FR;, invokes the EPSOA and determines the best set with the
minimum fitness value that satisfies the EV power request. Table 4.6 summarizes the
results of the computations, encompassing the selected sources and paths, transmis-

sion power, pricing, and power losses compared to other algorithms in the literature.

While Table 4.7 illustrates the selection of power sources and their power amounts in
the ER17 context, depending on various values of a. When « is set to 1, the algorithm
focuses on minimizing power loss in subscriber matching leading to the selection of
ERs 6 and 2 due to their lowest transmission losses which is the same provided so-
lution in the previous works [1] and [2]. Conversely, when a equals 0, the algorithm
prioritizes the price and performs matching based only on it resulting in the selection
of ERs 2 and 27 as they offer the lowest prices. However, our proposed algorithm
aims to perform matching by considering power losses and prices at the same time.
In this scenario, energy sources that offer the lowest prices have the highest energy
losses, whereas those with the lowest losses typically come with the highest prices.
Therefore, decreasing the a value reduces the energy drawn from ERs and raises the
energy obtained from other low-priced sources (ERs,FE Ro7) leading to a new solution
with a small increase in power loss but a better price for prosumers. While algorithm

[121] failed to generate a feasible solution for this scenario.

It is worth mentioning that in many P2PET systems proposed in the literature, the
trading pairs must pay energy loss compensation fees to the utility grid to compensate
for the energy losses resulting from the P2PET transactions [126, 142, 143], which
increases the cost of trading in P2PET systems. Assuming a rate of 0.2 $/kW.h for
1 kW power loss, the total cost incurred by consumer E'R;7 in this scenario would be
1,93$ using [1], 1.95 § using [2], and 1.87 § using the proposed energy routing proto-

col. Clearly, the suggested matching algorithm yields the lowest overall energy cost,
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emphasizing the necessity of factoring in energy transmission loss as well as prosumer

costs throughout the matching process.

TABLE 4.6: Comparison of source selection in the case of heavy load (o =
NC: Not Considered.

0.5).

Alsorith Transaction Transaction Price Transmission Power loss Total power Total price
gorthm pair power (kw) ($/kw) Path (kw) loss (kw) ($/kw)
6-17 12 0.936 6 — 10 — 17 1.065
[1 2-17 10 0.56 2—=4—12 =16 — 17 1.1436 2.2086 1.496
[121] NC NC NC NC NC NC NC
6-17 12 0.936 6—9— 10— 17 1.148
2 2-17 10 0.56 2—=6— 10— 17 1.1245 2.2725 1.496
2-17 13.840 0775 2 —>4 — 12— 16 — 17 1.6589
[137] 6-17 8.16 0.636 6 — 10 — 17 0.6491 2.308 Lai
TABLE 4.7: « variation and source selection for heavy load case.
Transaction Transaction Price Transmission Power loss Total power Total price
pair power (kw) ($/kw) Path (kw) loss (kw) ($/kw)
6-17 12 0.936 6 — 10 — 17 1.065
L 2-17 10 0.56 2 =4 —12— 16 — 17 1.1436 2.2086 1.496
2-17 11.549 0.647 2 —4 — 1216 — 17 1.3463
0.7 6-17 10.451 0.815 6— 10 — 17 0.8887 2.235 1.462
2-17 13.840 0775 2 — 4 — 12 - 16 — 17 1.6589
0-5 6-17 8.16 0.636 6— 10 — 17 0.6491 2.308 L4l
03 2-17 14.518 0813 2—4 — 12— 16— 17 1.754 9 666 119
27 - 17 7.482 0.307 27 —>28 -6 — 10 — 17 0.912
0 27 - 17 10 041 27 —=28—=6— 10— 17 1.2926 9.6993 1.082

2-17 12 0672 2 —=4 —12 =16 — 17 1.4067

4.3.4 Multi-loads multi-sources

To demonstrate the effectiveness of the proposed protocol in efficiently managing en-
ergy routing when dealing with numerous sources and loads, we’ll be using the same
electrical network system as previously outlined (Figure 3.5), with a small modifi-
cation: the capacity of the power line L, _;» has been set at 17 kW to purposely
induce congestion on that line. We'll proceed with the simulation using the same
group of sources as described in the previous scenarios. The following power requests
4 kW, 22 kW, and 10 kW, must be supplied by these sources to the loads FR;3,
ERy7, and FRqg, respectively. Different loads will have different transmission times,
which can result in a variety of situations where the transmission times are either

non-overlapping or overlapping.

4.3.4.1 Non-overlapping transmission time

The transmission times of the different loads in this scenario do not overlap. Therefore,

the preexisting power in the network is considered to be 0 and the choice of a load
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will not affect the other one. It is presumed that sources E Ry, ERg, FRo5, and E Ro;
could deliver an equivalent surplus of power during various load transmission times.
This ensures a consistent array of choices for each consumer and allows the assessment
of the algorithm’s efficacy under diverse demands and situations. The energy source
and transmission path chosen by each load, utilizing the proposed energy routing
protocol, are illustrated in Table 4.8. A comparative analysis with the studies in [1],
[121], and [2] is also provided.

TABLE 4.8: Comparison of source selection in the case of Multi-loads multi-sources
with Non-overlapping transmission time. NC: Not Considered.

Algorithm Transaction Transaction Total Price Transmission Path capacity Total Power
pair power (kW)  ($/kW.h) Path (kW) loss (kW)
6-17 12 6 — 10 — 17 32
0 2-17 10 1.496 2 =4 —12 =16 — 17 16 2.209
6-18 10 0.78 6— 4 —12— 15— 18 16 1.132
6-13 4 0.312 6 —4 — 12— 13 17 0.335
717 NC NC NC NC NC
(121] 27 - 18 10 0.41 27 =28 -6 — 4 — 12 - 15— 18 16 1.585
27 - 13 4 0.164 27 =28 —6—4— 12— 13 17 0.503
6-17 12 6—9— 10— 17 32
2] 2-17 10 1.496 2—=6—10— 17 20 2.273
6-18 10 0.78 6— 4 —12— 15— 18 16 1.132
6-13 4 0.312 6 — 4 — 12— 13 17 0.335
6-17 8.16 6 — 10 — 17 32
[137] 2-17 13.84 L4l 24 —12 16 — 17 16 2.308
2-18 10 0.56 24 —12 15— 18 16 1.160
2-13 4 0.224 24 —12— 138 17 0.338

The table indicates that the algorithm consistently selects an energy source for each
load that can provide the whole demand through a congestion-free path (with power
flow below its maximum capacity). The matching method suggested in this chapter
takes into account both path power loss and price, unlike the other three algorithms,
which only take into account energy source prices [121] or transmission power loss
[1] and [2]. Tt chooses energy sources that concurrently balance and optimize cost
and power loss. The selected sources for the load EFRi; are the same by the different
algorithms but with different amounts of power. This slight difference in the amount
of power provided by the proposed algorithm creates a gain in the cost by 5,68%
compared to the solution provided by [1] and [2]. Tt also provides a gain cost of 28%
for both ERs 18 and 13. Same for the power loss it provides a gain of 26,81% (425w)
and 32,8% (165w) power saving for ERs 18 and 13, respectively compared with the
solution provided by [121].

4.3.4.2 Overlapping transmission time

In this scenario, we presumed that the transmission times of various loads overlap,

but with a considerable time delay between them. The transmission time for ER;g
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begins after FR;, whereas the transmission time for EFR ;s starts after FR;g, with a
considerable time disparity between their respective beginning points. As depicted in
Table 4.9, using the proposed energy routing protocol the selected sources by E R;
stay consistent with the non-overlapping case since there is no preexisting power in
the system. However, by providing 13,84 kW from its energy availability the energy
source connected to E'Rs is no longer a viable option for E'R;g as its remaining power
(4,16 kW) cannot fulfil its total demand. The broker list sent to ER;s contains ERs
25 and 27, from which based on their suggested prices and the actual network energy
loss, the 'Ry is chosen to power E Rig.

The paths allocated by the first trading pairs (ERg — FRy7, ERy — ERy7, ERys —
ERys ) decreases the capacity of the selected power lines and increases their power
losses due to the change on lines pre-existing power from 0 to 8,16 kW, 10kW and
13,84kW (because of its quadratic function of pre-existing and transmitted power
see Section 3.3). The capacity of the power lines L, 15 and Lig_17 has decreased
to 3,16 kW and 2,16 kW, respectively. This maximum capacity can not transmit
the whole demand of ERj3 (4 kw), therefore, they are pruned from the graph as
depicted in Figure 4.3 before calculating the efficient paths using the proposed pruning
mechanism. As the next best path that can transmit 10 kW between ERs 13 and
2(2—=6—9—10— 22— 24/ — 23— 15 — 12 — 13) has a higher energy loss
(998.55 kW), the ER turns to another energy source that provides better price and
power loss which is F Ro;.

The proposed energy routing protocol prevents congestion and overload successfully

while minimizing price and energy transmission loss.

10F

9 .1 2 o5 7 ®38

.

ras ®1 e4 6 ®28

6 ®29
5+ *13 *12 16 ®17 * 10 *9 27

4+ *20 *11 ®30
3r €14 19

2r *18 ®22 *21

1 *15 23 ®24 25 926
0r ‘

0 2 4 6 8 10

FIGURE 4.3: The source and path selected for FRi3 using the proposed hybrid
energy routing protocol.
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TABLE 4.9: The source selection of the proposed protocol in the case of Multi-loads
multi-sources with overlapping transmission time.

Transaction Transaction Total Price Transmission Path capacity Total Power
pair power (kW)  ($/kW.h) Path (kW) loss (kW)
6-17 8.16 6 — 10 — 17 32
2-17 13.84 L4l 2—=4—12—16 — 17 16 2.308
25-18 10 0.65 25 = 24 = 23— 15— 18 16 1.330
27-13 4 0.164 27— 24 =23 =15 =12 = 13 6 0.840

4.3.4.3 Simultaneous transmission time

As previously stated, the proposed hybrid energy routing protocol is a decentralized
protocol that operates at the connected consumer ER, taking into account the actual
state of the network. In instances where different consumers have coincident trans-
mission times, the protocol will be simultaneously executed by these consumers. Each
consumer makes individual source and path selection decisions, potentially leading to
the selection of the same energy source, path, or portions of the path by multiple con-
sumers. This might lead to line congestion and conflicts over energy source use. To
overcome this issue, when multiple consumers have selected the same producer, as in
Table 4.8, even if its available power can satisfy all the consumers, it selects the initial
consumer who placed the energy request, since the change in the preexisting power
flow in certain power lines picked by the first consumer will increase their power loss,
which may encourage the other consumers who had previously chosen this producer
to move to a different producer who better matches their preferences. Therefore, we
proposed that the producer select the initial consumer who placed the energy request,
update his available energy amount, and inform the rest.

Taking the example in Table 4.8, assuming that E Ry has received the energy requests
of ERs 13, 18, and 17 in this order (based on their execution time). In this particular
instance, the producer would opt to choose the initial consumer, F R;3, to meet his
demand, validate the energy transaction, update its available energy, and inform the
other consumers, ERs 18 and 17. Upon acquiring confirmation from the producer,
consumer F Rq3 starts the virtual circuit allocation procedure. Each ER in the se-
lected path (2 — 4/ — 12 — 18) updates its information and informs the other ERs
in the network. Communication between ERs during the establishment of energy
transmission circuits, as well as confirmation of capacity limits before path building,
help to reduce congestion and overload in the power system.

ERs 18 and 17 take the new state of the network and execute the algorithm until they
get an approved solution. Table 4.10 shows the selected energy sources and paths for
each consumer compared with the centralized algorithm in [2]. The table depicts the

noticeable superiority of our protocol compared to the centralized algorithm. First,
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unlike the centralized algorithm that determines all the pairs centrally while mini-
mizing the total power losses in the network and ignoring the monetary benefits and
preferences of consumers, the proposed protocol provides the consumers with free-
dom in selecting the producers that provide monetary benefits while minimizing the
transmission losses. This leads to better total costs of 5% for ER;7 and 6% for ER;7.
Additionally, the centralized algorithm efficiently manages the congestion problem as
it schedules the energy transactions, but the whole energy trading could break down

if the central unit collapses, which could not happen in the decentralized protocol.

TABLE 4.10: Comparison of source selection in the case of simultaneous transmis-

sion time.
Aleorithm Transaction Transaction Total Price Transmission Total Power Total Cost
80 pair power (kW) (%) Path loss (kW) (%)
6-17 12 6 —9— 10— 17
Centralized 2-17 10 1496 2—=06— 10— 17 2.213 1.96
¢ a‘lgolze 213 4 0.224 2 — 12— 13 0.338 0.291
2-18 4 24 —12—>15—18
25 - 18 6 0-614 25 =24 — 23 > 15— 18 1194 0.86
2-13 4 0.224 24 —12 138 0.338 0.291
Proposed 2-18 10 0.56 2—=4—12 15— 18 1.201 0.8
protocol 27 - 17 10 27T =28 -6 —9 — 10 — 17
6-17 12 1.346 6 — 10 — 17 2.497 1.84

4.4 Conclusion

A hybrid energy routing protocol is proposed in this chapter to solve the energy
routing problem in EI including subscriber matching, energy-efficient path and trans-
mission scheduling. Power losses on network lines are an unavoidable part of power
transmission in P2P energy trading. As a result, the load/energy source match-
ing algorithm was designed to reduce both energy prices and energy transmission
losses while remaining consistent with the physical characteristics of the power sys-
tem, power availability, and demand. The heavy load case was considered and a PSO
matching-based algorithm was used to determine the amount of power to get from
each source to satisfy the demand. A pruning mechanism with an ACO-based energy
routing algorithm was proposed to find a congestion-free path between a trading pair.
The key findings of this study are that the suggested protocol is decentralized, al-
lowing P2P energy market participants to make their own decisions while protecting
their privacy and interests. It also reduces the computational strain on the system op-
erator and prevents single-point failures. The suggested matching method integrates
energy transmission losses and pricing into a single optimization problem, providing

a good solution that minimizes both power loss and price. Using a broker will reduce
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the number of communication transactions inside the network. Furthermore, the pro-
posed ACO-based energy routing algorithm has less computational time compared
to other literature algorithms which is extremely desirable in large-scale networks.
The pruning process, the consideration of the network’s physical characteristics, and
the information change between ERs in the power system all contribute to lowering
congestion in power lines and ERs, ensuring the grid’s safety and power supply re-
liability. Simulation findings in an EI network under various scenarios approved the
effectiveness of the proposed energy routing protocol. The results, given in Table 4.11,
illustrate various advantages of the suggested hybrid energy routing protocol. These
findings establish it as a potential and practical routing option for energy trading on
the emerging EI.

TABLE 4.11: A comparison of the solving problems, matching criterias, and simu-
lation cases by the proposed Hybrid energy routing protocols and literature.

Energy routing Algorithms
[1] [121] [2] Proposed [137]

< E Subscriber Matching v v v
g %’ Energy Efficient Path v v v v
° o Transmission Scheduling v v v v
-

éo , FPrice v v
b= E Power loss v v
% ¥ Energy availability and demand v Y v
S € Network physical characteristics v v
g w Heavy load scenario v v v
= E Non-overlapping transmission time v v v v
% £ Overlapping transmission time v v v v
£ ¥ Simultaneous transmission time v v
5on







Chapter 5

A semi-decentralized
congestion-free multi-path energy
routing for P2PET systems
through Yen’s algorithm and SQP.

This chapter focuses on tackling energy-efficient path and transmission scheduling
issues by switching from single-path to multi-path power transmission. The energy
routing issue is formulated as a non-convex, non-linear optimization problem. To
address this problem, a combination technique is given that incorporates graph the-
ory and non-convex nonlinear programming. This integrated technique consistently
produces an efficient multi-path solution for a particular trading pair, taking into ac-
count the power flow direction constraint and precisely computing power losses during
transmission. For those circumstances requiring simultaneous power transmissions
from many energy trading pairs, a semi-decentralized algorithm with a new rank-
ing concept is proposed. This algorithm is intended to control congestion and shift
computational workloads to individual trading pairs (ERs) and the network system

operator.

5.1 Introduction

Recently, there has been an increased emphasis on creating energy-routing algorithms
for EI. Regardless of the method used to establish the energy transmission paths,

as discussed in previous chapters, the energy routing algorithms suggested in the

97



98 5.1. Introduction

literature are often divided into two categories: centralized and decentralized algo-
rithms. In centralized algorithms such as those described in [2, 122, 134], the energy
transmission paths for all trading pairs are calculated by a network system operator
(NSO). Generally, these centralized algorithms assign energy transmission paths and
schedule the energy transactions in such a manner that the grid’s overall power loss
is minimized. The primary advantage is that this strategy ensures a global optimum
solution with congestion relief even in simultaneous energy transmissions by multi-
ple energy trading pairs. However, one important drawback is the concentration of
computational efforts on the NSO, which requires significant computational resources
and time, especially in larger systems. Furthermore, certain trading pairs may in-
cur larger losses in the chosen path solution as they must renounce high-efficiency
transmission paths for the benefit of other trading pairs to minimize total network
losses. By contrast to centralized energy routing algorithms, decentralized energy
routing algorithms, such as those described in [1, 120, 121, 133], allow energy trad-
ing pairs to calculate their trading paths according to their preferences, decreasing
the computational burden on the NSO. Assigning paths locally by each energy trad-
ing pair while avoiding congestion using virtual circuits or energy packet mode can
achieve congestion management locally from the local perspective of each trading pair.
Nevertheless, the ability to provide congestion-free energy transmission in scenarios
involving simultaneous power transmissions by several energy trading pairs is ques-
tionable and cannot be guaranteed, exposing a significant weakness of decentralized
energy routing algorithms. According to Chapter 2, energy packet mode optimizes
power line use and, in some situations, reduces energy transmission loss. The cen-
tralized and decentralized energy routing algorithms discussed above are single-path
algorithms.

To overcome the shortcomings of the previous algorithms, certain researchers, as
proven in the study provided in [3], have shifted from single-path centralized and
decentralized algorithms to multi-path semi-decentralized algorithms that showed
promising results in optimizing energy routing.

It is crucial to note that, according to our best knowledge, none of the existing energy
routing algorithms in the literature have adequately calculated the power losses during
the transmission process since the power gradually diminishes along the transmission
path, as depicted in Figure 3.3. However, the proposed algorithms often assume that
the transmitted power throughout the entire path is always constant to simplify the
computation of power loss and the search for the lowest loss paths, leading to higher
power losses than the real loss. Furthermore, P2PET systems physically transport
energy across distribution networks set up by the traditional grid, where power lines

are designed for unidirectional power flow and are unable to transfer electrical energy
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in two opposing directions simultaneously. It is vital to elucidate that bidirectional
power flow in EI typically means that a specific power line can be used to transport
power flow in two directions but not at the same time. This power line’s physical
limit is known as the power flow direction constraint (PFD), which has not been
considered by all of the previously discussed energy routing algorithms. As shown in
Figure 5.1, assuming that the energy trading pairs (FR;,FRs) and (ER4,E R3) select
their transmission paths to transmit the traded power, as can be observed, the power
line between ERs 2 and 5 is chosen to transmit simultaneously the traded power in op-
posite directions. This can result in reverse power flow, overloading the transmission
line, voltage fluctuations, and equipment failures. This will affect the performance,
efficiency, and reliability of the power grid. Therefore, to ensure the appropriate op-
eration of the EI, the PFD constraint of each power line must be considered when

performing energy routing.
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FIGURE 5.1: Diagram representing simultaneous bidirectional power flow in a
power line case.

As a result of the preceding discussion, we have formulated the energy routing prob-
lem in this chapter as a non-convex, non-linear optimization problem. To solve this
problem, we proposed a novel semi-decentralized multi-path energy routing algorithm
that computes power losses accurately during path selection while respecting all the
physical power system constraints, including the PFD constraint. The proposed semi-
decentralized energy routing algorithm is divided into two phases: the local path dis-
covery phase and the global path conflict resolution phase. The local path discovery
phase represents the decentralized phase of the algorithm; it is executed at the trading
pair ER level, where each trading pair chooses the transmission paths autonomously.
In cases of conflict in the chosen energy transmission paths between the different en-
ergy trading pairs, the global path conflict resolution phase is invoked at the NSO level
to solve this conflict and provide a global solution, which constructs the centralized
part of the algorithm. The novel energy routing problem formulation is represented
in Section 5.2. The proposed semi-decentralized multi-path energy routing algorithm
is detailed in Section 5.3. Evaluation and numerical simulation of the developed en-

ergy routing algorithm are discussed in Section 5.4. This section investigates various
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scenarios involving networks of varying sizes, with a special emphasis on simultaneous

transmission time scenarios.

5.2 Energy routing problem formulation

EI is a mesh network where many paths can be used to transmit energy between
energy-trading prosumers (sources and loads). In the previous chapter, a single energy
transmission path solution was proposed to transmit the total traded energy between
energy-trading prosumers. The proposed solution provides congestion-free energy
transmission paths while limiting the selection of power lines to those with significant
capacity that can transmit the whole amount of traded power. This constraint may
lead to disputes between trading pairs competing for access to these lines, while lower-
capacity power lines are ignored. Instead of using a single energy transmission path to
send the total traded power, the traded power can be split into multiple energy packets
and transmitted through different paths. Therefore, building upon the energy routing
problem formulation introduced in Chapter 3, we introduce an enhanced mathematical
formulation of the problem that incorporates additional constraints for multi-path
energy routing. The optimization problem of multi-path energy routing is defined by
Equation (5.1).

min (TL5,%) (5.1)

Where T'L5,L, represents the total transmission loss of transmitting an amount of
power between a trading pair (s — 1) through multiple paths. As outlined in Equation
(3.7), it is the sum of the transmission losses of the different paths used to transmit
the total power amount. The energy transmission loss of a path p is calculated using
Equations (3.3), (3.4), and (3.6).

The multi-path energy routing must meet the constraints formulated as Equations
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(5.2)-(5.8).
s.t. (3.8) — (3.12)
NP
TP =) P}, (5.2)
k=1
TLL, < TP, (5.3)
Np
> P, +P; <Py, VLj;cE (5.4)
k=1
Np
Y PE, 4+ Py <Pl VR €V (5.5)
k=1
Np
pletl = N NP+ Py, VL, €E (5.6)
(s—l)EN k=1
Pitjotal % P;ftal — 0’ VLZ’] cF (57)
0< P, <TP., (5.8)
Where:

m TP, ; represents the total power amount that needs to be transmitted from the

energy source s to the load [.
m PP, is the transmitted power through a path k from the source s to the load I.

[ | Pg"t“l depicts the total power sent over the power line L

existing power and power flows delivered along multiple paths involving different

ij,» including the pre-

trading pairs that integrate the power line L;;.

Constraints (3.8)-(3.12) ensure that the total power transferred along a particular
path k is within the capacity of the ERs and power lines that comprise the path.
Furthermore, these constraints ensure that the transmission power loss on the path
is lower than the transmitted power over that particular path. The total amount
of power transferred throughout the Np paths linking the source s and the load [
must be equal to the overall power (T'P;_;) that flows initially from s (see Equation
(5.2)). Simultaneously, the combined transmission loss across these paths must be
lower than T'P,_; (refer to Equation (5.3)). A power line L;; can be used by multiple
paths to send power from s to 1. Hence, the combined power transmitted across this
line, together with the previous power, must comply with the maximum capacity of
the power line and ERs in the extremities of this line as depicted by Equations (5.4)
and (5.5).
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As discussed in the section 5.1, a power line L;;, cannot transmit simultaneous bidi-
rectional power flows. The constraint (5.7) ensures that a power line L;; may only
transmit power in one direction at a time. If the overall power flow in the line from
node 7 to node j is greater than 0 (Pg"t“l > 0), then the total power flowing in the
opposite direction from node j to node ¢ must be equal to zero.

The objective of the multi-path energy routing optimization problem is to define the
best paths to select with the amount of power to send in each path so the total trans-
mission energy loss is minimized (5.1). Equation (3.6) shows that power line loss
increases quadratically with the amount of power flowing through it, resulting in a
non-linear optimization problem. Furthermore, the PFD constraint in Equation (5.7)
increases the complexity of the problem by defining a non-convex set, resulting in a

non-convex nonlinear optimization problem.

5.3 Semi-decentralized multi-path energy routing

through Yen’s and SQP algorithms

The multi-path energy routing problem is a non-convex, non-linear optimization prob-
lem. Non-convex problems are more challenging, and a global solution is not guar-
anteed. To solve this problem, we proposed the use of a semi-decentralized energy
routing algorithm where most routing decisions are made locally at the ER level with
the central coordination of an NSO. We presume the existence of a P2PET commu-
nication platform where energy trading pairs are created (which is not considered in
this work) and power system characteristics are shared. This communication platform
allows ERs to submit their status information (including their capacities, conversion
efficiency, and the information of their connected power lines and ERs) and to get a
complete view of the network structure and status information. As illustrated in Fig-
ure 5.2, the proposed algorithm is divided into two phases: the local path discovery
phase and the global path conflict resolution phase.

5.3.1 Local path discovery phase

This phase is executed at the trading pair associated ER; it could be at the source or
the load side, according to the P2PET system policy. In this algorithm, we assumed
that consumers are responsible for calculating their energy transmission paths. In
the proposed semi-decentralized multi-path energy routing, we are not only selecting

one or multiple paths but also optimizing the power flow distribution through the
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FIGURE 5.2: An overview of the proposed Semi-decentralized multi-path energy
routing.

selected paths to minimize the total energy transmission loss. Therefore, the local
path discovery phase is divided into two main algorithms: path enumeration and

power distribution.

5.3.1.1 Modified Yen’s k least loss paths-based path enumeration algo-

rithm

Instead of finding all the possible paths between the trading pair, which increases the
search space for the power dispatch algorithm, especially in huge and complex net-
works, we proposed the use of an updated version of Yen’s k shortest path method,
termed the Modified Yen’s k energy least loss paths algorithm. The algorithm pro-
vides the k most promising paths to use for multi-path routing between the energy
trading pairs. Traditional Yen’s algorithm uses a cost parameter to determine the
best k shortest paths [144] since, in our case, we do not know how the power will be
distributed among the different paths in the initial phase, making the exact cost of the
networks’ ERs and power lines unknown as it has a quadratic relation to the amount
of power transmitted through them (Equations (3.4) and (3.6)). Therefore, we pro-
posed the use of a heuristic that represents the maximum power loss of transmitting

the total power between the trading pair. We assumed that the total transmitted
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power would be transmitted through each ER and power line in the network, and
we calculated their corresponding energy transmission losses. After determining the
energy transmission loss of using each line and ER in the network, the modified Yen’s
k energy least loss paths algorithm invokes a modified bidirectional Dijkstra algorithm
to select the k least loss paths. The modified bidirectional Dijkstra algorithm starts
the search of the paths from both directions (energy source and load) simultaneously,
reducing the Dijkstra algorithm’s processing time, particularly in large networks. The
path is formed when searches initiated from both the source and load sides converge
at a midpoint. It integrates a filtering phase, where power lines with an existing power
flow in the opposite direction as the algorithm search direction, saturated power lines,
and ERs are selectively excluded at each step in the path discovery process.

The modified Yen’s K least loss paths algorithm generates for the trading pair a set
of the k most promising paths that do not have a reverse power flow, even the paths
with small capacities.

Figures 5.3 and 5.4 illustrate the flowchart of the proposed Yen’s k least loss paths

and modified bidirectional Dijkstra algorithms, respectively.
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K_Paths = {} path = modified bidirectional Dijkstra(network parameters)
Apply the modified bidirectional Dijkstra algorithm in Append the newly discovered path to the
Figure 5.3 to get the first path removed subpath from K_paths{k}

path = modified bidirectional Dijkstra(network parameters)

v

k=k+1

l_N Yes—l ¢

No path available between S and L Add the new path to the k paths list
return path K_paths{k} = path

I Empty(path)

. Set the weight (power loss) of the
Ad'? T:,aithhm: ﬁamih‘"ﬁ removed subpath from v to destination to
_Paths{k} = pa its original value

Yes
hNa— k<K
return K_Paths 1‘
> End

FI1GURE 5.3: Flowchart of the Yen’s K least loss paths algorithm.
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! }

Dequeue the node u with the least priority Dequeue the node u with the least priority
Get Graph, Load (L), energy source (3) (NodePL Forward(u)) from ForwardPQ (NodePLBackward(u)) from BackwardPQ
nodes (ERs), the transmitted power amount,
PexFlow, power lines & nodes capacities,
PLmat

Yes' Exist(u,VisitedForward) Yes: xist(u,VisitedBackward
Create empty forward & backward priority
queues
ForwardPQ & BackwardPQ No No

Initialize the path to all nodes as {}
Path2NodeForward & Path2NodeBackward

Initialize power loss to all nodes as Infinity in
the two search directions
NodePLForward & NodePLBackward

,L Yes

Set Y
NodePLForward(S) = PLmat(S,S)

NodePLBackward(L) = PLmat(L L)

Initialize two empty sets to track the visited
nodes in the two search directions
VisitedForward & VisitedBackward

ap(u,v) >0 & Cap(v) > 0 &
PexFlow(v,u) = 0

ap(u,v) >0 & Cap(v) = 0 &
PexFlow(v,u) > 0

Add S in ForwardPQ with
priority = NodePLForward(S) Yes Yes

Y v
¢ Calculate tentative power loss Calculate tentative power loss
newPL = NodePLForward(u) + PLmat(u,v) + newPL = NodePLBackward(u) + PLmat(u,v)
Enqueue L in BackwardPQ with PLmat(v,v) + PLmat(v,v)

priority = NodePLBackward(L)

ewPL < NodePLForward(v)—>——No— <newPL < NodePLBackward(v)>

I iIsEmpty(ForwardPQ)
&&

Y$s Yes
| iIsEmpty(BackwardPQ Yes Update Update
NodePLForward(v) = newPL NodePLBackward(v) = newPL
No Path2NodeForward(v) = {Path2NodeForward(u) , u} Path2NodeBackward(v) = {Path?NodeBackward(u) , u}
No path exists between S and L
Path={} Engueue v in ForwardPQ with Engueue v in BackwardPQ with
priority = NewPL priority = NewPL

xist(v,VisitedBackward Exist(v,VisitedForward)

Yes ' Yt
@ Stop the search in Forward and backward Backward search
directions
:
Construct the path

path = { Path2NodeForward(v) , v, reverse(Path2NodeBackward(v)) }

FIiGURE 5.4: Flowchart of the Modified Bidirectional Dijkstra.

5.3.1.2 Power distribution-based SQP algorithm

After getting the k promising paths from the path enumeration algorithm for each
trading pair, a power distribution algorithm is required to determine the selected
paths from this set with the amount of power to send in each path. The selected paths
should respect the PFD constraint (see Equation (5.7)), which makes the problem a
non-convex non-linear optimization problem. Non-convexity provides the potential
of having numerous local optima but it does not ensure the presence of a global
optimum, thus it is difficult to identify whether the discovered solution is the global
optimum or not. Sequential quadratic programming (SQP) is an efficient method

to solve non-linear, constrained optimization problems with fast convergence. To
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prevent the SQP from getting stuck in a local optimal solution, we proposed the use
of multi-start point SQP for the power distribution as shown in Algorithm 5.1. The
use of multi-start points enhances the possibility of moving outside the local optimal
by identifying an improved solution that is nearest to the global optimal solution. As
illustrated in Algorithm 5.1, the multi-start point SQP is an iterative algorithm, and
for faster execution, the proposed algorithm can be parallelized if the network’s ERs

are sufficiently powerful.

Algorithm 5.1: Multi-Start Point SQP Algorithm

Input: KPaths, KPathsCap, NetworkParameters
Output: X Best, TLy5et

/* Initialize a random solution */

X Best < generate a random solution in bounds of the k paths capacities
X Best
TLTotal <0
/* Determine the power loss of each selected path in X DBest */

for i = 1 to K do

WPF « compute loss of path i in the KPaths using Algotithm 5.2

TLioier' 4 TLyga’ + W7

Update Network Prameters
while stopping condition is not satisfied do
Xy < generate a random solution in bounds of the k paths capacities
(T Lrotar, X) < Apply SQP on X

/* Update X Best */

if TLhroa < TL%((f;ft then
XBest +— X
TL%OB;&S': — TLTotal

X Best is a vector of the amount of power to be transmitted through each path in
the k paths selected by the path enumeration algorithm; if X Best(i) > 0 the path
i is selected to transmit X Best(i) kW; otherwise, the path is not selected. T'Lz5est
represents the total transmission loss of the paths in X Best to transmit the traded
power between the energy trading pair.

It is important to mention that all the proposed energy routing algorithms discussed
in the previous chapters assume that the transmitted power throughout the entire
path is always constant to simplify the computation of power loss and the search
for the lowest loss paths, while it gradually diminishes along the transmission path,
which results in different energy transmission losses. Taking the network example in

Figure 5.1, assuming that the transmitted power from E'R; to E'Rs is denoted by P,
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the total power loss W¥.~? is calculated using Equations (5.9)-(5.12).

wp, = (1~ ef fr,) x P (5.9)
r
Wiy, = VLQM x [((P —wp,) + Pexp,,)” - Pexim)] (5.10)
L@,z ’
WRy = (1 - effRz) X (P — WR, — wL(LQ)) (511)
Wie;lvt;lQ = WR, T WL 5 T Wk (5.12)

Hence, to get the precise energy transmission loss for each path, the SQP algorithm
uses Algorithm 5.2. As the solution in this case consists of a set of paths, it is critical
to update the network’s pre-existing power flow after computing the power loss for
path ¢ in the set before moving on to path ¢ + 1. The SQP algorithm takes into
consideration the constraints (3.8)-(3.12), (5.2)-(5.8) and returns the best set of paths
found, the amount of power to send in each path and the total energy transmission

loss.

Algorithm 5.2: Precise path power loss Algorithm

Input: P, Path, NetworkParameters
Output: W2

Wil?'otal <0

for i = 1 to (length(Path) — 1) do

Wpath(s) < calculate B Rpq;) power loss using Equation (3.4), P, and
NetworkParameters

otal

/* Update the transmitted power P that enters the next power line */

P < P — wpatn(i)
Wpath(ii+1) < calculate Lpan(iiv1) power loss using (3.6), P, and
NetworkParameters
/* Update the transmitted power P that enters the EFRpgin(it1) */

P < P — wpatn(ii+1)
P P
Wrotat < Wiotar T WPath(i) + WPath(ii+1)

/* Calculate the power loss of the last ER in the path */

Wpath(end) < calculate FRpan(ena) power loss using Equation (3.4), P, and
NetworkParameters
Wilzotal A W;iotal + wPath(end)

P is the transmitted power; Path is the energy transmission path, which is a vector
of the ERs that construct the path; and NetworkParameters contains the network’s
power lines and ERs information, including voltage, resistance, efficiency, and pre-

existing power.
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At the end of the local path discovery phase, each ER submits to the P2PET commu-
nication platform the selected paths to use, along with the amount of power to send

on each one.

5.3.2 Global path conflict resolution phase

The P2PET system is not totally independent from the grid; electricity power must
be transmitted through utility grid lines [145]. Using the local path discovery phase to
define transmission paths in a fully decentralized manner based on the perspectives of
energy trading pairs at the ER level may result in overlapping paths in simultaneous
power transmissions, increasing power loss, and perhaps causing congestion in the
intersection parts, jeopardizing grid stability. Therefore, the NSO is used in our
proposed algorithm to manage these risks.

After each ER submits its selected energy transmission paths and the amount of power
to send through each path on the P2PET communication platform, the NSO extracts
this information and invokes the global path conflict resolution phase. In this phase,
the NSO checks for the presence of overlapping paths. If there is no path overlapping
between the selected paths by the different trading pairs (ERs), the NSO sends a path
confirmation to the pairs, permitting them to start the energy transfer. Otherwise,
the NSO orders the conflicted trading pairs according to their priority ranking, assigns
the path to the trading pair with the higher ranking, and then decreases this pair’s
ranking. In cases where two trading pairs have the same ranking, the NSO chooses
one of them randomly. For the remaining trading pairs that did not get their selected
paths, the NSO constructs new paths for each trading pair. Since fairness between
the trading pairs is an important criterion that needs to be considered, we proposed

two methods for generating the new paths:

m As the pre-existing power in the power lines has an impact on their transmission
losses, the order of path allocation will influence the network total loss. This
means that the order in which trading pairs are treated (affected new paths) can
have a significant influence on network overall transmission loss. Consequently,
in the first proposed method, the NSO selects the ideal sequence in which each
pair is accommodated so the network total transmission losses are reduced.
Assuming that we have two trading pairs (s1,l;) and (s2,l2), the NSO creates
a combination set {{(s1,01), (s2,l2)},{(s2,12), (s1,01)}}. It starts with the first
set {(s1,01), (s2,02)} and allocates the paths for each trading pair according to

their order in the set (affects new energy transmission paths for trading pair
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(s1,11), then for pair (sg,ly)) and does the same thing with the second set.
After determining the total transmission loss of each set, it chooses the set with
the lowest transmission loss.

As the new paths are allocated for the trading pairs based on the total network
loss, this will favour some trading pairs at the expense of others (increasing
the power loss for others); therefore, to create a fair situation, the total power
loss of all the remaining trading pairs will be divided between them. Equation
(5.13) illustrates the amount of power loss charged to each trading pair, where
the fraction indicates the ratio of the network total power loss to the total
transmitted power between all the pairs. T P,_; denotes the transmitted power

between a trading pair.

Z(s—l)eN TL%ZEZCLI
N,
Z(S_Z)GN Zkﬁl Py

PLyaiy = x TP, (5.13)

m In the second method, the NSO takes the remaining trading pairs randomly, one
by one, and attributes new paths for each trading pair using the proposed semi-
decentralized algorithm (local path discovery phase). The power losses charged

to each pair are calculated using Equation (5.13).

The first method provides the minimum network energy transmission loss, which
creates benefits for both trading pairs and the utility grid, as in the majority of
P2PET systems, the utility grid compensates for the loss and bills the trading pairs.
However, it takes a significant amount of time, which increases with the number of
pairs and the network’s size. As a result, the second method is better when dealing
with a large number of trading pairs.

For the priority ranking concept, we assume that the NSO generates random priorities
for all the prosumers, consumers, and producers in the network and distributes them

with the utility grid prices at the beginning of the day. It uses the historical data

The priority of the trading pair is the mean of the consumer’s and producer’s prior-
ities that construct the pair. Each time a trading pair gets the conflicted path (the
overlapping path), its priority will decrease. This gives the remaining pairs (pro-
ducers and consumers) a higher possibility of taking the desired paths in the next
path-overlapping cases and prevents some trading pairs from dominating the power
lines.

The energy trading pairs must obtain NSO approval before initiating a power transfer;

this ensures system stability and appropriate risk management.
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5.4 Numerical Simulation and Result Analysis

This section demonstrates the efficiency of the introduced semi-decentralized multi-
path energy routing algorithm using detailed simulations, encompassing varied net-
works and power transmission analysis scenarios. These scenarios include the presence
of single and multiple simultaneous energy trading pairs. Before diving into the al-
gorithm’s results, as the major focus of this chapter is determining the least energy
loss paths between energy trading pairs, the matching process has not been explicitly
considered. Hence, it is assumed that the energy transactions comprising the source,
destination, and power amount are created by the P2PET communication platform.
Following that, each trading pair (consumer-associated ER) uses the proposed algo-
rithm to determine the least energy loss path to use. The suggested algorithm is
compared to the routing algorithms in [1-3, 120, 121] to show its superior perfor-

mance.

5.4.1 Single predetermined source-load pair

EI networks described in Chapter 3 in Figures 3.2, 3.5 and 3.6 with their detailed
parameters in Tables 3.1, 3.2, 3.5, 3.6, 3.7, and 3.8 are used for simulation. In each
network, we assume the existence of a single source-load trading pair. The selected
source-load trading pair in each network is located at its extremes to increase the
number of possible power transmission paths between them. A power amount of 10
kW should be transmitted from ERs; to ERy, from ERy4 to ERyg, and from E Rs
to FRs3s, in Figures 3.2, 3.5, and 3.6, respectively. Initially, it is assumed that the
pre-existing power within the three networks is set to zero. Table 5.1 and Figures
5.5, 5.6, and 5.7 illustrate the simulation outcomes of the proposed semi-decentralized
multi-path energy routing algorithm compared with the exhaustive search [1], Dijkstra
[120, 121], DFS [2], and non-linear programming with DFS [3] algorithms.

TABLE 5.1: The total energy transmission loss of exhaustive search, Dijkstra, DF'S,
non-linear programming algorithms and the proposed algorithm in the single pre-
determined source-load pair case.

Single-path energy routing Multi-path energy routing

EI Network Exhaustive search Dijkstra DFS non-linear programming Proposed Algorithm
(kW) [1] (kW) [120, 121] (kW) [2] with DFS(kW) [3] (kW)
Figure 3.2 1.706 1.706 1.706 1.415 1.294
Figure 3.5 1.691 1.691 1.691 1.655 1.516

Figure 3.6 2.431 2.431 2.431 2.250 1.999
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FIGURE 5.5: The least loss paths selected by (a) Exhaustive search, Dijkstra and
DFS algorithms, (b) non-linear programming, and the proposed energy routing
algorithm for the trading pair in Figure 3.2.

1.647 kW

2.965 kW

0.569 kW

2.331 kW

2331 kW 2331 kW

(c)

FIGURE 5.6: The least loss paths selected by (a) Exhaustive search, Dijkstra and
DFS algorithms, (b) non-linear programming with DFS, and (c¢) the proposed en-
ergy routing algorithm for the trading pair in Figure 3.5.

As shown in Figures 5.5-5.7, the exhaustive search, Dijkstra, and DFS algorithms
provide a single-path solution for transmitting power between the trading pairs in the
different networks, while non-linear programming and the proposed semi-decentralized
routing algorithms provide a multi-path solution where the power is split and sent
through different paths. Evidently, from Table 5.1, the total energy transmission loss
of multi-path routing is better than single-path routing. The same paths are chosen
by both the non-linear programming and the suggested routing algorithms. However,

calculating the power loss during the energy transmission using Algorithm 5.2 by the



112 5.4. Numerical Simulation and Result Analysis

M oL

(c)

FIGURE 5.7: The least loss paths selected by (a) Exhaustive search, Dijkstra and
DFS algorithms, (b) non-linear programming, and (c) the proposed energy routing
algorithm for the trading pair in Figure 3.6.

proposed semi-decentralized multipath energy routing algorithm produces a different
power distribution across these chosen paths (see Figures 5.6 and 5.7). This led to a
reduction in the total transmission loss of the proposed algorithm by 24.15%, 10.34%,
17.77% in Figures 5.5, 5.6, and 5.7, respectively, when compared to the single-path
solutions found by the exhaustive search, Dijkstra, and DFS algorithms. Additionally,
it provides better energy transmission loss by 8.56%, 8.13%, and 11.15% in Figures
5.5, 5.6, and 5.7, respectively, when compared to the solution provided by non-linear
programming in [3].

In the majority of the proposed P2PET systems, energy transmission loss is of-
ten compensated by the utility grid and paid by prosumers (energy trading pairs)
[126, 142, 143]. Assuming that the utility grid charges each trading pair a 0.25 $
for 1 kW power loss. The compensation fees for the trading pair (ERy — E'Ry) de-
picted in Figure 3.2 is 0.43 $ when using DF'S, Dijkstra, or exhaustive search, drops to
0.36 $ when nonlinear programming is used. However, applying the suggested energy

routing algorithm with the accurate power loss for path generation further decreases
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FIGURE 5.8: Energy transmission loss comparison of the proposed optimised al-
gorithm with Exhaustive search, Dijkstra, DFS, and Non-linear programming con-
cerning transmitted power in different EI networks.

the compensation fees to 0.32 $, thereby offering the most cost-effective paths. This
guarantees that prosumers are not saddled with costs that exceed their actual loss.
Additionally, providing accurate energy transmission loss prevents the utility grid
from injecting more energy into the grid than is necessary to compensate for losses.
This reduces needless power circulation, relieving pressure on the grid infrastructure
and lowering the possibility of increasing inefficiencies and costs for all parties con-
cerned.

Figure 5.8 represents the total energy transmission losses resulting from transmit-
ting different amounts of power between the trading pairs in the different networks.
According to this figure, the suggested semi-decentralized multi-path energy routing
algorithm clearly outperforms the previously mentioned algorithms in terms of power
transmission loss minimization.

The trading power in P2PET systems is distributed through the grid’s distribution
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lines; however, there is always some degree of demand on the grid, which is trans-
ferred over grid lines, implying that the pre-existing power on certain power lines
is different from zero. Therefore to demonstrate the effectiveness of the proposed
semi-decentralized multipath routing algorithm in such situations, we consider the

following scenarios:

5.4.1.1 Network congestion case

In the first scenario, taking the same trading transactions in the previous simulation
case {(ERy, FRy),10kW} in Figure 3.2, {(ERy4, ERs9), 10kW} in Figure 3.5, and
{(E'R30, FR35),10kW} in Figure 3.6. Starting with the first trading pair, presuming
the existence of a power flow of 12 kW transmitting through the path 4/ — 5 — 6 in
the network in Figure 3.2. The selection of these power lines to transmit the 10 kW
can create congestion in the grid. This power flow increases the power losses of the
power lines Ly 5 and Ls_g pushing Dijkstra and DFS algorithms to choose another
single path to transmit the 10 kW between E R, and E Ry as illustrated in Figure 5.9.
It also decreases the capacity of the path 4 — 5 — 6, as the new capacities of ER5 (3
kW), ER(6 kW), and L;_¢ (8 kW) can not carry the 10 kW, the exhaustive search
algorithm prunes ER;, ERg, and Ls_g from the graph network which limits the
number of possible paths to only one single-path ( 2 — 3 — 7 — 8 — 9) that is the
same path found by Dijkstra and DFS algorithms. By contrast, as shown in Figure 5.9
and Table 5.2, the proposed multi-path energy routing algorithm proposes a better
use of low-capacity paths. It splits the transmitted power into three power packets of
5.627 kW, 1.373 kW, and 3 kW. It distributes these packets through three different
paths 2 -3 —>7—-8—>9,2—-83—>7—6—-8—>9,and2—>5—6—>8—>9
without violating the maximum capacities of the power lines and ERs in each selected
path. This routing algorithm prevents efficiently congestion and produces a total
transmission loss of 1.602 kW, which saves 23.49% more energy than single-path
transmission by exhaustive search, Dijkstra and DFS algorithms and saves 10.25%
more energy than non-linear programming with DFS in [3].

For the second trading pair {(E R4, ERag), 10kW} in Figure 3.5, an existing power
of 16 kW decreases the capacity of the power line Ly 5 to 9 kW which will incur
congestion if the 10 kW power is routed through this line. In this case, the exhaustive
search algorithm pruned this power line from the graph and found a new optimal single
path. Dijkstra and DF'S are single-path algorithms, however, authors in [120, 121] and
[2] suggest using a power packet mode when the capacity of the optimal single path

selected by DFS or Dijkstra algorithms is insufficient to transmit the total power,
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(a) Exhaustive search, Dijkstra & DFS (b) Non-linear programming with DFS (c) The proposed semi-decentralized
multi-path algorithm

FIGURE 5.9: The selected least loss paths for trading pair (EF'R2, ERg) in network
congestion case.

TABLE 5.2: The total energy transmission loss of exhaustive search, Dijkstra, DFS,
non-linear programming algorithms and the proposed algorithm for the network
congestion case.

EI Network
Figure 3.2 with 12 kW  Figure 3.5 with 16 kW  Figure 3.6 with 4 kW
ing—-5-6 in8—4—6 in3— 18— 17
Single-path Exhaustive search (kW) [1] 2.094 1.955 2.550
routing Dijkstra (kW) [120, 121] 2.094 1.685 2.550
DFS (kW) [2] 2.094 1.685 2.550
. Non-linear programming
M;lol:::t-ifI)lath with DFS(kW) [3] 1.785 1.672 2.322
& Proposed Algorithm (kW) 1.602 1.530 2.055

where the path available capacity is allocated to carry a portion of the power (in this
case 9 kw) and new paths are allocated for the remaining power (for the 1 kW see
Figure 5.10). In contrast, the proposed algorithm not only determines a set of paths
to be used based on their capacities but also creates the best power dispatch through
these paths so the total energy transmission loss is minimized, as demonstrated by the
findings in Table 5.2 a 21.73% energy is saved compared to the single path solution by
exhaustive search, while 9.2% and 8.5% energy saving compared to the energy packet

mode used by Dijkstra, DFS, and non-linear programming, respectively.

To create a congestion case in Figure 3.6, first the capacity of the power line L3 ig
is diminished to 10 kW, where 4 kW from it is used to transmit a 4 kW of power
through the path 8 — 18 — 17. This power flow increases the power loss of the
power lines Li7_15 and L3_15, and as the remaining capacity of the later power line
(6 kW) can not be used to transmit 10 kW, exhaustive search, Dijkstra and DFS
routing algorithms selects a new single path to transmit the 10 kW from FR3y to
ER3;. While the multipath solution provided by the proposed algorithm and the
non-linear programming with DFS keep the same selected paths in the previous case
(Figure 5.7) with a decrease in the power transmitted through the lines L;7_;5 and
L3 15 with a better power distribution by the proposed semi-decentralized multipath
algorithm which leads to lower total transmission loss by 19.5% and 11.5% compared

to single path and non-linear solutions, respectively, as shown in Figure 5.11 and
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(c) Non-linear programming with DFS (d) The proposed semi-decentralized
multi-path algorithm

FIGURE 5.10: The selected least loss paths for trading pair (FR14, ER19) in net-
work congestion case.

Table 5.2.

5.4.1.2 Power Flow Direction conflict case

To verify the efficiency of the proposed semi-decentralized multi-path energy routing
algorithm in handling the PFD constraint, the same energy networks and trading
pairs used in the previous scenarios are employed in this simulation case. However,
the direction of the pre-existing power flow is reversed. Precisely, it is assumed that
a b kW power flow is transmitted from ERg to FR4 through the path 6 — 5 — 4
in the network 3.2. Likewise, the same power amount is transmitted in the network
3.5 from FRg to ER3 through the path 6 — 4 — 3, while a 2 kW is transmitted in
the network 3.6 from ERy; to ER, through the path 27 — 17 — 18 —+ 8 — /. The
simulation results, provided in Table 5.3 and Figures 5.12, 5.13, and 5.14.

Exhaustive search, Dijkstra, DF'S, and non-linear programming energy routing algo-
rithms attempt to identify paths with the least energy transmission loss while adhering
to ERs and power lines capacity constraints. Taking the networks in Figures 5.12,
5.13, and 5.14, as the power lines with pre-existing power flow still have a minimum
energy loss and enough capacity to be used, they can be selected by the different
algorithms. This resulted in PFD conflict on the power lines L5 ¢ in Figure 5.12,
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FIGURE 5.11: The selected least loss paths for trading pair (ERso, ER35) in net-
work congestion case.

TABLE 5.3: The total energy transmission loss of exhaustive search, Dijkstra, DFS,
non-linear programming algorithms and the proposed algorithm for the PFD conflict

case.
EI Network
Figure 3.2 with 5 kW  Figure 3.5 with 5 kW Figure 3.6 with 2 kW
in6—5—4 in6—>4—3 in27 — 17— 18 - 8 — 4
Sinele-path Exhaustive search (kW) [1] PFDC PFDC PFDC
5 et.pa Dijkstra (kW) [120, 121] PFDC PFDC PFDC
TOUMNE  pRg (kw) [2] PFDC PFDC PFDC
. Non-linear programming

M;;l::llt-ilzlath with DFS(kW) [3] PFDC PFDC PFDC
& Proposed Algorithm (kW) 1.807 1.642 2.094

Ly ¢ in Figure 5.13, L3 13 and Lig_17 in Figure 5.14, as these power lines were se-
lected by the different algorithms to transmit power in the reverse direction of their
pre-existing power flow. The PFD conflict generates reverse power flow, which causes
voltage fluctuations, overheating, and possible damage to these power lines result-
ing in an instability of the power grid. On the contrary, as shown in Figures 5.12,
5.13, and 5.14, the proposed semi-decentralized multi-path energy routing algorithm
generates congestion-free energy least loss paths that avoid PFD constraint violation.

The modified Dijkstra algorithm used in the path enumeration phase of the proposed
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—— PFD conflict

Pre-existing
power flow

(a) Exhaustive search, Dijkstra & DFS (b) Non-linear programming with DFS (c) The proposed semi-decentralized
multi-path algorithm

FIGURE 5.12: The selected least loss paths for trading pair (FRg, ERg) in PFD
conflict case.
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FIGURE 5.13: The selected least loss paths for trading pair (E'R14, ERag) in PFD
conflict case.

routing algorithm comprises a pruning mechanism. This mechanism entails abandon-
ing the exploration of a power line if it transmits a reverse power flow to the search
direction and considering it otherwise. Thus, taking Figure 5.13 as an illustration,
when the search process starting from ERgy reaches E'R3, the power line L3 g is
pruned and ignored in path generation as it carries a pre-existing flow in the opposite
direction to the search direction. On the other hand, as its pre-existing power flow
aligns with the search direction, the power line L34 is taken into account for path
generation. Furthermore, the consideration of the PFD constraint (Equation (5.1))
by the multi-start SQP prevents the PFD conflict when the self-path overlaps occur

ensuring a more efficient and reliable energy routing.
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(¢) The proposed semi-decentralized multi-path algorithm

FIGURE 5.14: The selected least loss paths for trading pair (FRsg, FR35) in PFD
conflict case.

According to the provided results from the different networks and scenarios, the pro-
posed semi-decentralized multi-path energy routing algorithm outperforms the cited
routing algorithms by providing congestion-free least loss paths with accurate power

loss while adhering to the grid physical constraints including the PFD constraint.

5.4.2 Multiple predetermined source-load pair

To demonstrate the efficiency of the proposed semi-decentralized multi-path energy
routing algorithm in handling the PFD constraint and avoiding congestion problems
in the existence of multiple source-load pairs, EI network in Figure 3.5 is used where
the capacity of FRis and power line Li5_ 13 has increased to 25 kW. In this net-
work, it is assumed that the following energy transactions are executed simultaneously
{(FRy2, ER3),30kW }, {(ERy, ERys), 25kW }, {(ERy3, ERg), 25kW },

{(E'R30, ERyg), 10kW}, and {(ERgs, ERs3), 10kW }. Figures 5.15, 5.16, and 5.17 de-
pict the selected paths by each trading pair using the proposed energy routing al-

gorithm, non-linear programming-based multi-path routing algorithm [3], exhaustive
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search [1], Dijkstra algorithm [120, 121], and the DFS algorithm in [2].

The exhaustive search and Dijkstra-based energy routing algorithms are fully decen-
tralized, where each trading pair selects a transmission path without considering the
path selection of other pairs in the system. As shown in Figure 5.15, the selected
paths of trading pairs (ERy2, ER3), (ER2, ERyg), and (ERy3, ERg) overlaps at power
line Ly 12.The total transmitted power over this line is 80 kW, which exceeds its max-
imum capacity of 65 kW, resulting in congestion. Furthermore, this line is utilized
in two opposing ways from FRis to ER, to send 55 kW, and in the other direction
to transmit 25 kW, violating the PFD constraint. Consequently, these two energy
routing algorithms were unable to produce practical solutions that avoided conges-

tion and PFD conflicts in the present scenario.

25kW 1

PFD conflict @ ~ A

congestion
capacity: 65 kW
transmitted 80 kW

3!
=41
St
D
R13 ——

FIGURE 5.15: The selected least loss paths for the multiple source load trading pairs
using (a) exhaustive search and Dijkstra, (b) DFS-based energy routing algorithms.

The proposed energy routing protocol in [2], is a centralized protocol where a central
unit is responsible for determining the trading pairs and the transmission paths to
use for all network prosumers. The protocol determines the best prosumers matching
schedule with the minimum transmission loss. To compare its performance with the
proposed algorithm, we presumed that the pairs already exist. The protocol is used
to determine the path allocation schedule of the five trading pairs so the total power
transmission loss is minimized. As depicted in Figure 5.15, this protocol avoids line
congestion by relieving the overload on the line L, ;2 where transmitted power between
the trading pair is split in two power packets of 10 kW and 15 kW and transmitted
through the paths 2 — / — 12 — 16 — 18 and 2 — 6 — 10 — 20 — 19 — 18, re-
spectively. However, the power line L, ;o is still used in opposite directions simul-
taneously leading to PFD conflict. It has a considerable execution time that highly
increases with the increasing number of trading pairs.

Similarly, as shown in Figure 5.16, the proposed algorithm in [3] is divided into two
parts, in the first part trading pairs use the non-linear programming routing to select

their paths in a decentralized way which creates a PFD conflict and congestion on line
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L4 _15. To resolve this congestion problem, a coalition cooperative game is executed at
the network central unit between the pairs whose paths have overlapped (ERis, ER3),
(ERy, ERyg), and (ERy3, ERg). The objective of the collision is the minimization of
the total transmission loss. The new paths for the trading pairs avoid line congestion

but create a PFD conflict in power lines Ly 15 and Lg_19.

vl roprD 2 PFD

congestion "
30kW, 11 conflict g e conflict }

capacity: 65 kW
transmitted 71 kW

(a) Nonlinear programming & DFS routing (b) Cooperative routing

F1GURE 5.16: The selected least loss paths for the multiple source load trading
pairs using non-linear programming.

On the contrary, as shown in Figure 5.17, in the proposed semi-decentralized multi-
path energy routing protocol, each trading pair invokes the local path discovery phase
independently where the modified Yen’s k least loss paths and multi-start SQP al-
gorithms are used to determine the energy least loss paths that adhere to the PFD
constraint and avoid network congestion without considering the path selection of
other pairs. The results of the local path discovery phase for each trading pair are
submitted to the NSO for congestion and PFD conflict check. As the selected paths
by (ERis, FR3), (ERs, ERys), and (ERy3, ERg) overlap in power line L4 15, the
NSO invokes the global path conflict resolution phase. First, for the pairs with no
overlapping paths (F Rsg, F Rog) and (E Ras, E Rs3), the NSO creates a path confirma-
tion. Then for the trading pairs with overlapping paths (ERj2, ER3), (ER2, FR1g),
and (ERi3, FRg), as each trading pair has a priority, the NSO gives the overlap-
ping path to the pair with the highest priority assuming that that is (ERy3, ERg)
and decreases its priority. It determines new transmission paths for the remaining
pairs (ERis, ER3), (ERy, ER;g) using the same algorithm where the objective is to
minimize the total transmission loss while respecting the physical characteristics of
the network including PFD constraint. The total power loss is shared between these
trading pairs according to the Equation (5.13). According to Figure 5.17 (b), the
transmitted power in line L4 15 decreased from 74.3 kW to 55 kW, and new paths are
allocated for trading pair (E'Ry, ER1g), which successfully eradicated the congestion
and PFD conflict.

It is important to mention that re-planning new paths for all trading pairs with path
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conflicts and ignoring pair decisions as in [3], may reduce the willingness of some
trading pairs to engage in energy trading. Conversely, using the priority principle
(ranking) will give one of these pairs its path choice, and reducing this priority gives
the remaining pairs that did not take their desired paths a high possibility of taking

them in the next trading period.

19.3 kW1

NG
PFD conflict ) 7 S ——— :

congestion g
capacity: 65 kW a1
transmitted 74.3 kW, }

R29

R30

(a) Local path discovery phase (b) Global path conflict resolution phase

FIGURE 5.17: The selected least loss paths for the multiple source load trading
pairs using the proposed semi-decentralized multi-path energy routing algorithm.

Table 5.4, displays the execution time of the different algorithms. The proposed
energy routing algorithm and the non-linear programming algorithm in [3] have a de-
centralized part that is executed in parallel by the individual trading pairs. Thus, the
maximum computational time of the five trading pairs—that is, the time provided
by trading pair (ERsy, ERys)—determines the computing time of the decentralized
routing part. The use of DFS in the path enumeration phase to determine all the
possible paths between a trading pair in algorithm [3], increases the search space for
the non-linear programming phase especially in complex and huge networks which
reflects on the execution time. In contrast, determining the most promising paths
instead of all paths using the suggested Yens least loss path algorithm decreases the
search space for the multi-start SQP algorithm. According to the results in Table
5.4, the execution time taken by the local path discovery and global path conflict
resolution phases of the proposed semi-decentralized multi-path algorithm is reduced
by 45.61% and 82.23% compared to the algorithms in [3] and the centralized one in
2].

The proposed algorithm outperforms the previous algorithms and effectively avoids

congestion and PFD conflict problems.
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TABLE 5.4: A comparison of computational time between the proposed semi-
decentralized algorithm, the semi-decentralized algorithm in [3] and the centralized
algorithm in [2]

Algorithm Decentralized part Centralized part Total computational time
Proposed semi-decentralized 9.52 43.94 53.46
Semi-decentralized in [3] 28.30 70 98.30
Centralized in [2] - - 301

5.5 Conclusion

The energy routing problem is formulated as a non-convex non-linear optimization
problem. To solve this problem, a semi-decentralized multi-path energy routing pro-
tocol is proposed in this chapter, where a modified Yen’s k least loss path and multi-
start SQP algorithms are suggested for path enumeration and power dispatch. The
proposed algorithm computes power losses accurately during path selection while re-
specting all the physical power system constraints, including the PFD constraint.
Providing accurate power loss benefits both trading pairs and the utility grid. The
semi-decentralized algorithm lies between the advantages of fully centralized energy
routing algorithms and the fully decentralized one; it keeps some central coordination
through the use of the NSO, however, most energy transmission path decisions are
taken locally by the individual trading pairs. This relieves the computational burden
on the NSO. The multi-path provided solutions, decreased the transmission losses,
improved the utilisation of the grid power lines and contributed to the alleviation of
line congestion. The deployment of the NSO keeps the P2PET under control and
solves the path conflict issues during the simultaneous power transmission cases. It
uses a ranking principle that allows some trading pairs to take the desired paths in
path-conflict situations. Simulation findings from various scenarios using different EI
networks confirmed the suggested energy routing algorithm’s efficacy. These find-
ings emphasize the proposed algorithm’s multiple advantages, indicating that it is a
potential option for routing energy in the developing P2PET in EI. Table 5.5 summa-
rizes the key differences between the proposed semi-decentralized multi-path energy

routing algorithm and other algorithms described in the literature.
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TABLE 5.5: The key differences between the proposed semi-decentralized multi-
path energy routing algorithm and other algorithms described in the literature.

Algorithm
Criteria Exhaustive Dijkstra DFS Non-linear The proposed
search [1] [120, 121] [2] programming [3] prop
Fully centralized v
Fully decentralized v v
Semi-decentralized v
Grid physical constraints v v v v

PFD constraint
Accurate power losses
Simultaneous energy transmission v v

RANANENEN




Chapter 6

Prosumers matching and energy
routing through Yens and SOS
algorithms in P2PET systems

This chapter focuses on solving the energy routing problem, including subscriber
matching, energy-efficient paths, and transmission scheduling. The energy routing
problem is formulated as a non-convex mixed-integer non-linear optimization problem
that minimizes the consumer’s energy cost. The energy cost comprises both the
energy purchasing and transmission costs. The transmission cost incorporates the
exogenous costs (power loss compensation fees and grid infrastructure utilisation fees)
imposed by the utility grid. The objective function combines the matching process
and the non-congestion energy-efficient path selection process. To solve this problem
in polynomial time, a semi-decentralized energy routing approach that incorporates
graph theory and metaheuristics is given. Firstly, Yen’s k least loss paths algorithm
(detailed in Chapter 5) is used to determine a set of possible paths to each possible
producer in the network. Secondly, the Symbiotic Organisms Search algorithm (SOS)
is employed to determine the best producers that minimize the energy cost for each
consumer, the amount of power to get from each producer, and the least energy
transmission cost paths between the energy trading pair while respecting the market
and physical constraints of the grid, including the PFD constraint. The NSO is a
fundamental component of the proposed approach for solving path and source conflicts
in simultaneous energy transmission cases. The simulation results demonstrate the
effectiveness of the suggested semi-decentralized energy routing approach in solving

the energy routing issues.
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6.1 Introduction

The effective transmission of power between trading peers in P2PET over the compli-
cated EI is significantly dependent on the deployment of an efficient energy routing
algorithm. Energy routing algorithms have three major challenges: subscriber match-
ing, finding an efficient path, and transmission scheduling. As detailed in Chapter 2,
most of the referenced literature split the subscriber matching from the energy rout-
ing problem. Very few articles included subscriber matching in the energy routing
algorithms. Remarkably, subscriber matching was mostly investigated in articles sug-
gesting market-clearing techniques, trading algorithms, and P2PET platforms, where
energy trading peers are matched based on their monetary benefits; however, losses
caused by the matched transactions are avoided without adequate technical justifica-
tions. Attempting to maximize the prosumers’ profits at the expense of energy routing
and power transmission losses might lead to network congestion and voltage fluctua-
tions by providing power flows that violate grid physical constraints, jeopardizing the
system’s ability to operate safely. Therefore, recently, the newly proposed P2PET
systems have included power losses in the prosumers matching process [126, 145-148].
However, the electrical transmission power losses are calculated using the electrical
distance, which is estimated by Thevenin’s impedance distance [146], power transfer
distance [147], and a distance factor [126, 145]. Using electrical distance to estimate
the transmission power losses between trading pairs is not appropriate and not appli-
cable in EI, as the power transmission losses in EI have a direct relation to the power
lines losses and ERs losses (detailed in Chapter 3).

Additionally, according to the most often proposed P2PET systems in the literature,
P2PET is not completely independent of the grid. It is carried out via the utility
grid’s distribution infrastructure, which transfers power via grid distribution lines. In
these P2PET systems, the utility grid charges the trading pairs network utilisation
fees for the use of its power lines [126, 145, 147], and power loss compensation fees to
compensate for transmission power losses between trading pairs [126, 127], ensuring
the receiving of completely traded power. Furthermore, according to the works in
[146, 149, 150] congestion costs are also imposed by the utility grid to the trading
pairs to prevent congestion on the grid’s power lines. The utility grid uses these
exogenous costs to cover the operation and maintenance expenditures [150]. These
exogenous costs increase the total energy cost for trading prosumers, which can push
them to cancel their energy transactions to avoid paying high fees. As a result, it is
critical to build a subscriber-matching process that considers these exogenous costs,
allowing consumers to reduce these fees through careful supplier

On the other hand, the few energy-routing algorithms that incorporate subscriber
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matching perform the matching often by focusing on either price [135] or power loss
2, 133], which increases the transmission losses in the first case and trading prices
in the second one. However, combining the transmission power losses and the power
prices in the same objective function provides a better solution for energy routing that
optimizes both, as demonstrated in Chapter 4. Furthermore, ignoring the P2P mar-
ket factors (prosumers prices, power loss compensation fees, network utilisation fees,
etc) in the matching process in the previously mentioned energy routing protocols
2, 133, 135] makes them unsuitable for real application. Additionally, determining
the energy-efficient transmission paths based only on their energy losses is insufficient
in the existence of the network utilisation and power compensation fees. These fees
need to be considered during the path generation process and the paths should be
selected based on their total transmission cost.

Drawing from the discussions presented earlier in this section and to overcome the
shortcomings encountered in previous energy routing algorithms for P2PET in EI,
the work in this chapter aims to solve the energy routing problem, including its three
main issues, by providing a new energy routing approach that compromises the match-
ing of prosumers with the selection of free-congestion energy least cost paths. The

contributions of this chapter encompass:

m Introducing a novel P2PET framework in EI

m Formulating the energy routing problem as a constrained non-convex non-linear
mixed integer optimization problem to optimize the total energy cost that com-

bines the purchasing cost and energy transmission paths cost.

m Developing a novel semi-decentralized energy routing approach that uses graph
theory and metaheuristic methods to match the prosumers and select the free-
congestion least cost paths to solve the constrained non-convex mixed integer

non-linear optimization problem.

m Introducing a novel Symbiotic Organism Search-based multi-path energy routing
algorithm that determines for each consumer the best set of producers with the
amount of power to get from each one, the least cost paths to transmit the
traded power, and the amount of power to send in each path while considering
the purchasing power prices of producer-prosumers, the accurate power losses
of the network’s power lines and ERs, the network utilisation fees, the power

loss compensation fees, network capacity and PFD constraints.
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6.2 The proposed P2PET framework and problem

formulation

6.2.1 The proposed P2PET framework

As detailed in Chapter 3, the EI is a mesh network that connects prosumers (with
excess or shortage energy), consumers (loads without RESs) and traditional genera-
tion units with the DESs (owned by utility grid) by power lines and ERs. Prosumers
and consumers can engage in P2PET, where the utility grid acts as a backup market
participant. To encourage prosumers and consumers to actively engage in the P2PET
market and promote direct energy exchange while improving system efficiency, re-
silience, and safety, we present a novel P2PET framework. The suggested framework

and its fundamental assumptions are described as follows:

m The proposed framework comprises a NSO, which acts as an impartial observer
to ensure grid stability during P2PET without compromising the trading peers’
autonomy. The NSO does not intervene in trading peers’ matching decisions
or energy transactions’ establishment. In contrast, it provides in advance the
network charges, including network utilisation fees and power loss compensation
fees alongside the utility grid selling and buying prices, verifies source and path
overlaps in situations of simultaneous power transmissions, and grants approval
to trading pairs or implements network conflict management mechanisms as
required. Before executing the P2P energy transactions, all the energy trading
pairs must receive approval from the NSO. This proactive technique reduces the
possibility of power line overloading congestion and supply-demand imbalances

in the network.

m At a time slot T, a prosumer can act as a producer or a consumer based on its
local energy generation but cannot do both at the same time. Therefore, the
market participants in this model are divided into three categories: consumers,
who are traditional loads without RESs or prosumers who have a shortage in
their local energy generation; producers, who are prosumers with excess local

power generation, and the utility grid.

m We presume the existence of a P2PET communication platform. Through
their associated ERs, producers and consumers use this platform to make of-
fers—offering extra energy—or demands—requesting energy—with information

including the power amount, price, and preferred time slots. Additionally, the
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network ERs use this platform to submit their current state, including capacity,
conversion efficiency, and information on linked ERs and power lines. This infor-
mation exchange enables all ERs to get an overview of the network structure and
current state, promoting effective energy trading operations and well-informed

decision-making.

m In addition to their power losses, PFD and capacity constraints, each power
line in the network has a utilisation cost UCj, which is proportional to the
amount of power being transported through it [126]. Equation 6.1 depicts the
line utilisation cost of transmitting an amount of power P through a power line
(Lij) that connects ERs i and j, where Cp, ., is the unit price for using the line
L

i

UOL(M) =P x CL(i,j) (61)

m The proposed P2PET framework requires energy trading pairs, whether pro-
ducers or consumers, to pay network utilisation fees for using the utility grid’s
infrastructure to send and receive energy. Each energy trading pair can use
single or multiple energy transmission paths to transmit the purchased energy
and should pay their utilisation fees. The utilisation fees of a path are the sum-
mation of the utilisation costs of the lines that construct the path. Equation

6.2 represents the network utilisation fees for a trading pair.

N
NUF:Zp > vy, (6.2)

k=1 L,j) €Epr

It is significant to highlight that these network utilisation fees are not paid twice
by both trading parties (producer and consumer) at the same time, but they

are shared equally between them.

m The power losses in the network lines and ERs are inevitable during the power
transmission process in P2PET in EI. These losses need to be compensated to
ensure the reception of the agreed amount of trading power by the consumer.
We presume that the utility grid compensates for these losses by injecting ex-
tra power into the network to cover them, which incurs extra costs charged to
the trading pairs. Energy trading pairs are required to pay power loss com-
pensation fees to the utility grid, which are proportional to the power losses
incurred by their energy trading transactions. Equation 6.3, depicts the power

G

loss compensation fees charged to an energy trading pair (s — [), where 7¢" is

the compensation price of the utility grid and T'L5}, is the total transmission
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loss of the selected paths.
PLCF = 7% x TL52L, (6.3)

A prosumer with excess local energy generation at time slot T that behaves
as a producer can encounter a shortfall in its local energy generation in the
next time slot T+1 and transform into a consumer. Similarly, the consumer
at time slot T may turn into a producer in the next time slot T+1. Based on
this role transition, producers are considered beneficiaries of P2PET as they
are selling their excess energy to other consumers in the P2PET market at
their established pricing instead of selling it to the utility grid at cheaper rates
specified by the utility grid (price negotiating mechanisms are not considered
in this work). Consumers assume responsibility for the matching process by
choosing the producers from which they will buy energy, the amount of power
to get from each one, and the transmission paths to take. As a result, consumers

are responsible for covering the power loss compensation fees.

The proposed P2PET market is a forward market, in which energy transactions
for the next time interval T+1 are determined in time slot T called the matching
window. During the matching window, producers and consumers submit bids
and make routing decisions under the supervision of an NSO. After the market
window closes, the physical transfer of energy and financial transactions occurs

in time slot T+1, detailed in the section 6.2.2.

The utility grid is considered a participant in the proposed framework, where
producers can trade the surplus energy with other consumers in the P2PET
system or with the utility grid, and consumers can purchase the energy demand
from the producers in the P2PET or from the utility grid. This provides an
advantage in cases where the power loss compensation fees and network utilisa-
tion fees are high, however in the majority of the cases the selling price of the
utility grid is higher than the price of producers in the P2PET while the buying
price of the utility grid is lower than producers prices in P2PET. To create a
fairness situation between the participants (producers and consumers) of the
P2PET and give all of them a chance to benefit from the P2PET market, after
the submission of the total demand and offers, the communication platform cal-
culates the total demand and energy surplus for the next time slot, T+1. If the
entire energy surplus available exceeds the total demand in the P2PET market,
all consumers can meet their needs through the P2PET network. However, in

this case, some of the network producers may be able to sell all of their available



Chapter 6. 131

power in the P2PET market, while others may be unable to find consumers and
must sell it to the utility grid at a lower price (FiT) which may disincentive
their engagement in the P2PET market. To address this problem, the proposed
P2PET framework’s communication platform sets a threshold for each producer
that specifies the maximum quantity of power that can be sold in the P2PET
network; any remaining power should be sold to the utility grid. Equation 6.4
outlines the threshold of a producer i, where P}, represents the energy demand
of consumer j (load), Ps, represents the energy available of producer i (energy
source), n and m are the number of producers and consumers in the network,

respectively.
2721 By,
Z?zl P, Si

On the other hand, if the total energy demand exceeds the entire availability,

Threshold; = x P, (6.4)

consumers must complete their energy demand from the utility grid. This can
lead to a situation in which certain consumers buy all of their demand from the
P2PET market while others buy it from the grid, discouraging their participa-
tion in the P2PET. Thus, in the suggested model, the communication platform
sets a threshold, but this time for consumers to restrict the amount of power
they may purchase from the P2PET market. The remaining demand for each
consumer should be supplied from the utility grid. Equation 6.5 illustrates the

threshold of a consumer j.

r P,
Threshold; = Z;?—l x P, (6.5)
> j=1 B,
The use of the threshold incentivizes producers and consumers to actively par-
ticipate in the P2PET market.

m Unlike previous P2PET systems proposed in the literature where consumers can
engage in P2PET only with producers that can provide its total demand and
select one of them while ignoring producers with small power availability, con-
sumers in the proposed P2PET framework can buy energy from one or multiple
producers in the network, even those that can not provide the whole demand.
According to the work in [1], a consumer’s matching decision involving fewer en-
ergy producers is recommended to reduce the complexity of the decision-making
process and boost the reliability, security, and robustness of the system. Using
fewer elements in energy routing can lower the risk of errors or threats [2]. Thus,
it is anticipated that during each trade period T, the NSO can limit the maxi-
mum number of producers a consumer can choose. This number is referred to

as N in the following sections.
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m As demonstrated in Chapter 5, multi-path energy routing provides better uti-
lization of the network infrastructure and minimises the total transmission loss.
The multi-path energy routing is adopted in the proposed energy routing ap-
proach in this chapter. It is assumed that, according to the state of the network,
the NSO can limit the number of paths used by each trading pair. This will re-
duce the computational burden and execution time of the routing decisions, de-
crease network utilization fees, prevent a single trading pair from monopolizing
multiple paths, potentially creating bottlenecks and unfair network utilization,
and minimize overlapping path conflicts and congestion issues. This number is

referred to as M in the following sections.

6.2.2 Problem formulation

The proposed P2PET framework is a consumer-centric system where consumers should
make their own energy routing decisions. The consumer energy routing decision in-
cludes the selected producers to buy energy from, the power amount to get from each
producer and the non-congested minimum energy cost transmission paths to use. This
routing decision should consider the network’s physical constraints, including capacity
and PFD constraints, and P2PET market constraints (economic constraints), includ-
ing network utilisation fees, power loss compensation fees, the limited number of pro-
ducers and paths constraints. Building upon the energy routing problem formulation
introduced in chapters 3 and 5, we introduce an enhanced mathematical formulation
of the problem that incorporates the additional constraints of the P2PET market.
The energy routing problem is formulated as an optimization problem that aims to

minimize the energy cost for consumers (Equation (6.6)).

f = min (Z(wsi X Py 4+ TCy) + 75 x (P=) PSZ.)> (6.6)

i=1 =1
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s.t. (3.4)
(3.6) — (3.12)
(5.2) — (5.8)
NP
TCor =)  CWiliai™ (6.7)
k=1
C’Wfofjfl = Z(w, x 8 + Z (wi; x 7 +ax P, x Crip) (6.8)
Riep Lijep
> P, <h (6.9)
=1
0< P, <P Vs €S (6.10)
d y<N (6.11)
1=1
1, it P, >0,
Yi = (6.12)
0, otherwise.
Np
Y oa<M (6.13)
k=1
1, if P* >0,

0, otherwise.

Consumers in the proposed P2PET system can purchase energy from one or several
producers, even if individual producers are unable to provide all of the demand, from
the utility grid, or both producers and the utility grid at the same time, to meet
their energy needs. Therefore, as indicated by Equation (6.6), the total energy cost
of buying energy for consumer [ is divided into two parts: the first reflects the cost of
purchasing from different producers in the P2PET system, while the second represents
the cost of purchasing from the utility grid. The first cost is the summation of the
paid price of buying energy from the selected producers and the energy transmission
cost of the paths chosen to transmit power. Consumers pay power loss compensation
fees, and as each power line has a utilisation cost, choosing energy transmission paths
based on transmission cost is preferable to selecting paths based on energy losses
(Equation (6.8)). This allows consumers to reduce the network’s excessive prices.
Energy can be transmitted through multiple paths between a trading pair consumer-
producer (Equation (6.7)), where constraints (3.4), (3.6)-(3.12), (5.2)-(5.8), represent
the power losses of ERs and power lines, their capacity constraints, PFD constraint,
etc, as detailed in Chapters 3 and 5. The constraint in Equation (6.9) guarantees

that the consumers’ energy demand is not surpassed. Equation (6.10) assures that
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TABLE 6.1: Variables description

Symbol Description

Ts, The selling price of producer ¢ in the P2PET system

g The selling price of the utility grid.

¢ The power loss compensation fees for 1 kWh (Equation (6.8))

n The number of the producers in the P2PET system

N, The number of k least energy cost paths selected by the modified
Yensk algorithm in Chapter 5

N The maximum number of producers that can be selected by a con-
sumer ¢

M The maximum number of paths that a trading pair can select to
transmit an amount of power between them

S The set of all the producers in the P2PET system at a time slot T

P, The amount of power to get from a producer s;

TCs, The total energy transmission cost of the selected paths between the
producer s; and the consumer [

P, The energy demand of a consumer

poar The maximum energy available at producer s;

C’Wfoféfl The energy transmission cost of a transmission path between a pro-
ducer s; and consumer !

s’“ —z The amount of power transmitted through the path k& between the
producer s; and the consumer [

Q A factor that indicates the consumer’s portion of network utilisation
fees. In this work, « is set to 0.5, indicating that network utilisation
fees are equally shared between the trading pair producer-consumer

w; The energy loss of an FR;

Wyj The energy loss of an Lj;

Yi A binary variable that indicates if a producer i is selected or not to
power a consumer

2 A binary variable that indicates if a path k is selected to transmit

power between a trading pair

power bought from a producer does not exceed its power availability, which reflects
the upper and lower bounds of the power that can be extracted from it. However,
Equations (6.11) and (6.13) restrict the number of producers a consumer can allocate
and the number of paths a trading pair can choose, respectively.

It is crucial to point out that, the path transmission cost is a quadratic function of the
transmitted power amount (see Equations (6.7), (6.8) and (3.6)).As discussed in the
previous chapter, the existence of the PFD constraint (Equation (5.7)) in the multi-
path routing problem adds non-convexity to the non-linear optimization problem.
Thus, the energy routing problem in Equation (6.6) is a non-convex, non-linear opti-
mization problem. Furthermore, the restriction of the number of selected producers
and paths for each consumer in Equations (6.11) and (6.13) introduces combinatorial

aspects to the optimization problem making it a non-convex mixed-integer non-linear
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optimization problem. Non-convex mixed-integer non-linear optimization problems
are difficult to solve, and there is no universally guaranteed approach for finding the
global optimum [151]. To address the energy routing problem we opted for the use
of metaheuristics specifically the Symbiotic Organisms Search [152] (SOS) algorithm
and suggested a semi-decentralized energy routing approach that is discussed in the

following section.

6.3 A semi-decentralized energy routing approach

This work aims to create an efficient energy-routing approach that solves the energy-
routing problem. The routing approach should allow consumers in the P2PET net-
work to select the best set of producers to buy energy from, to determine the power
amount to get from each producer, and the non-congested minimum energy cost trans-
mission paths to use to satisfy their demand. The energy routing decisions should
consider the network physical constraints, including capacity and PFD constraints,
and the market constraints, including network utilisation fees, power loss compen-
sation fees, energy prices, availability and demand, and the limits on the number of
paths and producers allowed. However, the problem in (6.6) is a non-convex mixed in-
teger non-linear optimization problem with several local solutions, making it difficult
to discover a global solution. Thus, a metaheuristic algorithm is employed to solve the
energy routing problem as it produces near-optimal solutions by iteratively merging
and improving candidate solutions while handling constraints in reasonable execution
time, which is beneficial in complex networks (increasing network size and producer
and consumer numbers). Equation 6.6 shows that energy prices and path costs are
incorporated in the same objective function; the alteration in power allocation from
each producer can have a direct impact on the path selection process. As multi-path
energy routing shows promising results in minimizing the energy transmission loss in
the previous chapter, we introduce a new multi-path energy routing algorithm that
combines the modified Yen’s k least loss paths algorithm (in the previous Chapter 5
section 5.3.1.1) with the SOS algorithm.

The suggested energy routing approach distributed computational load between indi-
vidual ERs (consumers) and the NSO to eliminate congestion in the case of simultane-
ous power transmissions. It provides a local, autonomous decision under the control
of the NSO. Figure 6.1 illustrates the proposed semi-decentralized energy routing

approach that operates as follows:
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| Energy transactions execution |
v

| Financial transactions execution |

Submission window open
v
P2PET participants registration
v

| Threshold setting |

2
Decentralized routing decisions
v
NSO overlapping check

v
| Submission window close

FIGURE 6.1: The timeline of the proposed P2PET framework and energy routing
approach.

Daily market setup: At the start of each day, the NSO uploads the utility
grid’s purchasing and selling prices for the following 24 hours, and updates grid

infrastructure utilisation fees, which fluctuate during the day.

Network status setup: All network ERs submit their status information
dynamically on the platform. Therefore, each ER has an overview of the network

structure.

Submission window: The P2PET market starts by opening a matching win-

dow at the beginning of a time slot T ( for instance, hourly).

P2PET participant registration: Producers and consumers, through their
associated ERs, submit their demands and offers to announce their intention to
purchase or sell energy during time slot T+1. That covers the amount of power
requested by each consumer and the power availability with the corresponding
price of each producer. Producers and consumers who miss the submission

window must wait until the next trading session begins.

Threshold setting: According to the total demand and availability, the com-
munication platform determines a threshold if there is an imbalance between

demand and generation.

Decentralized routing decisions: Each consumer-associated ER takes the
necessary real-time information about the network from the platform and in-
vokes the proposed SOS-based multipath energy routing algorithm with Yens
k least cost paths discovery (SOS-Yen’s ERA) to determine the producers to
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get energy from, the amount of power, and the selected paths to each one. The
routing algorithm employs multi-path energy routing, where the modified yens
k least loss paths algorithm (see Chapter 5 section 5.3.1.1) is used to determine
k least cost energy transmission paths between a consumer and a set of possible
producers, while the SOS algorithm is employed to determine the power amount
to get from each producer and how much to send in each path so the total energy
cost is minimized. To ensure fair and accurate network utilisation and power
loss compensation fees for prosumers, Algorithm 5.2 from the previous chapter

is utilized to accurately compute the power loss for each energy transaction.

m Routing decision submission: FEach consumer-associated ER submits its

decisions to the platform for path and source overlapping check by the NSO.

m NSO overlapping check: The NSO gets the routing decisions of the different
consumer-associated ERs and checks for path and source conflicts. Path con-
flict occurs when multiple consumers select the same path or when portions of
their chosen paths overlap, increasing the overall energy loss of this path and
potentially surpassing its capacity limit, causing congestion and grid instability.
Source conflict arises when multiple consumers choose the same prosumer, but
the latter cannot meet all the desired demands. The NSO uses the energy trans-
mission scheduling mechanism 6.2 to resolve the path and source conflict, sends
an approval or revision request to consumers, and updates network information
on the platform. Consumers who received a revision request recalculate the
SOS-Yen’s ERA and select a new solution; this process is repeated until all the

consumers get approval or the matching window closes (the time slot T ends).

m Finantial and energy transactions execution: Once the matching window
closes, consumers with approval complete transaction details (financial transac-
tions) and start the physical transfer of energy within the specified time frame
(transaction execution). Consumers who cannot get approval from the NSO
before the matching window closes can get their entire demand from the utility

grid or wait until the next trading session.

The suggested energy routing approach is divided into two parts: a decentralized
part where the routing decisions are made independently based on local information
and perspectives at the ER level, and a centralized part executed at the NSO level
where approval or revision requests of the generated decentralized routing decisions
are made, ensuring network stability and congestion-free power in simultaneous power
transmissions. The semi-decentralized approach balances the benefits of both central-

ized and decentralized energy routing algorithms.
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6.3.1 Symbiotic Organisms Search-based multipath energy
routing algorithm with Yens k least cost paths discov-

ery (SOS-Yen’s ERA)

SOS is a population-based metaheuristic algorithm inspired by the different inter-
actions between organisms in the natural ecosystem [152]. Each possible solution
in the SOS algorithm is represented as an organism, where three distinct relation-
ships—mutualism, commensalism, and parasitism— are employed between the preex-
isting organism solutions to explore the search space and produce new ones. Due to
its simplicity (few parameters), stability, balanced exploration and exploitation [153],
the SOS algorithm has attracted much attention from the optimization research com-
munity and has been successfully applied to different optimization problems such
as engineering design problems [154], data mining and machine learning problems
[155, 156], task scheduling in cloud computing [157], etc.

Therefore, a Symbiotic Organisms Search-based multipath energy routing algorithm
with Yens k least cost paths discovery (SOS-Yen’s based ERA) is executed by each
consumer-associated ER to solve the non-convex mixed integer nonlinear optimization
problem stated in Section 6.2.2. The SOS-Yen’s based ERA determines from the set
of possible producers including the utility grid, which producers select with the best
power allocation and paths selection so consumer demand is satisfied while the total
energy cost is minimized.

As illustrated in Algorithm 6.1, SOS-Yen’s based ERA initially initiates the set of all
possible producers S = {s1, ..., s, }. It first uses the modified Yen’s k least loss paths
algorithm proposed in the previous chapter (5.3.1.1) in paths discovery to create a
set of k most feasible paths to each producer s; within the set S. The most feasible
paths are those with the least energy transmission cost (Equation (6.7)). Therefore,
instead of getting these k paths based on their energy transmission loss, the energy
transmission costs of each power line and ER in the network are calculated based
on consumer demand using Equations (3.4), (3.6) and (6.7). Subsequently, the most
promising paths (K paths with the lowest energy transmission cost) to each possible
producer s; in the set S are found using Yen’s algorithm (Figure 5.3). These paths
are denoted as Paths, which is a matrix of size (n, k), where n is the number of all
possible producers in the set S and k is the number of promising paths to each pro-
ducer. As illustrated in (6.15), each cell in this matrix reflects a potential path from

producer s; to consumer [. Path; ; represents the j path from producer s; to the
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consumer /. ) \
Pathl,l Pathl’g cee Pathl,k
Path Path -+« Path
Paths = ceb T Tk (6.15)
| Path,; Pathy,s --- Path, )

After, determining the set of k feasible paths to each producer (Paths), the algorithm
randomly initiates the best organism X,., with a population of PopSize organisms
denoted as X. An organism X,, € X, with m = 1,2...PopSize, as indicated in
Equation (6.16) is a candidate solution matrix of size (n, k), where each case z;;
in the matrix X,, represents the power amount to send in the j path between a
producer s; and the consumer [ (PF , in Equations (3.4), (3.6) (6.14)). The sum of
TOW 1 (Zle x; ;) in X, represents the total power amount to get from the producer
s; in the set S (Ps, in Equation (6.6)). These variables with y and z in Equations
(6.11),(6.12),(6.13), and (6.14) correspond to the decision variables of our optimization

problem.
( A
11 Ti2 - Tik
To1 T22 - T2k
X, = ] _ ] (6.16)
Tn1l Tn2 - Tnk

To create a feasible set of random solutions (organisms) that adhere to the constraints
of limited number of selected producers (N) and paths (M) outlined in Equations
(6.9), (6.11)-(6.14), as well as to the paths and producers capacity constraints defined
in Equations (3.9) and (3.10), the Algorithm 6.2 is employed. It uses Equation (6.17)

to create random values in the capacity bounds.
x=rand+ (UB — LB)+ LB (6.17)

The while loop represents the iterative process of the SOS-Yens-based ERA, in which
each organism X,,, € X goes through three different phases mutualism, commensalism,
and parasitism, to update the best organism Xj.s.In the mutualism phase, a random
organism X is selected to intersect with an organism X,,, where the mutual vector and
the benefits factors BF} and BF5 are used to reflect the mutual benefit relationship
between the two organisms. The resulting organisms from this mutual relationship

are calculated according to Equations (6.18) and (6.19).
Xonnew < X +rand(n, k) X (Xpest — BF1 X Xmutuar), rand € [0, 1] (6.18)

Xinew < Xj +rand(n, k) X (Xpest — BFy X Xonutuar), rand € [0, 1] (6.19)
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Algorithm 6.1: Symbiotic Organisms Search-based multipath energy routing al-
gorithm with Yens k least cost paths discovery (Part 1)

Input: consumer [/, energy demand P, set of producers S = {sq, ..., s, },
fitness function f, network & market parameters, N, M
Output: best identified feasible solution Xp
Calculate the energy transmission cost of ERs and power lines using P, Eqs
(3.4), (3.6) and (6.7)
Paths < Apply Yens Algorithm to find k feasible paths to each producer in §
Set: UB, LB, PopSize, MaxIter

/* Initialize random X4, population */

Generate random X, using Algorithm 6.2
Evaluate the fitness function of Xpes as f(Xpest)
Generate random initial population X = {X,,|m = 1,...PopSize} of PopSize
organisms using Algorithm 6.2
for each X,, € X do
Evaluate the fitness function of X, as f(X,,)
if (X,) < /(Xyu) then
Xbest — Xm
f(Xbest) — f(Xm)

while t < mazlter do
for each X,, € X do

/* Mutualism Phase */

Select a random organism X; € X, j € [1...PopSize], j #m
Determine BF},BF, using Eqgs (6.21) & (6.22)
Create a mutual vector, X,,utua < (X + X;)/2
Xonew < X +rand(n, k) X (Xpest — BF1 X Xonutual)
Xinew < Xj +rand(n, k) X (Xpest — BF> X Xinutual)
Xonnew < Limiter(Xnew)
Xinew < Limiter(Xnew)
Evaluate the fitness function of Xnew, Xjnew a8 f(Xmnew), [ (Xjnew)
if f(Xpnew) < f(X;,) then
X — Xpnew
f(Xm)  [(Xinnew)
if f(X,n) < f(Xpest) then
L Xbest — Xm
f(Xbest) — f(Xm)

if f(Xjnew) < f(X]) then
Xj < Xjnew
f(X5) e [(Xjnew)
if f(X;) < f(Xpest) then
Xbest — Xj
f(Xbest)  [(X;)

ot
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Algorithm 6.1: Symbiotic Organisms Search-based multipath energy routing al-
gorithm with Yens k least cost paths discovery (part 2)

while ¢ < maxIter do
for each X,, € X do

/* Commensalism Phase */

Select a random organism X; € X, j € [1...PopSize|, j #m
Xinnew < Xom + (2 x rand(n, k) — 1) x (Xpest — X)
Xonnew < Limiter(Xmnew)
Evaluate the fitness function of X,,e0 as f(Xmnew)
if f(Ximnew) < f(X,n) then
X — Xomew
F(X) e F(Xomnen)
if f(Xm) < f(Xpest) then
Xbest < Xm
f(Xbest) A f(Xm)

/* Parasitism Phase */

Select a random organism X; € X, j € [1...PopSize|, j #m
Xpa’/‘asite A Xm
Select random indices between [1,n * k] from X,4qsite and set their values
using Eq (6.17).
Xparasite — Limiter(Xparasite>
Evaluate the fitness function of Xpurasite @8 f(Xparasite)
if f(Xpa'rasite) < f(X]) then
Xj — Xparasite
f(X]) — f(Xparasite)
if f(X;) < f(Xpest) then
Xbest — Xj
f(Xbest) A f(XJ)

%t<—t+1

Xmutual < (Xm + XJ)/2 (620)
BF, = (1 + round(rand)),rand € [0,1] (6.21)
BF; = (1 + round(rand)),rand € [0,1] (6.22)

The commensalism phase depicts a relationship between two organisms in which one
benefits from the other without affecting it. In this phase, a random organism Xj is
selected from the population X to interact with the organism (X,,). The organism
X, exploits the search space by taking the information from the organism X, using
Equation (6.23).

Xonnew < Xom +rand(n, k) X (Xpest — X;), rand € [—1,1] (6.23)
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Algorithm 6.2: Initialize SOS algorithm population

Input: consumer [, energy demand P, set of producers S = {s1, ..., S, }
PopSize, N,M,k,n,UBs, LB,;,UBpaihs, LBpains
Output: initial population X
for m =1 to PopSize do
Initialize a zeros matrix z
Set the power to get from each producer in the set S to zero (Power)
/* Check constraint (6.11) */

Select N random producers from the set S to get energy from (Eq (6.11))
for each producer s; in the selected set do
L Powerg, < rand x (UBs, — LBs,) + LB,

/* check constraints (6.9) & (6.10) */

if " | Powers, > P, then
for each producer s; in the selected set do
L Power, < Power;, X = ¥

n
ie1 Powersi

Power,, < max(min(Powers,,UBs,), LB;,)

Initialize a zeros matrix z
/* check constraint (6.13) */

Select random paths from Paths to use for each producer s; in the selected
set while > Zle zij <=M
for each producer s; in the selected set do
for each selected path j in Paths;;j where z;; > 0 do
L xi,j — rand X (UBPathsi,j — LBPatth"j) + LBPathsi,j
if Z§:1 z; j # Powers, then
Powers,
Tij <= Tij X 5%,
=1 Ti,j
;5 < max(min(zi;, UBpaths, ;)» LBPaths, ;)

X, <z

For the parasitism phase, it describes an interaction in which a parasite organism
benefits from a host organism. Similarly to the previous phases, a random organism
X is selected as a host for a parasite organism X,qrqsite- Xparasite initially is created
as a copy of X;. Subsequently, certain random elements within the X445t matrix
are selected and randomly regenerated using equation (6.17).

To ensure the feasibility of the generated organisms during the optimization problem,
we employ a feasibility check mechanism called Limiter detailed in Algorithm 6.3.
This algorithm is applied to the newly created organisms (solutions) throughout each
SOS phase (mutualism, commensalism and parasitism) to ensure that these new so-
lutions comply with the optimization problem constraints in Section 6.2.2. In case of

optimization problem constraints violation, the limiter adjusts the solutions to make
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sure they are feasible before evaluating their fitness function. Specifically, the con-
straints of the limited number of producers and paths to allocate by each consumer
(Equations (6.11)-(6.14)), the capacity limit of producers (Equation (6.10)), the max-
imum amount of power to get from the producers (Equation (6.9)), and the paths
capacity constraints (Equation 3.9) are all considered in this limiter. While, the mul-
tipath routing constraints including PFD, power loss constraints, etc detailed in the
previous chapter in section 5.2 are added through a penalty method in the objective
function (fitness function). The fitness function (optimization objective function in
Equation (6.6)) denoted by f(.), assesses the energy cost within each newly generated
solution X,,new. If the cost of the newly generated solution stated by (f(Xmew)) 18
more beneficial (lower than) than the energy cost of the existing solution X, stated
by f(X,), Ximnew replaces X, in the population X of the candidate solutions. At
each phase, the algorithm updates the best organism Xj.,; whenever a new solution

with superior performance emerges.

Algorithm 6.3: SOS-Yens ERA Limiter

Input: X, energy demand P, N, M, k,n,UB;, LB, U Bpahs, LBpaths
Output: The feasible solution X

/* Handling constraint violations */

fori=1 ton do
if " | X;; >0 then

L y; < 1 otherwise y; - 0
if >  y; > N then

Select N random producers where y; > 0
Set the power to get from the rest of the producers in X to 0

=1

for: =1 ton do
for j =1 to k do
if X;; > 0 then
L L 2 ; + 1 otherwise z; ; < 0

if 0 3% |z, > M then
Select M random paths where z; ; > 0
| Set the power to send in the rest of the paths in X to 0

while (30 S8 Xi; > B) or (viY!_ Xi; > UB,,) do
if >0 3¢ Xi; > P then
P
| X XXy
if Viy " | Xi; > UB,,) then
UBs,
L Xi,j — =

G=1 Xij

max(min(X, UBpaths), LBpaths)
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6.3.2 Energy transmission scheduling mechanism

By receiving the energy routing decisions of the various consumers, the NSO trig-
gers an energy transmission scheduling mechanism to coordinate the energy flow and
prevent congestion. It aims to provide efficient energy transmission while accommo-
dating consumer preferences within grid constraints. The suggested mechanism is
priority-based, where the conflicting source or path is assigned to the consumer with
the highest priority. As illustrated in Equation (6.24), consumer priority is determined

based on four factors:

Priority, =a x WF+ [ x CF +~vx PLR+ X x DSR (6.24)

m Wins Factor (WF): This factor promotes fairness between conflicted con-
sumers by giving consumers who have recently won conflicts in previous trading
slots less priority and consumers who have had less success in the previous con-
flicts more priority. NW,, in Equation (6.25) represents how many conflicts
a consumer has won in recent conflict situations in previous trading markets

(previous window). L is the set of conflicted consumers.

NW,
WEF=1- ——0— (6.25)
Zkz:l NVVlk

m Conflict Factor (CF): A consumer’s energy routing decision may involve var-
ious prosumers and paths, possibly resulting in multiple conflicts. Thus, this
factor is used to give consumers with fewer conflicts a higher priority. NCj, in
Equation (6.26) represents the number of consumer /; conflicts in this round.

NC, (6.26)

Zk:lNClk

m Power Loss Ratio (PLR): reflects the benefit of allocating the path by a
consumer l;, where the fraction in Equation (6.27) denotes the ratio of the
consumer power loss to consumer transmitted power through the conflicted path.
Pk:s—»li

WTotal
Pk

8—>li

PLR=1- (6.27)

m Demand Satisfaction Ratio (DSR): indicates the demand satisfaction ratio
when assigning the source to the consumer. It is estimated in Equation (6.28)

as the percentage of consumer demand from the prosumer (Ps_;,) to overall
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consumer demand (F,)

Ps—li

l;

DSR = (6.28)

a, 3,7, and X are weights in the range [0, 1], with o + 8+ + A = 1. The NSO can
modify these weights based on the relative relevance of each factor. Conflicted paths
and prosumers are assigned where they are most efficient and valuable through the
use of PLR and DSR. CF and WF set dynamic priorities that prevent an individual
consumer from dominating resources and conflicts, increasing consumer fairness.

As shown in Figure 6.2, the NSO generates a transaction approval for consumers who
did not create conflicts and for consumers who won them, while also generating a
revision request for consumers who lost the conflicts to retake new energy trading

decisions based on the new state of the grid.

Select a conflict and determine the set of

Get the consumers decisions ) -«
conflicted consumers

v v

For each consumer in the set, use Equation
(6.24) to determine its priority

v

Sort by priority (d di
@ Yes ort consumers by priority (desending)

Assign the conflicted path/source to the

Detect conflicts (Paths and souces)

:lo consumer with the highest priority and
generate its approval
Generate approval for consumers l
l generate a revision request to the rest of
consumers in the set
Update network information l
Update network information
End No Exist conflict Yes

FIGURE 6.2: The proposed energy transmission scheduling mechanism.

6.4 Numerical Simulation and Result Analysis

This section includes simulations that show how the suggested energy routing ap-
proach solves the energy routing problem while minimizing energy costs for consumers
and power transmission losses, avoiding physical constraint violations, and resolving
path and source conflicts in simultaneous power transmission cases.

As the majority of the literature aforementioned energy routing algorithms in the pre-

vious chapters focus on addressing energy efficient path problem [1, 3, 120, 122], while



146 6.4. Numerical Simulation and Result Analysis

few of them integrate the matching process [2, 121, 133, 134, 136, 137], we employ a
two-phase simulation evaluation strategy to assess the performance of our proposed
approach. In the first phase, we evaluate the non-congestion paths created by our
approach and compare them to other energy routing algorithms that prioritize path
efficiency. Subsequently, in the second phase, we extend the evaluation by including
the matching process and compare it to algorithms that incorporate matching and

path selection.

6.4.1 Paths selection evaluation

This subsection assesses the performance of the proposed Yens-SOS-ERA in solving
the energy-efficient path problem while avoiding the physical constraints violation.
The following energy routing algorithms are selected for comparison.

m ES: Exhaustive Search -based energy routing algorithm proposed in [1].

m Dijkstra: The modified Dijkstra-based energy routing algorithm proposed in
[120, 121].

m DFS: Depth First Search-based energy routing algorithm proposed in [2].
m ACO: ACO-based energy routing algorithm proposed in [137].

m DFS-NLP: The multipath energy routing algorithm proposed in [3], combines

the non-linear programming with the DFS algorithm.
m Yens-SQP: The multipath energy routing algorithm proposed in the previous

chapter, combines the Yens algorithm with the SQP.

The simulations performed using EI networks described in Chapter 3 in Figures 3.4,
3.5, 3.6, 3.7 and 3.8 with their detailed parameters in Tables 3.3-3.13. We assume the
existence of a single source-load trading pair in each network. The selected source-
load trading pair in each network is located at its extremes to increase the number of

possible power transmission paths between them as follows:

m Figure 3.4: Transmit 20 kW of power from FR; to ER4.
m Figure 3.5: Transmit 16 kW of power from FRq4 to FRsp.

m Figure 3.6: Transmit 45 kW of power from FRi; to F Ras.
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m Figure 3.7: Transmit 16 kW of power from E Rsy; to E Rgy.

m Figure 3.8: Transmit 22 kW of power from E Ry to E Rsg.

Table 6.2 represents the number of possible transmission paths between each trading

pair in each network.

TABLE 6.2: The number of all possible paths between the energy trading pairs in
each EI network.

(ERy, ER1s) (ERu, ER3) (ERun, ERss) (ERgor, ERg)
Figure 3.4 Figure 3.5 Figure 3.6 Figure 3.7
Paths number 48 286 68 5962

Initially, it is assumed that the pre-existing power in the different networks is set to
zero (all power lines are initially empty). Moreover, power loss is the common metric
used by the existing energy routing algorithms in the path selection process; thus, to
guarantee a fair comparison, the suggested Yens-SOS ERA employs power loss as the
key metric in path selection instead of energy transmission cost. Figures 6.3-6.8 and
Tables 6.3, 6.4 illustrate the selected paths, the power amount to send in each path,
power loss and the execution time of each algorithm in each network.

According to these results, the different algorithms adhere to the ERs and power
lines capacity constraints and provide congestion-free energy transmission paths in
the various networks. However, Multipath energy routing employed by DFS-NLP,
Yens-SQP and Yens-SOS-ERA outperforms the single-path energy routing employed
by Exhaustive Search, Dijkstra, DFS, and ACO by providing better power distribu-
tion and path allocation that leads to reduced energy transmission loss.

As shown in Figures 6.3 and Figure 6.4, the DFS-NLP, Yens-SQP, and Yens-SOS-ERA
select the same power transmission paths with a small difference in the power distri-
bution through these paths, as Yens-SQP, and Yens-SOS-ERA calculate the accurate
power transmission loss of the different paths rather than assuming that the power is
constant during the path generation process. This results in a lower energy transmis-
sion loss by 16.61% (518 W) and 15.23% (479 W) compared to single-path routing
(Exhaustive Search, Dijkstra, DF'S, and ACO), and by 6.54% (182W) and 9.6% (283
W) compared to DFS-NLP in Figures 6.3 and Figure 6.4, respectively. Furthermore,
the use of Yens k least loss path algorithm to determine the set of most feasible paths
(k = 10) instead of using all possible paths (Table 6.2) in the power dispatch reduces
the search space and consequently decreases the execution time of Yens-SOS-ERA
by 15 (2.91 s) and 142 times (39.72 s) compared to DFS-NLP energy routing algo-
rithm. Furthermore, when compared to the execution times of Exhaustive Search,
DFS, ACO, and Yens-SQP algorithms in Figures 6.3 and Figure 6.4, the proposed
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(a) Exhaustive Search, Dijkstra, (b) DFS-NLP (c) Yens-SQP, Yens-SOS-ERA
DFS, ACO
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FIGURE 6.3: The selected least loss paths, power loss and execution time of each
algorithm for the trading pair (F Ry, FRy4) in Figure 3.4.

Yens-SOS-ERA constantly surpasses them, demonstrating improved performance.
As illustrated in Figure 6.5, the Yens-SOS-ERA algorithm demonstrates superior per-
formance by offering energy transmission paths for the trading pair (E'Ry1, E'R3ss) with
a significantly lower energy transmission loss of 46.2% (11.52 kW) when compared to
Exhaustive Search, Dijkstra DFS, and ACO, and of 22.29% (3.85 kW) when compared
to DFS-NLP. Interestingly, the figure shows that Yens-SQP and Yens-SOS-ERA ac-
complish the same energy transmission loss with distinct path selection . Yens-SQP
selects more paths (ERs and power lines) than Yens-SOS-ERA. In addition to network
security and management concerns, selecting a large number of paths by one trading
pair could indirectly influence the other trading pairs. As it will increase energy loss
in the selected paths for other trading pairs sharing the same network, potentially
limiting their choices and pushing them onto less efficient paths. Furthermore, allow-
ing trading pairs to select a large number of paths, even if it decreases their power
transmission loss, could increase conflicts on the power lines and result in increased
congestion and PFD issues. Thus, to create a balance between the advantages and
disadvantages of multi-path energy routing, we assume that the NSO can impose a
limit on the number of paths that can be selected by each trading pair.

It is important to note that, according to Figure 6.6, the performance of Yens-SQP
decreases (stuck in local optimum) with the increasing number of feasible paths (k)
between the trading pair in Figure 6.5, unlike Yens-SOS-ERA, that stays stable and

provides efficient energy routing paths with the least energy transmission loss.
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FIGURE 6.4: The selected least loss paths, power loss and execution time of each
algorithm for the trading pair (FR14, FR3p) in Figure 3.5.

To assess the scalability of Yens-SOS-ERA algorithm, we applied it to the large-scale
networks illustrated in Figures 3.7 and 3.8. These networks comprise a large number of
potential paths between the trading pairs (5962 paths in Figure 3.7). Yens-SOS-ERA
calculates first the k most promising paths between the ERog1, E Rg9, and ER7, E Rgg
in Figures 3.7 and 3.8, respectively, where k is set to 20. Then it uses the SOS algo-
rithm to determine which paths to select and the amount of power to send in each
path while minimizing the energy transmission loss.

As shown in Figures 6.7, 6.8 and Tables 6.3, 6.4, Yens-SOS-ERA can effectively scale
to manage these complex networks. It outperforms both the single-path routing al-
gorithms (Exhaustive Search, Dijkstra, DF'S, and ACO) and multi-path routing algo-
rithms (DFS-NLP and Yens-SQP). Starting with the network in 3.7, Yens-SOS-ERA
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FIGURE 6.5: The selected least loss paths, power loss and execution time of each
algorithm for the trading pair (ER11, ER3g) in Figure 3.6.
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FIGURE 6.6: The total energy transmission loss calculated by Yens-SQP and Yens-
SOS-ERA according to k variation for the trading pair in Figure 3.6.

reduces power loss by 21% compared to single path energy routing, and by 3% com-
pared to Yens-SQP, while DFS-NLP failed to solve the problem with 5962 possible
paths (NAN). In contrast, to DFS, Exhaustive Search, and DFS-NLP that are trapped
in infinite loops (NAN) and failed to find efficient transmission paths for the trading
pair within the highly connected EI network in Figure 3.8, Yens-SOS-ERA success-

fully identifies a multi-path solution with energy save of 24.55% compared to Dijkstra

and ACO, and an energy transmission loss saving of 3.28% compared to Yens-SQP

with a considerable execution time.

P2PET is not completely independent of the grid. Power lines in real-world grids

are rarely empty. Thus, to evaluate the performance of the proposed Yens-SOS-ERA
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FIGURE 6.7: The total energy transmission loss and execution time of each algo-
rithm for the trading pair (FRs1, ERg) in Figure 3.7.

TABLE 6.3: The selected least loss paths of each algorithm for the trading pair

(ER201, ERg9) in Figure 3.7

Algorithm Power (kW)

Selected Paths

200 - 91 -1 —12—3—11— 14— 10— 9 = 87— 88 — 66 — 67 — 65 — 69
200 - 91 -1 —12—=83—=11 =514 — 10— 9 — 87 — 88 — 66 — 67 — 65 — 69
201 - 91 -1 —12 =3 =11 -1, - 10— 9 — 87— 88 — 66 — 67 — 65 — 69
201 - 91 -1 —12 =3 =11 -1, - 10— 9 — 87— 88 — 66 — 67 — 65 — 69

NAN

201 - 91 -1 —12—=83—=11 =14 — 10— 9 — 87— 88 — 66 — 67— 65— 69

200 - 91 -1 —18—15—18—=7T—8 = 29— 87— 88— 66— 67— 65— 69

200 - 91 -1 —16— 17— 4} —5—6— 219 = 57— 61 — 63 — 66 — 67 — 65 — 69
201 — 189 — 158 — 181 — 185 — 165 — 169 — 173 — 179 — 159 — 128 — 153 — 155
— 1836 — 1483 — 147 — 56 — 20 — 71 — 72 = 76 — 58 — 69

Exhaustive Search 16
Dijkstra 16
DFS 16
ACO 16
DFS-NLP NAN
7,92
7,1
Yens-SQP 0,36
0,62
6,61
5,64
Yens-SOS-ERA 3,32
0,43

201 - 91 -1 1283 =11 -1, - 10— 9 — 87— 88 — 66 — 67 — 65 — 69
200 - 91 -1 —18 =15 —18—=7T—8 = 29— 87— 88— 66— 67— 65— 69
201 — 122 — 119 — 93 — 118 — 121 — 117 — 83 — 32 — 19 — 57 — 61 — 63 — 66 — 67

— 65 — 69

201 — 122 — 119 — 93 — 118 — 121 — 117 — 83 — 32 — 19 — 57 — 59 — 60 — 62 — 70

— 04 — 68 — 58 — 09

TABLE 6.4: The selected least loss paths of each algorithm for the trading pair

(ERllg, ER36) in Figure 3.8

Algorithm Power (kW) Selected Paths
Exhaustive Search NAN NAN
Dijkstra 22 118 = 75 — 69 — 49 — 45 — 44 — 43 — 84 — 36
DFS NAN NAN
ACO 22 118 =5 75 = 69 — 49 — 45 — 44 — 43 — 34 — 36
DFS-NLP NAN NAN
7,79 118 = 75 — 69 — 68 — 65 — 38 — 37 — 35 — 36
0,82 118 =5 75 = 70 — 69 — 49 — 45 — 44 — 43 — 34 — 36
Yens-SQP 4,99 118 = 75 = 69 — 49 — 42 = 40 — 37 — 35 — 36
7,62 118 =5 75 = 77T — 69 — 49 — 45 — 44 — 43 — 34 — 36
0,53 118 =5 75 — 69 — 49 — 66 — 65 — 38 — 37 — 35 — 36
0,25 118 = 76 — 77 — 69 — 49 — 45 — 44 — 43 — 84 — 36
8,57 118 5 75 = 69 — 49 — 45 — 44 — 43 — 34 — 36
5,55 118 =5 75 — 69 — 68 — 65 — 38 — 37 — 35 — 36
Yens-SOS-ERA 3,38 118 = 75 — 69 — 68 — 65 — 38 — 37 — 34 — 36
45 118 = 75 = 69 — 49 — 42 — 40 — 37 — 35 — 36

in more realistic scenarios, we integrate per-existing power flows in the network by

assuming the existence of other energy transactions in the different networks.
As depicted in the figures 6.9 and 6.10, Dijkstra, Exhaustive Search, DFS, ACO, and
DFS-NLP, selected paths with power lines experiencing opposing power flow (Ly s

in Figure 6.9 and Lg4 in Figure 6.10) creating PFD conflict leading to transaction
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FIGURE 6.8: The total energy transmission loss and execution time of each algo-
rithm for the trading pair (FRi1s, ER36) in Figure 3.8.

failures, grid instability and inefficiencies. In contrast, the Yens-SOS-ERA algorithm
successfully addresses these issues. It determines alternative efficient energy transmis-
sion paths by considering the PFD constraint during the path generation. It replaces
L¢ 4 in Figure 6.10 by sub-path 4 — 2 — 6 with a small increase in the power loss
while adhering to the capacity and PFD constraints ensuring efficient and compliant
power transmission. Correspondingly, Yens-SOS-ERA abandoned the L,; in Fig-
ure 6.9 and distributed the power through the two paths 1 — 2 — 4 — 9 — 14 and
1 — 55— 6— 13 — 1} as they are the most efficient alternative given the network’s
physical constraints.

As with many newly suggested P2PET systems, prosumers are often charged with

power loss compensation and network utilisation fees by the utility grid. To properly
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FIGURE 6.9: Transmission power loss and energy paths obtained by the different
algorithms with the pre-existing power flow case for the trading pair (ER;, ER14)

analyze the applicability of our suggested Yens-SOS-ERA in such real-world settings,
we take into account certain economic aspects. To illustrate, we use a compensa-
tion cost of 0.01 per kWh to account for transmission loss. Line utilization costs are
randomly assigned to each power line in the range [0.001,0.005]. In this scenario,
Yens-SOS-ERA uses the energy transmission cost (see Equations (6.7) and (6.8)) to
determine the selected paths between the trading pairs. Figures 6.11 and 6.12 com-
pare the selected energy transmission paths and energy transmission cost of trading
pairs resulting from the six energy routing algorithms.

In contrast to Dijkstra, Exhaustive Search, DFS, ACO, and DFS-NLP based energy
routing algorithms that only examine power loss for path selection, the Yens-SOS-
ERA incorporates accurate power loss calculation, power loss compensation and net-
work utilisation fees. This holistic technique decreases energy transmission costs for
prosumers by 28.58% and 25.74%, respectively, when compared to Dijkstra, Exhaus-
tive Search, DFS,; ACO based algorithms (Figures 6.11 and 6.12), as well as by 12.10%
and 22.18% when compared to the DFS-NLP method. The accurate power loss cal-
culation prevents prosumers from paying unfair costs for estimated power losses that
may not reflect reality; rather, it provides the actual power loss that gives the actual
power transmitted through each power line, ensuring fair prosumer pricing.

It is vital to highlight that the suggested Yens-SOS-ERA permits choosing one or more
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FIGURE 6.10: Transmission power loss and energy paths obtained by the different
algorithms with the pre-existing power flow case for the trading pair { FR14, FR30}
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FIGURE 6.11: Energy transmission loss and transmission paths obtained by the
different algorithms for the trading pair {ER;, ER14}

paths for energy trading pairs. It delivers the solution with the lowest energy trans-
mission cost while adhering to the network’s physical constraints (PFD and capacity

constraints), whether it is a single or multipath solution, as seen in Figure 6.12.
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FIGURE 6.12: Energy transmission loss and transmission paths obtained by the
different algorithms for the trading pair { ER14, ER30}

6.4.2 Integrated Matching and path selection evaluation

This sub-section assesses the proposed Yens-SOS-ERA’s performance in solving the
subscriber matching problem while adhering to the network’s physical and market
constraints. The network in Figure 3.4 is used for simulation, where we assume the
existence of four producer-prosumers: FRg, FRy1, FRi3, and ERy,, with distinct
power availabilities of 12 kW, 20 kW, 25 kW, and 30 kW, respectively. These pro-
ducers are associated with different prices of 0.085 $/kWh, 0.12 $/kWh, 0.11 $/kWh,
and 0.095 $/kWh, respectively, and must supply 20 kW of power to meet consumer
ER; demand. The utility grid is considered a possible producer; the selling price of
the utility grid 7% is set to 0.18 $/kWh, while the buying price of the utility grid
7 is set to 0.058/kWh. The power loss compensation fee is set to 0.01$kWh, and
line utilization costs are randomly assigned to each power line in the network in the
range [0.001,0.005]. As there is only a single consumer, we did not restrict the number
of producers or transmission paths to be selected by the consumer in this scenario.
It is worth mentioning that, as there are only a few energy routing protocols that
integrate the matching process into the routing decisions, we selected the following

energy routing algorithms for comparative simulation with Yens-SOS-ERA:
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m Algorithm 1: Decentralized algorithm that matches prosumers based on their

prices and then uses Dijkstra algorithm for path selection [121].

m Algorithm 2: Centralized, uses the DFS algorithm to find the energy minimum
loss path to each possible producer, and select the producer with the minimum

energy transmission loss [2].

m Algorithm 3: The proposed decentralized algorithm in Chapter 4 [137].

As depicted in Figure 6.13, Algorithms 1 and 3 eliminate producer FRg from the
list of possible producers as its available energy capacity cannot fulfil £R;’s demand.
Although the ultimate objective of this strategy is to reduce the number of selected
producers, it prevents producers with limited energy availability from participating
in the trading. This might reduce interest in future participation in P2PET markets.
Algorithm 1 chooses FRy4 as it is the producer with the minimum energy price that
can fulfil FR; demand. Based on the minimum energy transmission loss to each pro-
ducer, Algorithm 2 selects the ER;;. Algorithm 3 tries to create a balance between
optimizing both price and energy transmission loss and selects producer EFR;3. In
contrast, Yens-SOS-ERA keeps E Ry as a trading option even if it can not provide the
whole demand and based on the energy cost that includes producers’ prices, power
loss compensation fees, and network utilisation fees (see Equation (6.6)), Yens-SOS-
ERA purchases 12 kW from FRg through the path 8§ -7 — / — 5 — 1 and an
additional 8 kW from F R4 through the path 14 — 9 — / — 2 — 1. It significantly
decreases the cost of energy when compared to Algorithms 1, 2, and 3. Specifically,
it reduces costs by 7.73%, 24.81%, and 17.58%.

To further complicate the network, we presume the existence of two producer-consumer
trading pairs {4, 10} and {5, 12} in the network, transmitting 4 kW and 3 kW power
through the paths 4 — 9 — 10 and 5 — 6 — 12, respectively. As illustrated in Fig-
ure 6.14, Algorithms 1, 2, and 3 retain the selected sources and paths from the prior
scenario, leading to the violation of the PFD constraint in power lines Ly g and Lsg,
thus cancelling the energy transmission. In contrast, as the power line L4y has a
power flow in the direction from EFR, to ERy, it can not be used in the opposite

direction, thus the proposed Yens-SOS-ERA replaces this line with the line Lg 7.

6.4.3 Source and paths conflict management evaluation

Taking the previous network in Figure 3.4 with the same characteristics, we presume

the existence of three prosumers and two consumers with simultaneous transmission
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FIGURE 6.13: Energy routing decisions obtained by the different algorithms for the
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FIGURE 6.14: Energy routing decisions obtained by the different algorithms for the
consumer E'R; with the pre-existing power flow case

time and varying power demand, availabilities, and selling prices as listed in Table
6.5. Each consumer can choose up to two producers and three energy transmission

paths within the proposed system.
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TABLE 6.5: Producers and consumers parameters.

Algorithm Energy Availability (kW) Selling Price ($/kWh) || Consumer Energy Demand (kW)
ERy, 20 0.12 ER1 20
ERys 30 0.11 ER9 28
ERy 25 0.095

Figure 6.15 illustrates energy routing decisions taken by Algorithm 1, Algorithm 2 and
the proposed semi-decentralized energy routing approach. Starting with the results of
Algorithm 1, a path conflict occurs on power line Li4_g that is selected by consumers
E'R; to bring 20 kW through the path 14 -9 — 4 — 5 — 1 and by ERg to bring 25
kW through the path 13 — 14 — 9 exceeding its maximum capacity (25 kW) creating
a congested power line. In Algorithm 2, all consumers’ energy routing decisions are
taken by a central unit to avoid line congestion. The power line L4 g is allocated
to transmit 25 kW from FE Ry, to the consumer E'Rqg. However, PFD conflict occurs
in the transmission line Lg_5 as the PFD constraint is ignored by Algorithm 2. The
proposed semi-decentralized energy routing approach allows each consumer to use
the Yens-SOS-ERA in the first step and make energy routing decisions independently
based on their preferences in a decentralized way. The consumer FR; selects the
prosumer E Ry, to satisfy its demand (20 kW) through the path 14 -9 -4 — 5 — 1,
while the consumer E Ry selects the prosumers F R4 and ER;3 to satisfy its demand
(28 kW) through the paths 14 — 9 and 13 — 6 — 11 — 10 — 9, respectively,
and submit their routing decisions in the communication platform. The NSO triggers
the proposed energy transmission scheduling mechanism to check for path or source
conflicts in the collected routing decisions. As shown in Figure 6.15 (c), a source and
path conflict occurs on FRy4 and power line Liy_g. Thus, the NSO uses Equation
(6.24) to calculate the priority of each consumer. As ER; has a higher priority (1.85)
compared to ERy (1.83), the NSO allocates the conflicted path and source to ER;,
sends its approval, updates network information, and generates a revision request for
ERy. By receiving the revision request F Ry execute the Yens-SOS ERA and select
new energy sources and paths eliminating the path and source conflict as shown in
Figure 6.15 (d). The proposed semi-decentralized multi-path energy routing approach
ensures that energy trading exchange during period T+1 will not violate the network’s

physical constraints (capacity and PFD constraints).
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FIGURE 6.15: Energy routing decisions planned by the different algorithms for
simultaneous energy transmissions.

6.5 Conclusion

Routing energy from producers to consumers in the EI, as indicated in Chapter 1,
entails matching consumers to producers and selecting non-congestion paths with min-
imum energy loss between the matched peers. Trading pairs in the P2PET system
are charged network utilisation fees and power loss compensation fees by the utility
grid. These exogenous costs need to be included in the matching mechanism besides
the network’s physical constraints. Thus, the energy routing problem in this chapter
is formulated as a non-convex mixed-integer non-linear optimization problem that
minimizes the consumer’s energy cost. The objective function combines the matching
process and the non-congestion energy-efficient path selection process. To solve this
problem, a new semi-decentralized energy routing approach has been proposed. It
allows consumers to make energy-routing decisions independently according to their
preferences through the use of a Symbiotic Organisms Search-based multipath energy
routing algorithm with Yens k least cost paths discovery. The algorithm determines
the appropriate energy sources, the energy amount to get from each source, and the

least energy cost paths that optimize the energy cost while considering accurate power
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TABLE 6.6: The key differences between the proposed semi-decentralized energy
routing approach and other algorithms described in the literature.

Algorithm
[1] [120] [121] [2] [3] [137] Yens-SQP Proposed approach
< & Subscriber Matching v v v v
0 _.%’ Energy efficient path v v v v v Y v v
g © transmission scheduling v v v v v Y v v
=9

Fully centralized v

Fully decentralized v v v v

Semi-decentralized v v v

Energy prices v v v
) Power loss compensation fees v
'5 Network utilisation fees v
= Energy availability and demand v v v v
) Grid physical constraints v v v v v v v v

PFD constraint v v

Accurate power losses v v

Simultaneous energy transmission v v v

Path and source overlap v v

loss, network utilisation fees, power loss compensation fees, power availability and de-
mand, prosumers prices, and the network’s physical constraints, including capacity
and PFD constraints. To solve path and source conflicts and avoid congestion prob-
lems in simultaneous energy transmissions, a transmission scheduling method based
on a priority mechanism is proposed. This mechanism represents the centralized part
and it is executed by the NSO. This allows consumers to make the routing decision
under the supervision of an NSO. The simulation results demonstrate the effective-
ness of the suggested semi-decentralized energy routing approach in solving the three
energy routing issues. Table 6.6 summarizes the key differences between the pro-
posed semi-decentralized multi-path energy routing approach and other algorithms

described in the literature.



Conclusion and Future

Perspectives

Conclusions

The objective of this thesis is to design a proper and realistic energy routing approach
for P2PET in EI. The designed energy routing approach should incorporate an ap-
propriate subscriber-matching mechanism that allows consumers to select the best
producers to satisfy their demand, an efficient energy path selection algorithm to de-
termine the least loss energy transmission path and a transmission scheduling method
to avoid network congestion issues for a normal operation of EI. The subscriber match-
ing mechanism needs to consider other network factors than price or power loss alone.
To achieve the study objectives, this thesis investigates how to combine the matching
process and energy-efficient path selection into a single objective function and extends

the work by improving the routing decision by adding new parameters and constraints.

Initially, a decentralized hybrid energy routing protocol is proposed to solve the en-
ergy routing problem in EI. The matching method integrates energy transmission
losses and pricing into a single optimization problem, providing a good solution that
minimizes both power loss and price compared with other literature algorithms that
perform matching based either on price or power loss. The ACO-based energy rout-
ing algorithm used to determine the least loss paths has less computational time
compared to other literature algorithms, which is extremely desirable in large-scale
networks. The algorithm uses a pruning process before path selection, which ensures

free-congestion paths.

To create a more realistic energy routing algorithm, Chapter 5 proposes a multi-

path-based formulation of the energy routing problem with the integration of PFD
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constraint. This constraint adds a non-convexity aspect to the non-linear optimiza-
tion problem. To solve the problem, a semi-decentralized multi-path energy routing
algorithm was proposed. The simulation findings indicate that multi-path energy
routing decreased transmission losses, improved the utilisation of grid power lines
and contributed to the alleviation of line congestion compared to frequently used
single-path-based energy routing algorithms. Furthermore, using accurate power loss
during path selection benefits both trading pairs and the utility grid. The use of NSO
prevents congestion and solves path conflict in the presence of multiple simultaneous
trading pairs through a new ranking method. Taking the routing decisions by ERs
and using the NSO to control the network decreases the execution time compared to
centralized algorithms and decreases congestion and path conflict issues compared to

fully decentralized algorithms.

As in the most proposed P2PET systems, the utility grid charges the trading pairs
network utilisation fees for the use of its power lines in energy transfer and power loss
compensation fees to compensate for transmission power losses between them. For
more realistic matching and appropriate energy routing protocols for real P2PET sys-
tems, the work in Chapter 6 incorporates power loss compensation fees and network
utilisation fees into the multi-path energy routing problem formulation in Chapter 5.
The chapter introduces a new P2PET system that limits the number of paths and
consumers to be selected. Adding this constraint to the routing problem makes it
a non-convex mixed-integer non-linear optimization problem. A semi-decentralized
energy routing approach is proposed to solve the problem. The approach allows
consumers to select the appropriate energy sources, the energy amount to get from
each source, and the least energy-cost paths that optimize the energy cost using a
Symbiotic Organisms Search-based multipath energy routing algorithm with Yens k
least cost paths discovery. During the routing decision-making process, the algorithm
considers accurate power loss, network utilisation fees, power loss compensation fees,
power availability and demand, prosumers prices, and the network’s physical con-
straints, including capacity and PFD constraints. To ensure grid stability, all the
decentralized energy routing decisions must be approved by the NSO. This later uses
a priority-based transmission scheduling method to solve path and source conflicts
during simultaneous energy transmissions which ensures congestion-free transactions.
The simulation results indicate that the integration of power loss compensation and
network utilization fees decreases the energy cost for prosumers compared to other

routing algorithms. Additionally, selecting energy transmission paths based on their
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energy transmission cost and using the accurate power loss ensures fair prosumer pric-
ing and allows the consumer to adjust their selected paths according to the change
in grid utility fees. The selection of the k feasible paths using Yens decreases the
search space for the power dispatch algorithm. The use of NSO and priority-based

transmission scheduling ensures congestion-free P2P energy transactions in EI.

Major Contributions

Our main contributions can be stated as follows:

m A hybrid energy routing protocol based on the use of metaheuristic methods
is proposed to address the three energy routing issues: subscriber matching,

energy-efficient paths, and transmission scheduling.

m A semi-decentralized multi-path energy routing algorithm is proposed where a
combination of a modified Yens’ k least loss path with a multi-start SQP method
is proposed to determine multi-path routing solutions for power transmission

between each trading pair with the objective of minimizing transmission loss.

m A new semi-decentralized energy routing approach that incorporates graph the-
ory and meta-heuristics is introduced to allow each consumer to select the
best producers that minimize the energy cost, the amount of power to get
from each one, and the least energy transmission cost paths between the en-
ergy trading pair while respecting the market and network physical constraints.
The approach uses a priority-based transmission scheduling method to ensure

congestion-free simultaneous energy transactions.

Suggestions for Future Work

While this thesis has made significant progress in developing an efficient energy routing
system, future research offers the possibility for additional improvement. One possible

route of exploration

m Investigate the incorporation of real-time data from smart homes and meters,
renewable energy generation prediction, and energy storage systems into the

suggested energy routing algorithms.
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m Establish and evaluate more advanced energy transmission scheduling algo-
rithms capable of successfully reducing path and source conflicts while con-

sidering grid stability, consumers’ perspectives, and fairness.

m Investigate the use of machine learning approaches to improve energy routing

decisions.
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